











































































































































































































































































































































































































































































































































































































































































































































































































Extended Instruction
Load EPU from CPU

Operation:

EPU < CPU registers (n words)

The contents of n words are transferred to an EPU from consecutive CPU registers
starting with the specified source register. The value in the instruction field for the
number of words loaded (‘‘n”’) is one less than the actual value of the source
operand. Thus, the coding in the instruction field ranges from 0 to 15, which cor-
responds to loading 1 to 16 words.

For the word operand version, the EPU is loaded from CPU word registers (RO -
R15). RO follows R15 in consecutive order.

For the longword operand version, the EPU is loaded from CPU longword registers
(RRO - RR30). RRO follows RR30 in consecutive order. If the number of loaded
words is odd, then the low-order word of the last longword register is not involved in
the loading.

Flags: No flags affected.
Exceptions: Extended Instruction trap
Source ]
Addressing Operation Instruction Format
Mode
R: EPU <~ Rs 10[001111 10
N src n-1
EPU <~ RRd 10[001111 11
] RRd n—1
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Extended Instruction
Load FCW from EPU

Operation: Flags < EPU

The flags in the CPU’s Flag and Control Word are loaded with information from an
EPU. Only the flag bits are loaded; bits 0 and 1 of the Flag and Control Word are

unaffected.
Flags: Flags loaded from EPU.
Exceptions: Extended Instruction trap
Operation Instruction Format
FCW < EPU

10]001110 00

Noooo 0000

Extended Instruction Extended Instruction
Load EPU from FCW Load EPU from FCW

Operation: EPU <« Flags

The flag byte of the CPU’s Flag and Control Word is transferred to an EPU.

Flags: No flags affected.
Exceptions: Extended Instruction trap
Operation Instruction Format
EPU < FCW

10001110 10

N\ 0000 0000
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Extended Instruction
Internal EPU Operation

Operation: Internal EPU Operation

This template is for an EPU internal operation, one which requires no data transfers.

Flags: No flags affected.

Exceptions: Extended Instruction trap

Instruction Format

10 001110§&\ 01

6-214



Chapter 7.
Instruction Execution and
Exceptions

7.1 INTRODUCTION

To execute an instruction, the CPU fetches the
instruction whose address is in the Program
Counter (PC), increments the PC by the length of
the instruction, and performs the operations
specified in Chapter 6 for the particular
instruction. Exceptions are conditions or events
that alter the sequence of instruction execution.
The CPU recognizes four types of exceptions:
reset, bus error, interrupts, and traps.

A reset exception occurs when the RESET line is
activated, Reset initializes the CPU. A bus
error exception occurs when external hardware
indicates an irrecoverable error during a data
transfer on the external interface. An interrupt
is an asynchronous event indicated when the NMI,
Vi, or NVI line is activated. Interrupts are
typically caused by peripheral devices that
require attention. A trap occurs synchronously
when a particular condition, such as integer
overflow, is detected by the CPU during
instruction execution.

When an exception occurs, the CPU stores the Pro-
gram Status on the system stack, fetches the new
Program Status from the Program Status Area, and
resumes executing instructions. This chapter
describes instruction execution and exception
processing.

7.2 OPERATING STATES

The CPU is always in one of four possible operat-
ing states regarding instruction execution and
exception processing: reset, exception process-
ing, instruction executing, or halted. Figure 7-1
shows the four states and the transitions between
them.

The CPU enters the reset state from any other
state when a reset request is signalled on the
RESET 1line.  When RESET is released, the CPU
enters exception processing state. The reset
state is described in more detail in Section 8.10.

RESET LOW

RESET HIGH

PROGRAM STATUS
FETCH COMPLETED

EXCEPTION
PROCESSING

INSTRUCTION
EXECUTING

EXCEPTION

BUS
ERROR

HALT
INTERRUPT INSTRUCTION

-Figure 7-1. Operating States

In the exception processing state, the CPU is
either storing values from the Program Status reg-
isters to memory or fetching values from memory
for the Program Status registers. The storing and
fetching of Program Status is described in Section
7.4.5. From the exception processing state the
CPU normally enters the instruction executing
state; however, a bus error exception causes a
transition to the halted state.

In the instruction executing state, the CPU exe-
cutes instructions. When the Halt instruction is
executed, the CPU enters the halted state. If an
exception other than reset occurs, the CPU enters
the exception processing state.

In the halted state the CPU is halted; it is
neither executing instructions nor processing
exceptions. When an interrupt occurs, the CPU
enters the exception processing state.

8225-016
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Instruction Execution and Exceptions

7.3 INSTRUCTION EXECUTION

Executing an instruction involves the following
operations:

Fetch the instruction

Increment PC

Fetch operands, if necessary
Calculate results

Store results and flags, if necessary

In concept, the CPU executes instructions by per-
forming all the operations listed above in strict
sequence for one instruction, and then beginning
execution of the next instruction. However, the
CPU checks for exceptions at several points during
instruction execution. An exception can alter the
operations for an instruction currently being exe-
cuted, as well as the sequence from one instruc-
tion to the next. Also, the CPU overlaps the
operations for executing several instructions in a
multiple-stage pipeline. That is, while the CPU
is calculating the results for one instruction, it
can be storing the results for the previous
instruction and fetching the operands for the next
instruction. The use of an instruction pipeline,
rather than completely executing each instruction
in strict sequence, enhances the performance of
the CPU.

This section describes the effects of exceptions
and the pipeline on instruction execution.
Section 7.3.1 explains how different exceptions
affect instruction execution, and Section 7.3.2
explains how the pipeline affects instruction
execution.

7.3.1 Instruction Ending

Instruction execution can end in any of five ways:
completion, suspension, suspension with PC modifi-
cation, termination, or partial completion. Gen-
erally, an instruction ends in completion; how-
ever, exceptions can cause a different
conclusion. Section 7.4 explains each exception
recognized by the CPU, and refers to the different
types of instruction endings described here.

When an instruction ends in completion, the CPU
has completely executed the instruction and all
previous instructions. Any result operands and
flags modified by the instruction have been
stored, and the PC holds the address of the next
instruction to execute. If an exception occurs
after an instruction ends in completion, the Pro-
gram Status saved on the system stack can be
restored wusing the Interrupt Return (IRET)
instruction. Execution will then resume with the

next instruction in sequence following the com-
pleted instruction.

When an instruction ends in suspension or suspen-
sion with PC modification, the CPU has not com-
pletely executed the instruction, but all previous
instructions have been completed. Any flags and
destination operands due to be stored by the
instruction may be modified; however, only modifi-
cations that allow the instruction to be completed
are possible. Also, an instruction that ends in
suspension or suspension with PC modification will
not have modified any control registers, memory
locations, or peripheral ports that are protected
from access in the current operating mode.

Examples:

1. An Add (ADDB) instruction modifies the flags,
but does not examine the flags. 1If an ADDB
instruction ends in suspension because of an
address translation exception, the flags may
be modified.

2. A Load (LD) instruction can store into a reg-
ister whose contents are required for an
effective address calculation, e.g., LDL RR2,
@RR2. If the LD instruction ends in suspen-
sion because of an address translation excep-
tion, the register contents are unmodified.

When an instruction ends in suspension, the PC
holds the address of the first word of the
instruction. When an instruction ends in suspen-
sion with PC modification, the PC holds the
address of the word following the first word of
the instruction.

An instruction ends in suspension, or suspension
with PC modification, when the CPU detects a trap
condition, such as an address translation excep-
tion or unimplemented instruction, before com-
pletely executing the instruction. An instruction
ending in suspension can be completed by eliminat-
ing the trap condition and restoring the Program
Status saved on the system stack using the IRET
instruction. An instruction ending in suspension
with PC modification can be completed by eliminat-
ing the trap condition, decrementing the PC value
stored on the system stack by two using the mode
of address representation in effect for the sus-
pended instruction, and restoring the Program
Status using the IRET instruction.

When an instruction ends in termination, the CPU
has not completely executed the instruction, but
all previous instructions have been completed.
Any flags and destination operands due to be
stored by the instruction may be modified; the
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contents of PC are undefined. A terminated
instruction will not have modified any control
registers, memory locations, or peripheral ports
that are protected from access in the current
operating mode. It is not possible to complete an
instruction that ends in termination. Only reset
and bus error cause instruction termination.

Only interruptible instructions can end in partial
completion. Interruptible instructions are the
"repeat" versions of block transfer, string manip-
ulation, and input/output instructions (Sections
6.2.8 and 6.2.9). Interruptible instructions are
repeatedly executed until a specified data value
is found for one of the operands, or a counter
held in a register is decremented to zero. While
the CPU is executing an interruptible instruction,

if an Address Translation trap or interrupt
occurs; the instruction ends in partial
completion. Any flags and destination operands

due to be stored by the
modified; however, the values stored in the
counter and address registers allow the
instruction to be completed correctly when the
instruction is re-executed. The PC holds the
address of the first word of the instruction. An
instruction ending in partial completion can be
completed by eliminating the cause of the
exception and restoring the Program Status saved
on the system stack using the IRET instruction.

instruction may be

7.3.2 Effects of the Pipeline on Execution

The CPU executes several instructions simul-
taneously in a multiple-stage pipeline. In most
circumstances, the differences between pipelined
instruction execution and the complete execution
of each instruction in strict sequence cannot be
detected by software or hardware. However, the
few cases in which the effects of the pipeline can
be detected are described below.

The CPU can prefetch an instruction before com-
pleting all previous instructions. Consequently,
if an instruction stores to a location from which
a subsequent instruction is fetched (i.e., the
program modifies itself), the CPU can prefetch the
original contents of the memory location rather
than the modified contents. Thus, self-modifying
programs may not operate as intended. On the
external interface, instruction prefetching can
have the effect of fetching an instruction that is
not executed (e.g., if the previous instruction
causes a trap) or fetching an instruction before
the operands for a previous instruction are
fetched. Some privileged instructions (IRET,
LDCTL, LDCTLL, LDPS, PCACHE, PTLB, PTLBE, and
PTLBN) have the effect of serializing instruction

execution. The serializing instruction and all
previous instructions are completely executed,
including storing of all results and flags, before
fetching the next instruction. Thus, when a new
value is loaded into the FCW by a LDCTL
instruction, the address representation mode and
operating mode used to fetch and execute the next
instruction are determined by the new FCW value.

The CPU can also prefetch an operand for an
instruction before completing all previous
instructions. The effects of operand prefetching
cannot be detected by software because the CPU
only fetches an operand from a location after com-
pleting all previous instructions that modify the
location. On the external interface, operand pre-
fetching can have the effect of fetching an
operand for an instruction that is not executed,
for example, if the previous instruction causes a
trap. Operands in physical 1/0 space are not pre-
fetched, ensuring that the CPU only fetches data
from an input peripheral port for instructions
that are executed.

7.4 EXCEPTIONS

The CPU recognizes four types of exceptions:
reset, bus error, interrupts, and traps. In proc-
essing exceptions other than reset, the CPU saves
the Program Status and an identifier word on the
system stack. For some exceptions, the CPU saves
an additional longword parameter. Then the CPU
fetches a new Program Status from the Program
Status Area. The sections below describe the
cause of each exception, CPU response to excep-
tions, and priority among exceptions.

7.4.1 Reset

Reset occurs when the RESET line is Low. Reset
causes any instruction in execution to end in ter-
mination.

At reset the Translation and Cache Enable bits of
the System Configuration Control Longword register
(NX, SX, CI, and CD) are cleared to O. Some
fields of the Hardware Interface Control register
are initialized as described in Section 8.10.
When the RESET line is driven High, the CPU
fetches the FCW from physical memory address 2 and
the PC from physical memory address 4. Reset also
invalidates all entries in the cache and
the Translation Lookaside Buffer. After reset,
the contents of all CPU registers other than the
FCW, the PC, and the specified fields of SCCL and
HICR are undefined. Reset should be used to ini-
tialize the CPU at power-on.
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7.4.2 Bus Error

Bus error is indicated by a device responding to a
data transfer transaction on the external inter-
face. A bus error causes any instruction in exe-
cution to end in termination. The identifier word
saved during bus error exception processing
reports the state of the CPU pins. The physical
address for the transaction is saved as a param-
eter on the system stack. Refer to Section 8.8.8
for more details about the bus error exception.

7.4.3 Interrupts

The CPU recognizes three kinds of interrupt sig-
nalled on separate pins: non-maskable, vectored,
and non-vectored. Non-maskable interrupts are
always enabled. Vectored and non-vectored inter-
rupts can be selectively enabled by bits VIE and
NVIE in the FCW. Vectored interrupts are enabled
when VIE is 1; non-vectored interrupts are enabled
when NVIE is 1.

An interrupt occurs when an enabled interrupt
request is signalled on a CPU pin. The CPU gener-
ates an interrupt acknowledge transaction on the
external interface to fetch the identifier word,
which is then saved on the system stack. For vec-
tored interrupts, the low-order byte of the iden-
tifier word is used to select a pointer to a par-
ticular interrupt handler routine. Refer to Sec-
tion 8.7.5 for more details about interrupt
request and acknowledge.

7.4.4 Traps
The CPU recognizes ten traps, described below.

7.4.4.1 Extended Instruction Trap. This trap
occurs when an Extended Processing Architecture
instruction is executed and the EPA bit of the FCW
is 0. The instruction ends in suspension with PC
modification. The identifier is the first word of
the instruction. This trap allows software to
simulate execution of the EPA instruction when no
EPU is in the system.

7.4.4.2 Privileged Instruction Trap. This trap
occurs when a program attempts to execute a
privileged instruction in normal mode; the
instruction ends in  suspension with PC
modification. The identifier is the first word of
the instruction.

7.4.4.3 System Call Trap. This trap occurs when
a System Call instruction is executed. The

instruction ends in completion; the identifier is
the instruction word. This trap is used by pro-
grams executing in normal mode to request services
from the operating system. The low-order byte of
the instruction word indicates the particular ser-
vice requested.

7.4.4.4 Address Translation Trap. This trap
occurs when an address translation error is
detected, either an invalid table entry or an
access protection violation. The instruction
ends in suspension. The identifier word reports
the address space for the logical address and the
exception type (see Section 4.3.5 for more infor-
mation). The logical address that caused the
translation error is saved as a parameter on the
system stack.

7.4.4.5 Breakpoint Trap. This trap occurs when
the Breakpoint instruction is executed. The
instruction ends in completion; the identifier is
the instruction word.

7.4.4.6 Integer Arithmetic Error Trap. This
trap occurs when any of three error conditions is
detected during execution of integer arithmetic
instructions. The error conditions are integer
overflow, bounds check, and index error. Integer
overflow error is enabled by the IV bit in the
FCW. Integer overflow is detected when the IV bit
is 1 and the V flag is set by execution of ADD,
DEC, DECI, DIV, DIVU, INC, INCI, NEG, SUB, SDA,
SRA, SLA, CVT, or CVTU instructions. For DIV and
DIVU instructions, Integer Overflow error includes
the case of zero divisor. A bounds check error is
detected when a Check instruction is executed and
the destination operand is out of bounds. An
index error is detected when an Index instruction
is executed and the subscript is out of bounds.

The instruction ends in completion. The
identifier word indicates the type of error, as
shown in the following table.

Identifier Error
0 Integer Overflow
1 Bounds Check
2 Index Error

7.4.4.7 Conditional Trap. This trap occurs when
a Trap instruction is executed and the tested con-
dition is satisfied. The instruction ends in com-
pletion; the identifier is the instruction word.
This trap can be used for software detection of
run-time errors.
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7.4.4.8 Unimplemented Instruction Trap. This
trap occurs when a program attempts to execute an
instruction with an unimplemented bit pattern.
The detected bit patterns include certain 78000
opcodes described in Appendix A and instructions
with first byte 3644, or BFqg. The instruction
ends in suspension with PC modification; the
identifier is the first word of the instruction.

7.4.4.9 0dd PC Trap. This trap occurs before
execution of an instruction when the PC contains
an odd address. The contents of the identifier
word are undefined.

7.4.4.10 Trace Trap. This trap occurs before an
instruction is executed when the TP bit in the FCW
is 1. The contents of the identifier word are
undefined.

Instruction tracing is enabled by the T bit in
FCW. Before each instruction is executed, T is
copied to TP, The use of two bits to control
instruction tracing ensures that, while tracing is
enabled, exactly one Trace trap is processed after
each instruction's execution, and after the
servicing of other traps and interrupts. Section
7.4.7 provides more information about the priority
for handling Trace traps and other exceptions.

The Trace trap handler should set the T bit to 1
and clear the TP bit to 0 in the FCW on the system
stack before executing IRET and returning to the
traced program. Note that the T bit in the FCW on
the system stack can be cleared when an IRET,
LDCTL, or LDPS instruction is traced.

7.4.5 Changing Program Status

To process all exceptions other than reset, the
CPU pushes the Program Status and an identifier
word on the system stack. An Address Translation
trap and bus error push an additional longword
parameter onto the system stack. The saved value
of the PC depends on the type of instruction end-
ing. As selected by the XL/S bit in the System
Configuration Control Longword (SCCL) register,
the CPU operates in either segmented system mode
(XL/S = 0) or linear system mode (XL/S = 1) while
saving the Program Status and other information;
but the saved value of the FCW indicates the mode
of operation when the exception occurred.
Figure 7-2 shows how the information is saved on
the stack.

LOW ADDRESS
SYSTEM SP
AFTER—>] PARAMETER (HIGH)
EXCEPTION
PARAMETER (LOW)
SYSTEM SP
AFTER—p- IDENTIFIER IDENTIFIER
EXCEPTION
FCW FCW
PC (HIGH) PC (HIGH)
PC (LOW) PC (LOW)
SYSTEM SP SYSTEM SP
BEFORE—»- BEFORE —|
EXCEPTION EXCEPTION
1 WORD <¢—— 1 WORD ——>
HIGH ADDRESS
WITHOUT PARAMETER WITH PARAMETER
Figure 7-2.

Program Status Saved on System Stack
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A new Program Status must be fetched from memory
to process any exception. For reset, the FCW is
fetched from physical address 2 and the PC is
fetched from physical address 4. Other exceptions
fetch the new Program Status from an entry in the
Program Status Area (PSA) (Figure 7-3). Bus
error, non-maskable interrupt, non-vectored inter-
rupt, and all traps have unique entries in the PSA

0

147 1 °
—
PROGRAM STATUS
AREA POINTER

8 RESERVED

FCW

PC (HIGH)

PC (LOW)

16 RESERVED

FCW

PC (HIGH)

PC (LOW)

88 RESERVED

FCW

PC (HIGH)

PC (LOW)

96 RESERVED

FCW

PC (HIGH)

PC (LOW)

104 RESERVED

FCW

PC (HIGH)

PC (LOW)

112 RESERVED

FCwW

PC (HIGH)

PC (LOW)

120 RESERVED

FCw

PCo (HIGH)

PCo (LOW)

PC1 (HIGH)

PC1 (LOW)

132 PC2 (HIGH)

PC2 (LOW)

1144 PC2s5 (HIGH)

PC2s5 (LOW)

Figure 7-3.

from which the new Program Status is fetched. For
vectored interrupts, the new value of the FCW is
loaded from displacement 122 in the PSA. The low-
order byte of the identifier word is used to
select the new value of the PC by indexing into a
table of 256 values beginning at displacement 124
in the PSA.

RESERVED

EXTENDED

INSTRUCTION

TRAP

PRIVILEGED

INSTRUCTION

TRAP
24-31 SYSTEM CALL TRAP
32-39 ADDRESS TRANSLATION TRAP
40-47 BREAKPOINT TRAP
48-55 INTEGER ARITHMETIC ERROR TRAP
56-63 CONDITIONAL TRAP
64-71 UNIMPLEMENTED INSTRUCTION TRAP
72:79 ODD PC TRAP
80-87 TRACE TRAP

SYSTEM STACK

OVERFLOW

BUS ERROR

NON-MASKABLE
INTERRUPT

NON-VECTORED
INTERRUPT

VECTORED
INTERRUPT

Program Status Area
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The effective address of an entry in the Program
Status Area is calculated by adding the displace-
ment shown in Figure 7-3 to the physical base
address held in the Program Status Area Pointer
register. The effective address calculation is
performed in segmented or linear mode, as selected
by the XL/S bit in the SCCL register. The result
is the physical address used to fetch the PSA
entry.

During exception processing, if an address trans-
lation error is detected while information is
being saved on the system stack, the System Stack
Pointer is restored to its value before the excep-
tion occurred and the overflow stack is used
instead. The top of the overflow stack is

OSsP
AFTER—] PSA DISPLACEMENT
EXCEPTION
UNDEFINED
UNDEFINED
IDENTIFIER
FCwW
PC (HIGH)
PC (LOW)
osP
BEFORE —»>|
EXCEPTION
1 WORD

WITHOUT PARAMETER

addressed by the Overflow Stack Pointer register
(0SP). The Program Status, identifier word, and
exception parameter (or an undefined longword if
there is no exception parameter) are pushed on the
overflow stack. A word containing the
displacement of the exception entry in the PSA is
also pushed onto the overflow stack. The new
Program Status is fetched from displacement 88 in
the PSA. Since the O0SP register contains a
physical address, an Address Translation trap
cannot occur when pushing information on the
overflow stack. The effective address calculation
for pushing onto the overflow stack is performed
in segmented or linear mode, as selected by the
XL/S bit in the SCCL register. Figure 7-4 shows
how information is saved on the overflow stack.

LOW ADDRESS
OSP
AFTER—3| PSA DISPLACEMENT
EXCEPTION
PARAMETER (HIGH)
PARAMETER (LOW)
IDENTIFIER
FCcw
PC (HIGH)
PC (LOW)
0sP
BEFORE —»
EXCEPTION
|<——1 WORD—>
HIGH ADDRESS

WITH PARAMETER

Figure 7-4.
Program Status Saved on Overflow Stack

7.4.6 Exception Handlers

After the new Program Status has been fetched, the
CPU begins executing instructions of the exception
handler routine whose address was loaded into the
PC. The new value of the FCW determines the
address representation mode (compact/segmented/
linear), operating mode (system/normal), and the
enabled interrupts and traps for the exception
handler. An interrupt handler can execute with
interrupts disabled until critical information has
been stored. The interrupt handler can then
enable interrupts, permitting nested interrupt
servicing.

The exception handler can examine the identifier
word and parameter (only bus error and Address
Translation trap have a parameter) for information
about the cause of the exception. After complet-
ing their service, handlers for traps and inter-
rupts execute the Interrupt Return instruction.
The Address Translation trap handler must pop the
longword violation address from the stack before
executing IRET. IRET restores the Program Status
from the system stack so instruction execution can
resume at the point where the exception occurred.
The handlers for Extended Instruction trap,
Privileged Instruction trap, and Unimplemented
Instruction trap must modify the PC value stored
on the stack before executing IRET.
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7.4.7 Priority of Exceptions

It is possible for several exceptions to occur
simultaneously. The CPU checks for particular

ENABLED

INTERRUPT YES

exceptions at specific points during instruction
execution. (Figure 7-5.) If multiple exceptions
are detected, the CPU responds to the one with
highest priority.

BUS
RESET ERROR

R EOI%ESTS

FCwW -1 TP YES

oDD YES

FCWeTP < FCWeT
EXECUTE INSTRUCTION

l

EXTENDED
INSTRUCTION

R
PRIVILEGED INSTRUCTION
OR
UNIMPLEMENTED INSTRUCTION
OR

ADDRESS
TRANSLATION
ERROR

BREAK’:OINT
INTEGER ARITHMETIC
ERROR

FCWeTP =0

OR
SYSTEI\IIR CALL
CONDITIONAL

TR,AP

NO

PROCESS
EXCEPTION

Figure 7-5. Exception Priority Flowchart
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Whenever a reset exception is detected, the CPU
responds immediately; any instruction being exe-
cuted is terminated. Pending bus errors, traps,
and internally latched non-maskable interrupt
requests are eliminated.

If a bus error is detected and reset is not
requested, the CPU responds to the bus error
exception. Any instruction being executed is ter-
minated, and pending traps are eliminated.

Before executing an instruction, the CPU checks
for enabled interrupt requests. The CPU responds
to the highest priority enabled interrupt request,
if any. The priority of interrupts is, in
descending order, nonmaskable, vectored, and non-
vectored, If several devices are requesting the
same interrupt, priority among the devices must be
resolved externally, typically with a daisy
chain or interrupt priority controller. After
responding to an interrupt, the new value of FCW
is used to check again for enabled interrupt
requests before executing the first instruction of
the service routine.

If there are no enabled interrupt requests, the
CPU checks the TP bit in the FCW. If TP is set to
1, a Trace trap occurs. Otherwise, the CPU checks
whether the PC contains an odd address. If the
least-significant bit of PC is 1, an 0dd PC trap
occurs. Otherwise, the CPU copies T to TP and
begins executing the instruction.

During instruction execution, one of the following
trap conditions may be detected: Extended
Instruction trap, Privileged Instruction trap,
Unimplemented Instruction trap, or Address
Translation trap. If one of the conditions is
detected, instruction execution is suspended; TP
is cleared to 0; and the trap is processed.
Otherwise, instruction execution is completed.

After completion of the instruction, one of four
trap conditions may be detected: System Call
trap, Breakpoint trap, Integer Arithmetic Error
trap, or Conditional trap. If one of these trap
conditions is detected, the corresponding trap is
processed.

For interruptible instructions, the CPU checks for
address translation exceptions during each itera-
tion. If an address translation exception is
detected, instruction execution ends in partial
completion, TP is cleared to 0O, and the trap is
processed. If no address translation error has
been detected, the CPU checks for enabled inter-
rupt requests at the end of each iteration except
the last. If an interrupt request is pending, the
CPU clears TP to 0O and responds to the highest
priority request.

An interrupt can occur immediately after the
Enable Interrupt instruction is executed and
before the next instruction.
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Chapter 8.
External Interface

8.1 INTRODUCTION

The CPU is only one component in a computer system
containing memory, peripherals, Extended Process-
ing Units (EPUs), DMA controllers, and other CPUs
(Figure 8-1). Zilog has established the Z-BUS
as a convention for the signals and timing used to

1L

interconnect components of a microprocessor sys-
tem. The 780,000 CPU is compatible with the
1-BUS, allowing the CPU to be easily connected
into a wide variety of system configurations.
This chapter describes the operation of the CPU
interface with other system components.

PERIPHERALS

1l

280,000

CPU Z-BUS

T

T 10

< OTHER
> INTERFACE CPU

MEMORY

Fl0

T

OTHI

R
PERIPHERAL

ER CPU

Figure 8-1. System Configuration

8.2 BUS OPERATIONS

Two kinds of bus operations are defined: transac-
tions and requests. At any one time, only one
device, known as the master, has control of the
bus. The master can initiate transactions on the
bus to transfer data to another device, known as
the responder. In some transactions, called
flyby, the master controls the transaction, but
another device transfers data with the responder.
The master can also initiate transactions that do
not transfer data. The CPU performs transactions
that transfer data to and from memory, periph-

erals, or EPUs. The CPU controls flyby transac-
tions that transfer data between an EPU and mem-
ory. The CPU also performs internal operation and
halt transactions, which do not transfer data.
Only the bus master can initiate transactions;
however, other devices can initiate requests. The
CPU responds to interrupt requests from periph-
erals by generating an interrupt acknowledge
transaction. The CPU responds to bus requests
from other potential bus masters, and can initiate
bus requests of its own, as described in Section
8.9. In addition, the CPU responds to reset
requests, which are used to initialize the CPU.
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8.3 MULTIPROCESSOR CONFIGURATIONS

The CPU provides support for interconnection in
four types of multiprocessor configurations
(Figure B8-2): coprocessor, slave processor,
tightly-coupled multiple CPUs, and loosely-coupled
multiple CPUs.

Coprocessors, such as the Z8070 Arithmetic Proces-
sing Unit, work synchronously with the CPU to exe-
cute a single instruction stream using the
Extended Processing Architecture facility. The
EPUBSY and EPUABORT signals are dedicated for
connection with coprocessors, as described in
Section 8.8.4.

Slave processors, such as the 78016 DMA Transfer
Controller, perform dedicated functions asynchro-
nously to the CPU. The CPU and slave processor
share a local bus, of which the CPU is the default

cPU cpPu —
EPUBSY EPUABORT BUSACK BUSREQ
EPU DMA —
PERIPHERAL PERIPHERAL }—
MEMORY MEMORY

(A) COPROCESSOR (B) SLAVE PROCESSOR

(C) TIGHTLY-COUPLED MULTIPLE CPU

master, using the BUSREQ and BUSACK signals, as
described in Section 8.9.

Tightly-coupled, multiple CPUs execute independent
instruction streams and communicate through shared
memory located on a common (global) bus using the
GREQ and GACK signals, as described in Section
8.9. Each CPU is default master of its local bus,
but the global bus master is chosen by an external
arbiter. The CPU also provides special bus status
information for interlocked memory references
(Test and Set, Increment Interlocked, and Decre-
ment Interlocked instructions), which can be used
with multiple-ported memories.

Loosely-coupled, multiple CPUs generally communi-
cate through a multiple-ported peripheral, such as
the 28038 FIO I/0 Interface Unit. The 280,000
CPU's I/0 and interrupt facilities can support
loosely-coupled multiprocessing.

MEMORY  |— MEMORY |—
LOCAL BUS

CPU F— cPU ]

GRE —

° 9] Ly
GACK |GLOBAL BUS

ARBITER — MEMORY FIO

GACK

we| A9 T

cPU - cPU —
LOCAL BUS

MEMORY |— MEMORY }—-

(D) LOOSELY-COUPLED
MULTIPLE CPU

Figure 8-2.
Multiprocessor Configurations
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8.4 CACHE

The CPU implements a cache mechanism that keeps
a copy of recently used memory locations on-chip.
These locations can contain both instructions and
data. On memory fetches, the CPU examines the
cache to determine if the addressed information is
stored there. If the information is in the cache
(a hit), then the CPU fetches the copy from the
cache, and no transaction is necessary on the
external interface. If the information is not in
the cache (a miss), then the CPU performs a memory
read transaction to fetch the missing information
and stores a copy of the information into the
cache, replacing the least recently used data in
the cache. Thus, the cache serves to reduce the
number of memory read transactions, providing a
substantial boost to performance.

Software can control the cache mechanism in
several ways. The System Configuration Control
Longword register contains separate control bits
(CI and CD) that enable the cache for instruction
and data references and another bit (CR) that
enables the cache replacement algorithm. In page
table entries, the NC bit can be set to disable
the use of the cache for selected pages. The
Purge Cache instruction can be executed to invali-
date the contents of the cache when a memory loca-
tion that may have been copied into the cache has
been modified by another processor. For example,
if a slave processor reads from a peripheral port
to a memory location that may be copied in the
cache, the cache must be purged. Similarly, if
two or more tightly-coupled CPUs can alternately
execute one process, the cache must be purged when
the operating system changes from executing one
user-process to another. Appendix C describes the
cache mechanism in more detail, including its
control and interaction with the external
interface.

8.5 PIN FUNCTIONS

The CPU interface includes 59 signal lines, and
four power supply connections (Figure 8-3). A
summary of the signal pin functions is given
below.

ADg-AD3q.  Address/Data (Bidirectional, active
High, 3-state). These 32 lines are time-multi-
plexed to transfer address and data. At the
beginning of each transaction the lines are driven
with the 32-bit address. After the address has
been driven, the lines are used to transfer one or
more bytes, words, or longwords of data.

As. Address Strobe (Output, active Low,
3-state). The rising edge of AS indicates the
beginning of a transaction and shows that the
address, STg-ST3, R/W, BL/W, BW/L, N/5, and BRST
are valid.

BRST. Burst (Output, active Low, 3-state). A Low
on this line indicates that the CPU is performing
a burst transfer; that is, multiple Data Strobes
following a single Address Strobe.

BRSTA. Burst Acknowledge (Input, active Low). A
Low on this line indicates that the responding
device can support burst transfers.

BOSREG. Bus Request (Input, active Low). A Low
on this line indicates that a bus requester has
obtained or is trying to obtain control of the
local bus.

BOSACK. Bus Acknowledge (Output, active Low). A
Low on this 1line indicates that the CPU has
relinquished control of the local bus in response
to a bus request.

BL/N, BW/L. (Output,3-state). These two lines
specify the data transfer size.
BL/N BW/L Size

High High Byte
Low High Word
High Low Longword
Low Low Reserved

ClK. Clock (Input). This line is the clock used
to generate all CPU timing.

D5. Data Strobe (Output, active Low, 3-state).
DS is used for timing data transfers.

EPUBSY. EPU Busy (Input, active Low). A Low on
this line indicates that an EPU is busy. This
line is used to synchronize the operation of the
CPU with an EPU during execution of an EPA
instruction.

EPUABORT. EPU Abort (Output, active Low). A Low
on this line indicates that the CPU is aborting
execution of an EPA instruction, typically because
an Address Translation trap has occurred.

GACK. Global Acknowledge (Input, active Low). A
Low on this line indicates that the CPU has been
granted control of a global bus.

GREQ. Global Request (Output, active Low,
3-state). A Low on this line indicates that the
CPU has obtained or is trying to obtain control of
a global bus.
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TE. Input Enable (Output, active Low, 3-state).
A Low on this line can be used to enable buffers
on the AD lines to drive toward the CPU.

NMI. Non-Maskable Interrupt (Input, edge acti-
vated). A High-to-Low transition on this line
requests a non-maskable interrupt.

NVI. Non-Vectored Interrupt (Input, active Low).
A Low on this line requests a non-vectored inter-
rupt.

N/5. Normal/System Mode (Output, Low = System
Mode, 3-state).
CPU is operating in normal or system mode.

OE. Output Enable (Output, active Low, 3-state).
A Low on this line can be used to enable buffers
on the AD lines to drive away from the CPU.

R/M. Read/Write (Output, Low = Write, 3-state)
This line indicates the direction of data trans-
fer.

This line indicates whether the "

RESEY. (Input, active Low).
resets the CPU.

A Low on this line

RSPg-RSP;. Response (Input). These lines encode
the response to transactions initiated by the
CPU. RSPg and RSPy can be connected together for
Z-BUS WAIT timing.

RSPg RSPq Response
High High Ready
Low High Bus Error
High Low Bus Retry
Low Low Wait

STg-ST3. Status (Output, active High, 3-state).
These lines encode the kind of transaction occur-
ring on the bus. (See Table 8-1.)

VI. Vectored Interrupt (Input, active Low). A
Low on this line requests a vectored interrupt.

RESET  ——>|RESET AD |« SS:RESSIDATA
——| NMi A |
INTERRUPT = ASfI—
REQUESTS g s —>
—| Wi RW ——>
280,000 BLW [——> | BUS STATUS
—_ cl AND TIMIN
EXTENDED »| EruEsY BWIL |f—> G
PROCESSOR | s
CONTROL | <———EPUABORT STATUS —7F—>
NIS 'T>
LOCAL BUS { —| BUSREQ RESPONSE
CONTROL | <«—] ausack
OF |——> } BUFFER
GLOBAL BUS [ <—]GREQ [E}——» | CONTROL
CONTROL ——»| GACK )
BRST — | BURST TRANSFER
BRSTA |«—— | CONTROL
CLK

g‘t’z

GND CLOCK

+5V

Figure 8-3.

T

780,000 Pin Functions
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8.6 HARDWARE INTERFACE CONTROL REGISTER

The Hardware Interface Control register (HICR)
specifies certain characteristics of the hardware
configuration surrounding the CPU, including bus
speed, memory data path width, and number of auto-
matic wait states. The physical memory address
space is divided into two sections, Mg and Mq,

31 24 23

selected by bit 30 of the memory address. A typi-
cal system would locate slow, 16-bit wide boot-
strap ROM in Mg and faster, 32-bit wide dynamic
RAM in Mq. The physical 1/0 address space is
similarly divided into two sections, 1/0g and
1/04, selected by bit 30 of the port address. The
fields of HICR (Figure 8-4) are described below.

16 15 8 7 0

I LAD
I 1 1

lGEl I Iolol IACK.W2 lol 1ACK.W1 [ol 110+.W lsl 1100.W I I MW I I Mo.W J
L 1 1 1 1 1 1 L L 1 1 1

MASR—/ \—EPUO

M1.DP Mo.DP

Figure 8-4. Hardware Interface Control Register

Mg Wait Count (Mg.W) specifies the number of
wait states automatically inserted by the CPU for
references to Mg. If the value is 0, no wait
states are inserted. If the value is n>0, n wait
states are automatically inserted for memory read
and n-1 wait states are inserted for memory write.

Mg Data Path Width (Mg.DP) specifies the data
path width for references to Mg. While this bit
is 1, the data path width for Mg is 16 bits;
otherwise, the data path width for Mg is 32 bits.

My Wait Count (Mq.W) specifies the number of
wait states automatically inserted by the CPU for
references to Mq. If the value is 0, no wait
states are inserted. If the value is n>0, then n
wait states are automatically inserted for memory
read and n-1 wait states are inserted for memory
write.

My Data Path Width (My.DP) specifies the data
path width for references to Mq. While this bit
is 1, the data path width for My is 16 bits;
otherwise, the data path width for Mg is 32 bits.

1/0g Wait Count (I/0g.W) specifies the number
(0-7) of wait states automatically inserted by the
CPU for references to 1/0g.

1/04 Wait Count (I/04.W) specifies the number
(0-7) of wait states automatically inserted by the
CPU for references to 1/01.

Interrupt Acknowledge Wait Count 1 (IACK.W1) spec-
ifies the number (0-7) of wait states automatical-
ly inserted by the CPU before DS falls during
interrupt acknowledge transactions.

Interrupt Acknowledge Wait Count 2 (IACK.W2) spec-
ifies the number (0-7) of wait states automatical-
ly inserted by the CPU before DS rises during
interrupt acknowledge transactions.

Speed (S) specifies the frequency of the bus clock
relative to the processor clock. If this bit is
1, the bus clock frequency is 1/2 the processor
clock frequency; otherwise, the bus clock fre-
quency is 1/4 the processor clock frequency. The
value of this bit is determined by hardware at
reset, and cannot be altered by software (see Sec-
tion 8.10).

EPU Overlap Mode (EPUO) and another field in an
EPU control register control the degree of overlap
for CPU and EPU operations. While this bit is 1,
overlap is enabled; otherwise, overlap is dis-
abled. While overlap is disabled, the EPU can use
the signal EPUBSY to stop the CPU from processing
instructions. There are several degrees of
overlap that affect performance, system debugging
and recovery from exceptions. Refer to Section
8.8.4 for more information.

Minimum Address Strobe Rate (MASR) controls an
option that ensures an Address Strobe is generated
at least once every 16 bus clock cycles. While
this bit is 1, the option is enabled; otherwise,
the option is disabled. While the MASR option is
enabled and the CPU has neither performed any
transactions, granted the local bus, nor requested
a global bus for 16 bus cycles, the CPU performs
an internal operation or halt transaction. If the
CPU is in halted state, a halt transaction is per-
formed; otherwise, an internal operation transac-
tion is performed. This function can be used for
refreshing pseudostatic RAMs. Also, some Z-BUS
peripherals require Address Strobe to generate
interrupt request timing.

Global Enable (GE) and Local Address (LAD) con-
trol the use of the global bus request protocol.
While GE is 1, the protocol is enabled; other-
wise, the protocol is disabled. The LAD field
selects 1 of 16 sections of the physical address
spaces used for references to the local bus;
references to other sections use the global bus.
See Section 8.9 for more information.
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In systems that combine memories with different
widths, an individual operand must be located
entirely within physical memory modules of a
single width. Thus if an operand is located
across consecutive logical pages, including
operands for ENTER, EXIT, LDM, LDML, and EPA
instructions that may occupy several longwords,
then the two physical frames containing the
operand must both be in 16-bit memory modules or
32-bit memory modules.

8.7 BUS TIMING

The CPU performs transactions on the external
interface to transfer data for fetching in-

structions, fetching and storing operands,
processing exceptions, and performing memory
management . In addition, the CPU performs

internal operation and halt transactions, which do
not transfer data. Each transaction occurs during

a sequence of bus clock cycles, named Tq, Ty, etc.
The CPU has a single clock line, CLK, used to gen-
erate all timing. Internally, the CPU derives
another clock for bus timing by dividing CLK by 2
or 4. The scale factor for bus timing (2 or 4) is
selected at reset. In the AC timing characteris-
tics for the CPU (available in a separate data
sheet from Zilog), input setup and hold times and
output delays are specified with respect to a ris-
ing edge of CLK. When CPU output transitions
occur on different rising clock edges, the time
between the transitions is specified in terms of a
constant delay and a variable number of CLK
cycles. The number of CLK cycles depends on the
bus timing scale factor, type of transaction, and
number of wait states.

In the logical timing diagrams that follow, the
signal transitions on the bus are shown in rela-
tion to the bus clock, BCLK. The beginning of a
transaction, signified by a falling edge of A5,

s [ 1|

(A) BCLK = CLK = 2

LI
D € S - G y—
—

ADDRESS

w X

)—————_——_——_— DATA IN ————— —

= \

—

(B) BCLK =CLK +- 4

Figure 8-5.

Example of Memory Read Timing

Showing Different Bus Scale Factors
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always occurs on a rising edge of BCLK. The BCLK
signal is derived internally to the CPU as de-
scribed above, and is not available on the pins.
BCLK can also be derived externally by dividing
CLK by the selected bus timing scale factor.
Section 8.10 discusses synchronization of the
internal and external bus clocks. The timing
diagrams in Figure 8-5 show example memory read
transactions with one wait state using the differ-
ent scale factors.

8.8 BUS TRANSACTIONS

All bus transactions begin with Address Strobe
(AS) first asserted* and then negated. On the
rising edge of A5, the lines for status (STg-ST3),
Read/Write (R/W), data transfer size (BW/C, BL/W),
and Normal/System (N/5) are valid. The status
lines indicate the type of transaction being
initiated (Table 8-1). The R/W line indicates
the direction of data transfer. The data transfer
size indicates whether a byte, word, or longword
of data is to be transferred. The N/S line
indicates the CPU's operating mode. The following

sections describe timing for the different
transactions.
Table 8-1. Status Codes

ST3-STg Definition

0000 Internal Operation

0001 CPU-EPU (data)

0010 1/0

0011 Halt

0100 CPU-EPU (Instruction)

0101 NMI' Acknowledge

0110 NVT Acknowledge

0111 VT Acknowledge

1000 Cacheable CPU-Memory (Data)

1001 Non-Cacheable CPU-Memory
(Data)

1010 Cacheable EPU-Memory

1011 Non-Cacheable EPU-Memory

1100 Cacheable CPU-Memory
(Instruction)

1101 Non-Cacheable CPU-Memory
(Instruction)

111 Reserved

1111 Interlocked CPU-Memory (Data)

*In the description of bus transactions, the term
"asserted" means an active signal and "negated"
means an inactive signal. A signal is either
active when High or when Low, as specified in the
pin function list.

On the rising edge of AS, the address on the AD
lines is also valid. Addresses are not required
for internal operation, bhalt, interrupt ac-
knowledge, and CPU-EPU data transactions; the AD
lines are driven but the address is undefined for
those transactions. The CPU uses Data Strobe (D5)
to time the data transfer, (Note that internal
operation and halt transactions do not transfer
data, and thus do not assert D5.) For write oper-
ations (R/W = Low), the CPU asserts D35 when valid
data is on the AD lines. For read operations (R/W
= High), the CPU makes the AD lines 3-state before
asserting DS so the addressed device can put its
data on the bus. The CPU samples the data in the
middle of a bus cycle while negating DS.

The AD lines can be used to transfer bytes, words,
or longwords of data. When reading from memory,
the CPU always reads a word or longword, depending
on the memory data path width, regardless of the
size of the information required. For read

transactions the three cases are handled as

follows:

e Byte transfers use ADg-ADy7; ADg-AD3q are
ignored.

e Word transfers use ADg-ADy5; AD4g-AD3q are
ignored.

e Longword transfers use ADg-AD3q.

For write transactions, the three

handled as follows:

cases are

s Byte transfers replicate the data on ADg-AD7,
ADg-ADq5, AD44-AD23, and ADg4-AD3q.

o Word transfers replicate the data on ADg-ADqs
and ADq4-AD3q.

e Longword transfers use ADg-AD3q.

The Input Enable (TE) and Output Enable (OF)
signals can be used to enable buffers on the
bidirectional AD lines. TE is asserted when the
buffers are to drive toward the CPU; OF is
asserted when the buffers are to drive away from
the CPU. Whenever the direction for the AD lines
changes, both TE and OF are negated for at least
one CLK cycle.

To transfer more than one data item, the CPU can
perform burst transactions. The data items are
transferred in the same direction, and are equal
in size. DS is used to time each transfer. The
CPU asserts Burst (BRST) to indicate a burst
transfer. The responding device asserts Burst
Acknowledge (BRSTA) if it is capable of supporting
burst tranfers. If BRSTA is not asserted, the CPU
transfers only a single data item.

8-7
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8.8.1 Response

Any time data is transferred, the responding
device returns a code on the Response lines
(RSPg-RSP4) to indicate ready, wait, bus error, or
bus retry. The response is sampled at a time
specific for each type of transaction, generally
before the AD lines are sampled for reads or DS is
negated for writes, and after automatic wait
states are inserted.

Ready indicates the completion of a successful
transfer.

Wait indicates that the responding device needs
more time to complete the transaction. The CPU
waits one bus cycle before sampling the response
again to accommodate slow memory or peripherals.
A simple system using only Z-BUS WAIT can be
implemented by connecting WAIT to both RSPy and
RSP,

Bus error indicates that a fatal error has
occurred during the transaction, e.g., bus timeout
for a nonexistent device. The CPU treats bus
error as an exception.

Bus retry indicates that the transaction should be
tried again, e.g., a transient parity error was
detected. The CPU negates DS and tries the trans-
action again.

The CPU can insert wait states automatically under
control of several fields in the Hardware Inter-
face Control register. If an automatic wait state
is programmed for a bus cycle, the CPU ignores the
response and wait is assumed. Thus, wait states
can be inserted automatically by the CPU or upon
request of the responding device. It must be
emphasized that the RSPg-RSP¢ lines are sampled
synchronously. Thus, they must meet the specified
setup and hold times for correct operation.

8.8.2 CPU-Memory Transactions

The CPU performs transactions with status 1000,
1001, 1100, 1101, or 1111 to read from and write
to memory. See Appendix C for more information
about the different status codes. The transac-
tions involve either a single data transfer or
multiple, burst data transfers.

8.8.2.1 Single Memory Read and Write Transac-
tions. Figure 8-6 shows timing for a single mem-
ory read transaction with no wait states. AS is

asserted during the first half of T1. The rising
edge of AS indicates that the address on ADD_AD31
and control signals STg-ST3, R/W, BW/T, BL/W, and
N/S are valid. The control signals remain valid
for the duration of the transaction. BRST is
negated during the transaction because only a sin-
gle data item is transferred. At the beginning of
T2, the CPU stops driving the address, asserts DS,
and prepares to receive data from memory. In the
middle of T2, RSP3-RSPy are sampled ready, the
input data is latched, and D5 is negated. The
signal OF is asserted during Tq; however, for two-
cycle read transactions, IE is not asserted. TIE
1s unasserted because there is no bus clock tran-
sition between the negation of OF at the end of T1
and the sampling of data in the middle of 72. The
two-cycle read transaction is a compatible
extension of the Z-BUS three-cycle read transac-
tion. Two-cycle read transactions are intended
for use with fast memories connected directly to
the CPU pins without buffers, such as an external
cache.

e Bl N
o Y e Y <
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BRST

BRSTA

*RSPo-RSP4 and data sampled.

Figure 8-6. Single Memory Read Timing
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The CPU can insert wait states in the middle of T2
1f RSPg-RSPq are sampled wait or if automatic wait
states are programmed in the appropriate field of
HICR. The duration of a wait state is one BCLK
cycle.

The timing for a single memory read transaction
with one wait state is shown in Figure 8-7. This
is not a true wait state because the CPU asserts
IE in the middle of T2 and continues until the
middle of T3. For memory read transactions longer
than two bus cycles, either because of wait states
or burst transfers, IE is asserted from the middle
of T2 until the end of data transfer. The signals
OF and IE can be used to control buffers on the AD
lines.

For memory read transactions, the data transfer
size is equal to the data path width specified in
HICR. The memory should transfer the aligned
longword addressed by ADp-AD3y (ignored ADg-ADq)

for a 32-bit data path, or the aligned word
addressed by AD1-AD3q (ignoring ADg) for a 16-bit
data path. The CPU selects the required bytes
from the transferred word or longword.

A single memory write transaction (Figure 8-8)
begins with AS to indicate that address and con-
trol signals are valid. At the beginning of T2
the CPU stops driving the address and starts driv-
ing the data. In the middle of 712, DS is
asserted. The CPU negates DS in the middle of
T3. OF is asserted beginning at T1 and continues
for the duration of the transaction. The CPU sam-
ples RSPg-RSPq4 in the middle of T3.

For memory write transactions, the data transfer
size is less than or equal to the data path width
specified in HICR. Bytes and words can be written
to a 16-bit memory; bytes, words, and longwords
can be written to a 32-bit memory. The CPU writes
bytes to any address, but words and longwords are

T
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Figure 8-7.
Single Memory Read Timing (One Wait State)
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always written to an aligned address; that is,
words are always written to an even address and
longwords are always written to an address that is
a multiple of four. When a program writes a word
or longword to an unaligned address, the CPU per-
forms two or more write transactions to aligned
addresses. For example, if the program writes a
word to an odd address, the CPU first writes the
more significant byte to the odd address, then it
writes the less significant byte to the successive
even address.

Single memory read and write timing are slightly
different from Z-BUS specifications. The minimum
read transaction is two bus cycles, and the
response is sampled at the end of the data trans-
fer. For the Z-BUS, the minimum read transaction
is three cycles, and the response is sampled one
cycle before the end of the data transfer. For
strict Z-BUS compatibility it is possible to pro-
gram one automatic wait state for memory read and
to delay the response using an external flipflop.

8.8.2.2 Burst Memory Read and Write Transac-
tions. Burst memory transactions use multiple
Data Strobes following a single Address Strobe to
transfer data at consecutive memory addresses.
The BRST and BRSTA signals control the burst
transaction. The CPU uses burst transactions to
prefetch the cache block for a cache miss on an
instruction fetch. The CPU also uses burst trans-
actions to fetch or store operands when more than
one transfer is necessary, as with unaligned oper-
ands, string instructions, Load Multiple instruc-
tions, and loading of Program Status.

If the memory does not support burst transfers,
the burst transfer protocol described below
(Figure 8-9) allows BRSTA to be tied High. The
CPU then separates the burst transaction into a
sequence of single transfers, but only a single
transfer is performed for a cache miss on an
instruction fetch.

T

BCLK __J | |

AD X ADDRESS X

DATA OUT

STo-ST3
BWIL, BLIW X
NIS
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BRSTA
*RSPo-RSP; sampled.

Figure 8-8.

Single Memory Write Timing

8-10

2071-016



External Interface

ASSERT BRST

TRANSFER
ADDRESS

NEGATE BRST TRANSFER DATA

TRANSFER DATA

NEGATE BRST

[ INCREMENT |
ADDRESS

Figure 8-9. Burst Transfer Protocol

At the beginning of a burst transaction, the CPU
asserts BRST along with other control signals. If
the CPU continues to assert BRST when DS falls,
this indicates to memory that the CPU can support
another data transfer following the one in
process. If the CPU negates BRST before D5 falls,
this indicates to memory that the current transfer
is the last in the transaction.

When BRSTA is asserted at the time the RSPg-RSPq
lines are sampled ready, this indicates to the CPU
that memory can support another data transfer fol-
lowing the one in process. When BRSTA is negated
at the time the RSPg-RSPq lines are sampled ready,
this indicates to the CPU that the current data
transfer is the last in the transaction. The
burst transaction can be terminated by either the

CPU or memory. If memory terminates the transfer
by negating BRSTA, the CPU responds by negating
BRST when DS is negated. (See the example for
burst memory read.) If the CPU terminates the
transfer by negating BRST before the falling edge
of D5, memory responds by negating BRSTA. (See
the example for burst memory write.) The CPU ter-
minates the burst transaction when all the
required data items have been transferred or after
reaching the end of an aligned, 16-byte block.

Figure 8-10 shows timing for a burst memory read
transaction with one wait state. In this example,
three data items are transferred, after which mem-
ory terminates the burst. 'BRST is asserted at the
beginning of T1; otherwise, the timing for the
first transfer is identical to a single memory
read. In the middle of T3, the CPU samples
RSPg-RSPy ready, latches the data, and samples
BRSTA active. During T4 the second data item is
transferred, accompanied by D5. The time for the
second and subsequent transfers can be extended
with wait states if RSPg-RSPy are sampled wait;
the CPU inserts automatic wait states only for the
first transfer. During T5 the third data item is
transferred. At the same time RSPy-RSPq are
sampled ready, the data is latched and BRSTA is
sampled inactive. Memory terminated the burst tr-
ansfer, and the CPU responds by negating BRST.

Figure 8-11 shows timing for a burst memory write
transaction with no wait states. In this example,
two data items are transferred, and the CPU ter-
minates the burst. BRST is asserted at the begin-
ning of T1; otherwise, the timing for the first
transfer is identical to a single memory write.
In the middle of T3, the CPU samples RSPg-RSP4
ready and BRSTA active. At the beginning of T4,
the CPU negates BRST, indicating that one more
data transfer will follow. During T4, the second
data item is transferred, accompanied by D5. The
time for the second and subsequent transfers can
be extended with wait states if RSPy-RSPq are sam-

_pled wait; the CPU inserts automatic wait states

only for the first transfer. Memory recognizes
that the CPU has terminated the burst transfer,
and responds by negating BRSTA before the end of
T4. Note that a memory system can be designed to
support burst transfers only for read transactions
through selective enabling of BRSTA.

8.8.2.3 Interlocked Memory Transactions. In
tightly-coupled multiprocessor configurations, the
CPU must at certain times inhibit other bus mas-
ters from referring to shared memory while the CPU
performs two or more interlocked transactions.
The CPU uses interlock protection for data refer-
ences associated with Test and Set, Decrement

2071017
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Figure 8-10. Burst Memory Read Timing (One Wait State)

Interlocked, and Increment Interlocked instruc-
tions. The CPU also uses interlock protection for
references to address translation table entries
when loading the Translation Lookaside Buffer.
The CPU indicates interlocked protection for a
sequence of memory references by using status 1111
for any of the memory transactions previously
described. While the CPU indicates status 1111,
the memory system must prevent interlocked refer-
ences to shared memory by other processors. Dur-
ing a sequence of interlocked memory transactions,
the CPU does not acknowledge local bus requests
nor does the CPU generate any bus transactions
with status other than 1111.

8.8.3 Input/Output Transactions

The CPU uses status 0010 to read from and write to
1/0 ports. 1/0 transactions are generated for 1/0
instructions and, when address translation is
enabled, by data references to pages with bit 31
of the page table entry set to 1.

The timing for 1/0 and memory transactions is very
similar. The major difference is that DS falls in
the middle of T2 for I/0 read timing, compared to
the beginning of T2 for memory read timing. This
allows peripheral devices more time for address
decoding. Another difference is that the data

8-12
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2 DATA TRANSFERS, CPU TERMINATES BURST
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Figure 8-11. Burst Memory Write Timing

transfer size (byte, word, or longword) for 1/0
transactions is specified by the instruction, not
by HICR. The final difference is that the CPU
does not support burst 1/0 transactions. Figure
8-12 shows timing for an I1/0 read transaction.
1/0 write timing is the same as a single memory
write (Figure 8-8).

8.8.4 EPU Transactions

The CPU and EPU cooperate in the execution of EPA
instructions (Figure 8-13). When the CPU encoun-
ters an EPA instruction and the EPA bit in FCW is
1, the CPU broadcasts the first two words of the

instruction to the EPUs in the system using the
CPU-EPU instruction transfer transaction. All
EPUs in the system recognize the transaction, but
only one of four possible EPUs is selected by bits
16 and 17 of the EPU instruction. The CPU also
transfers the PC value for the instruction, which
the selected EPU saves for use in exception han-
dling. If data transfers are required to complete
the instruction, the CPU controls the data trans-
fer transactions while the EPU drives or receives
the data.

The EPUBSY signal, output from the EPU, is used to
synchronize the CPU and EPU in executing EPA
instructions. (When multiple EPUs are present in

2071-019
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Figure 8-12.

1/0 Read Timing

a system, the EPUBSY input to the CPU must be
driven by an external AND gate whose inputs are
the EPUBSY signals from the EPUs). The CPU must
sample EPUBSY inactive before initiating an EPU
instruction transfer. If data transfers are
required, the CPU must sample EPUBSY inactive
before initiating the first transfer.

While the CPU samples EPUBSY active, no transac-
tions are initiated; however, the CPU may grant
the local bus.

EPUBSY is also used to control the degree of over-
lap between CPU and EPU instruction execution.
Ordinarily, the CPU can continue processing other
instructions after performing the data transfers
associated with an EPA instruction and before the
EPU has completed executing the instruction. To
simplify debugging and recovery from exceptions,
overlap can be disabled under control of the EPUD
bit in HICR. When overlap is disabled (EPUO = 0),
the CPU samples EPUBSY in the middle of the bus
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Figure 8-13. EPA Instruction Processing

cycle during which the last data transfer for an
EPA instruction occurs. If EPUBSY is asserted,
the CPU ceases processing instructions or inter-
rupts until EPUBSY is sampled inactive in the mid-
dle of a bus cycle. When overlap is enabled (EPUO
= 1), the CPU does not sample EPUBSY after the
last data transfer, but only samples EPUBSY before
initiating the next EPU instruction transfer.

While processing an EPA instruction and after the
instruction has been transferred to the selected
EPU, the CPU may detect an address translation
exception. In such an event, the CPU asserts
EPUABORT, informing the selected EPU to abort
execution of the instruction; at all other times,
the CPU negates EPUABORT. The CPU then saves the
address of the suspended EPA instruction on the
system stack during exception processing.

When CPU and EPU instruction processing overlap,
the CPU may complete all data transfers for an EPA
instruction (the queued instruction) before the
EPU completes execution of a previous EPA
instruction. If the EPU then detects an exception
during execution of the previous instruction, the
EPU does not execute the queued instruction. In
such a case, the address of the queued instruction
is in an EPU control register, and the CPU saves
the address of a subsequent instruction on the
gystem stack.

To simplify system hardware, the CPU and EPU AD
lines should be wired together with no buffers
between them. If the AD lines are separated by
buffers, external circuitry must generate TE and
OF timing for CPU-EPU data read and EPU-memory
write transactions.

2071-021
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Figure 8-14.
CPU-EPU Instruction Transfer Timing

8.8.4.1 CPU-EPU  Instruction Transactions.
Figure 8-14 shows timing for a CPU-EPU instruction
transfer transaction with status 0100. The rising
edge of AS indicates that the AD lines and status
are valid. During T1, the AD lines are used to
transfer the opcode, i.e., the first two words of
the EPA instruction. At the beginning of T2 the
CPU stops driving the opcode, asserts D5, and
starts driving PC on the AD lines. In the middle
of T2, the CPU samples RSPy-RSPq ready and negates
D5. The data transfer size for the transaction is
longword.

The duration of a CPU-EPU instruction or data
transfer can be extended with wait states if
RSPg-RSPq are sampled wait. The 28070 APU,
however, does not require wait states, nor does it
drive RSPg-RSP1. Systems using the 78070 APU must
ensure that RSPg-RSPq are both High, indicating
ready, during CPU-EPU instruction and data
transactions.
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Figure 8-15. CPU-EPU Data Read Timing

8.8.4.2 CPU-EPU Data Tramsactions. Transactions
to transfer data between the CPU and EPU use
status 0001. The EPA instruction opcode indicates
the number of words transferred. One or more
longwords of data are transferred until all words
have been transferred. If the 1last transfer
contains a single word, the data is on AD44-AD3q.
The CPU does not assert BRST and ignores BRSTA.

Figure 8-15 shows timing for a CPU-EPU data read
transaction. This example has two data transfers;
any number of data transfers between one and eight

is possible. The rising edge of AS indicates that
status and control signals are valid. The CPU
stops driving the AD lines at the end of T1; the
EPU begins driving them in the middle of T2. At
the beginning of T3, the CPU asserts D5. In the
middle of T3 the CPU samples RSPg-RSPq ready,
latches the data, and negates DS. The second
longword of data is transferred during T4. After
the last data transfer the CPU inserts an idle bus
cycle (T5 in the example) during which neither the
CPU nor EPU drive the AD lines.
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Figure 8-16.

CPU-EPU Data Write Timing

Figure 8-16 shows timing for a CPU-EPU data write
transaction. This example has three data trans-
fers; any number of data transfers between one and
eight is possible. Timing for the first transfer
is identical to the CPU-EPU instruction transfer
transaction. A second longword of data is trans-
ferred during T3, and the third longword is trans-
ferred during T4.

8.8.4.3 EPU-Memory Transactions. The CPU uses
status 1010 or 1011 for the EPU to read from and
write to memory using flyby transactions. The
timing is identical for EPU-memory read and
CPU-memory read. The EPU monitors the CPU timing
on the bus, and uses the two least significant
address bits on the first transfer, the data
transfer size, and the length of the operand from
the instruction to select the bytes it needs from
the AD lines.
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Figure 8-17. EPU-Memory Single Write Timing

The timing for an EPU-memory write transaction
differs slightly from a CPU-memory write transac-
tion. Two extra bus cycles are included to pass
the AD lines from CPU to EPU after the address
transfer and from EPU back to CPU after the last
data transfer. Figure 8-17 shows an example for a
single EPU-memory write transaction with no wait
states. The CPU stops driving the AD lines at the
end of T1; the EPU begins driving them in the mid-
dle of T2. DS is asserted in the middle of T3,
one bus cycle later than for CPU-memory write

timing. The CPU negates DS in the middle of T4.
The CPU can insert wait states in the middle of
T4. The EPU continues to drive the AD lines until
the end of T4. After the last data transfer the
CPU inserts an idle bus cycle (T5 in the example)
during which neither the CPU nor EPU drive the AD
lines. EPU-memory burst write transactions are
similarly extended by two bus cycles more than
CPU-memory burst write timing. One cycle is
ingerted before the first data transfer, and
another after the last data transfer.
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Figure 8-18.

Interrupt Request/Acknowledge Timing

8.8.5 Interrupt Request and Acknowledge

The CPU recognizes vectored, nonvectored, and non-
maskable interrupt requests. The decreasing
order of priority for interrupts is nonmaskable,
vectored, and nonvectored. NMI is edge sensitive;
when NMI is asserted, an internal latch is
loaded. VI and NVT are level sensitive.

The CPU samples VI, NVI, and the internal NMI
latch on the rising edge of CLK. The interrupt
request signals can be asynchronous to CLK; the
CPU synchronizes them internally.

After a request for an enabled interrupt is
asserted, the CPU begins an interrupt acknowledge
transaction. Figure 8-18 shows timing for an
interrupt acknowledge transaction, indicated by
status 0101, 0110, or 0111. The timing is similar
to a single 1/0 read. Wait states (either pro-
grammed for automatic insertion or externally gen-
erated) can be inserted before DS falls in the
middle of T2, and before DS rises in the middle of
13. 1Inserting wait states before DS falls allows
for delay in the interrupt priority daisy chain.
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A word of data is transferred on ADg-AD95. All of
the interrupts save the transferred word on
the system stack for processing the interrupt.
Vectored interrupt uses the low-order byte of the
word to select a unique PC value from the Program
Status Area.

8.8.6 Internal Operation and Halt Transactions

Figure 8-19 shows timing for internal operation
(status = 0000) and halt (status = 0011)
transactions. Unlike other bus transactions, data
is not transferred during these operations.
Nevertheless, the data transfer size for the
transaction indicates longword. The duration of
the transaction is two bus cycles.

T T2 ——bl

BCLK 1 I I_
AD X UNDEFINED K

= \_/ \

-
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$To-ST3
BWIL, BLIW
NIS

N

BRST

BRSTA

Figure 8-19.
Internal Operation and Halt Timing

The CPU generates an internal operation transac-
tion after the end of a sequence of interlocked
memory transactions. The CPU generates a halt
transaction upon entering halted state (Section
7.2). When the Minimum Address Strobe Rate option
is enabled (the MASR bit in HICR is 1), the CPU
maintains a steady rate for Address Strobes by
generating halt transactions in halted state or
internal operation transactions otherwise.

8.8.7 Bus Retry

During transactions in which data is transferred,
the responding device can indicate bus retry on
RSPg-RSPq.  When bus retry is sampled, the CPU
terminates the transaction in progress, negating
DS and BRST, then repeats the same transaction.
If bus retry is indicated during a burst transfer,
the retry transaction begins with the address for
the data transfer where bus retry was indicated.
The CPU does not acknowledge interrupts or bus
requests between the retry response and the retry
transaction.

8.8.8 Bus Error

During transactions in which data is transferred,
the responding device can indicate a bus error
exception on RSP3-RSPq. When bus error is sam-
pled, the CPU terminates the transaction in pro-
gress, negating D5 and BRGT . A bus error excep-
tion also causes termination of the instruction in
execution. In processing a bus error exception,
the CPU saves the Program Status, physical address
for the transaction, and a word identifying the
status and control signals used for the transac-
tion on the system stack, in that order (Figure
8-20). In the identifier word, High signals are
1, and Low signals are O.

15 8 7 0
oo oo oo o] o] ] ooy
aTsT-/ swit
BLW

Figure 8-20. Bus Error Identifier Word
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8.9 BUS REQUEST AND ACKNOWLEDGE

The CPU supports two types of bus request/
acknowledge sequences, local and global. Other
bus masters request the local bus from the CPU
using a handshake of BUSREQ and BUSACK. The CPU
requests a global bus from an external arbiter
using a handshake of GREQ and GACK.

To generate transactions on the local bus, a
potential bus master (such as a DMA controller)
must gain control of the bus by making a bus
request (Figure 8-21). A local bus request is
initiated by asserting BUSREQ. Several bus
requestors may be wired to the BUSREQ signal;
priorities are resolved externally to the CPU,
usually by a priority daisy chain.

The CPU samples BUSREQ on the rising edge of CLK.
BUSREQ can be asynchronous to CLK; the CPU
synchronizes it internally. After BUSREQ is
asserted, the CPU completes any transaction or
sequence of interlocked transactions in progress,
including possible retries. Next, the CPU
responds by asserting BUSACK and placing its
other output signals except EPUABORT in 3-state.
The EPUABORT signal remains valid while the CPU
has granted the local bus, and may be asserted if
an EPA instruction is in progress. Later, when
BUSREQ is negated, the CPU negates BUSACK and
begins driving all other output signals.

The CPU can initiate transactions with devices
located on a global bus shared with other CPUs.
At any time, only one of the CPUs can initiate
transactions on the global bus. Control of the
global bus is arbitrated by external circuitry.
Before initiating transactions on the global bus,
the CPU requests control of the global bus from
the arbiter using the protocol described below.

The CPU uses two fields of HICR to distinguish
between local and global bus transactions. The GE
bit enables use of the global bus. The 4-bit LAD
field specifies one of sixteen sections of the
physical address space used for local references.

Before every memory and I/0 bus transaction
(status codes 0010 and 1000 through 1111), the CPU
compares the LAD field with bits 26 to 29 of the
physical address. If the comparison is unequal
and GE is 1, then the transaction is a global bus
reference; otherwise the transaction is a local
bus reference. In a tightly-coupled multi-
processor system (Figure 8-2c), each of the local
and global memory locations and peripheral ports
can have a unique system address. Each CPU loads
a distinct value into LAD, identifying its local
addresses; the CPUs refer to global addresses and
local addresses of other CPUs using the global bus
request protocol.
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Figure 8-21.
Local Bus Request Acknowledge Timing
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Figure B8-22 shows timing for the global bus
request/acknowledge protocol. Before initiating a
transaction on the global bus, the CPU drives the
address, STg-ST3, BRST, R/W, N/5, BL/W, and BW/C
valid at the beginning of a bus cycle. Then, in
the middle of the bus cycle, the CPU asserts
GREQ. When the global bus selected by the address
is available to the CPU, the arbiter asserts

GACK. The CPU samples GACK on the rising edge of
CLK. GACTK can be asynchronous to CLK; the CPU
synchronizes it internally. The CPU performs one
or more transactions on the global bus, then

negates GREQ. The arbiter responds by negating
GACK; the CPU can then initiate more transac-

tions.
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Figure 8-22.

Global Bus Request Timing
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Figure 8-23 shows a state diagram for the local
prevent asserted before GACK,

and global bus request protocols. To
deadlock between CPUs referring to each

waiting for GACK in State 2.
the CPU relinquishes the

If

SRE

is

other's global bus without performing any transactions.

local memories, a CPU can be preempted while it is

STATE 0
GREQ = H
BUSACK = H
(BUSREQ BUS = 25T
:::?:?(Eg I:) b (BUSREQ = H)*(GACK = H) e
— (NEED_GBUS = H)
A B| GACK = L c
STATE 1 ERROR
GREG = 3ST STATE2| emem .\
BUSACK = L BUSACK = H
BUS = 3sT BUS = 25T
(GACK = L) o
BUSREQ = H ° ‘ Ey (GACK = L)+(BUSREQ = H) F y (BUSREQ = L)
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BUSACK = H [——— BUSACK =
BUS = 25T | (GACK =L)¢ BUS = 25T
[(BUSREQ = L)
+(NEED_GBUS = L)
GlGAC_Knn ||GACK=H

ERROR

NOTES: Interface signals are High (H), Low (L), High or Low (2ST), or 3-stated (3ST).

NEED__GBUS Is an active High signal internal to the CPU.

Figure 8-23.

Request Protocol

State Diagram for CPU Bus
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State 0

State 1

State 2

State 3

State 4

State Legend
The CPU controls the local bus and is
neither requesting nor controlling the

global bus.

The CPU can perform transactions on the
local bus.

The CPU has granted the local bus.
The CPU cannot perform transactions.

The CPU controls the local bus and is
requesting the global bus.

The CPU cannot perform transactions.

The CPU controls the local and global
buses.

The CPU can perform transactions on the
global bus.

The CPU controls the local bus and is
relinquishing control of the global bus.

The CPU cannot perform transactions.

Transition Legend
A local bus request occurs.

The global bus arbiter grants control of
the global bus when no global bus
request is pending. This is an error.
The CPU remains in State O.

The CPU requests the global bus in
response to the internally generated
signal NEED_GBUS.

The local bus master relinquishes the
bus.

The global bus arbiter grants the global
bus to the CPU while no local bus
request is pending.

The global bus arbiter grants the global
bus to the CPU while a local bus request
is pending. The CPU is preempted.

The global bus arbiter reclaims the glo-
bal bus before the CPU relinquishes the
global bus. This is an error. The
CPU's response to this error is
undefined.

The CPU relinquishes control of the glo-
bal bus when it no longer needs the glo-
bal bus or in response to a local bus
request.

The global bus arbiter reclaims the glo-
bal bus.
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8.10 RESET

Figure 8-24 shows Reset timing. After RESET is
asserted, the CPU responds as follows.

e AD lines are turned to input direction

e A5, BRST, BUSACK, D5, EPUABORY, GREQ, IE, and
OF are negated

® STg-ST3 are driven to 1111

e BW/C and BL/W are driven Low

e N/5 and R/W are undefined

If RESET is asserted while the CPU is asserting
BUSACK, the CPU first negates BUSACK, then the
other CPU output lines are removed from 3-state
and driven as described above. After RESET is
asserted, external circuitry can detect that the
CPU has responded to the reset request by sensing
BW/LC and BL/W Low. At power on, RESET should be
asserted until after power has stabilized.

During reset, bits SX, NX, CI, and CD of the SCCL
control register are cleared, disabling the
address translation and cache mechanisms. Bit GE
of HICR is also cleared, disabling the global bus
request protocol.

At the rising edge of RESET, the relationship
between bus timing, memory data path, and number
of automatic wait states is determined. If RSPg
is High at the rising edge of RESET, HICR is
initialized with Mg.DP = 1, Mg.W = 7, and S = 1.
This corresponds to a default configuration of
16-bit memory path, seven automatic wait states,
and bus clock scale factor 2. If RSPy is Low at
the rising edge of RESET, ADy-AD3 and ADqq are
latched into the corresponding bits of HICR, and
ADq5 must be High.

RESET need not be synchronous with CLK; however,
the CPU assumes that the last rising edge of CLK
on which RESET is asserted corresponds to a rising
edge of BCLK. Thus, if RESET is synchronized with
the rising edge of the external bus clock, the
internal and external bus clocks will be in phase
with respect to CLK. After RESEV is negated, the
CPU reads FCW from memory address 2 and PC from
address 4 using status 1101. If BUSREQ is asserted
before RESET is negated, the CPU acknowledges the
bus request before fetching the Program Status.
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Figure 8-24. Reset Timing
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Appendix A.
28000 Compatibility

The 280,000 CPU is an upward-compatible extension
of Z8000 architecture and bus interface. All Z8000
normal mode software and most Z8000 system mode
software executes on the 280,000 CPU, provided
the software contains no timing dependencies, does
not modify itself, and does not use any of the
78000 reserved instruction, address, and control
field encodings.

A few of the Z8000 privileged instructions are not
implemented by the 280,000 CPU. The instructions
are LOCTL (refresh control register), the Multi-
Micro set (MBIT, MREQ, MRES, MSET), and the
Special I/0 instruction set (SIN, SINB, SIND,
SINDB, SINDR, SINDRB, SINI, SINIB, SINIR, SINIRB,
SOTDR, SOTDRB, SOTIR, SOTIRB, SOUT, SouTB, SOUTD,
SOUTDB, SOUTI, and SOUTIB). An Unimplemented
Instruction trap occurs when a program attempts
to execute one of these instructions.

The portions of a Z8000 operating system concern-
ing memory management and initialization of the
Program Status Area (PSA) must be modified to exe-
cute on the 780,000 CPU. The PSA for the 280,000
CPU is an extension of the Z8000's PSA, with more
entries for additional exceptions.

Memory management is integrated in the 280,000
CPU, while the Z8000 CPU implements memory manage-
ment in peripheral components (Z8010 Memory Man-
agement Unit and Z8015 Paged Memory Management
Unit). In addition, the 80,000 CPU does not sep-
arate stack and data address spaces as does the
Z8000 CPU. Any inconveniences caused by these

differences can be minimized by following the
guidelines in the application note "Memory Manage-
ment and the 280,000 32-bit Microprocessor" (Zilog
document number 00-2329-01).

The 280,000 CPU is compatible with the signals and
timing of the 16-bit Z-BUS, except for the Multi-
Micro resource request signals. The global bus
request protocol of the 780,000 CPU replaces the
Multi-Micro protocol. The 280,000 CPU also
improves the Z-BUS sampling of WAIT and permits
memory read transactions of two bus cycles dura-
tion, though strict Z-BUS compatibility can be
maintained by programming appropriate fields in
the Hardware Interface Control register. (For
strict Z-BUS compatibility, HICR fields Mg-DP,
Mg.W, Mq.DP, M{.W, 1/0g.W, and I1/04.W are 1;
IACK.W1 is 3; IACK.W2 is 2; and GE is 0.) For the
780,000 CPU, EPU-to-memory write transaction tim-
ing includes one cycle more than the Z-BUS speci-
fication; the additional cycle prevents a bus
clash between the CPU and EPU.

Aside from the Z-BUS signals and timing described
above, there are only the following few
differences between the 280,000 CPU and Z8000 CPU
pin signals. The 780,000 CPU does not implement
the 28000 CPU signals MREQ, S5TOP, ABORT, (Z8003
and 28004 only), SEGT (28001 only), and SAT (28003
only). Additionally, some of the status code
definitions have been changed to accommodate the
cache in the 280,000 CPU. The 280,000 CPU dues not
support refresh transactions.
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Appendix B.
Memory-Mapped 1/0

The CPU's memory management mechanism can map log-
ical memory addresses to physical I/0 addresses by
setting bit 31 of a page table entry to 1. Mem-
ory-mapped I/0 can be used only for references to
the data memory logical address spaces with the
following instructions.

ADD DEC RES
AND EX SET
BIT INC SuB
CLR LD TEST
coM NEG TESTA
CP (not Immediate) OR XOR

Memory-mapped I/0 must not be used for instruction
address space references or for data references
with instructions other than those listed above.
I1f memory-mapped 1/0 is used in this prohibited
manner, the CPU may not be able to recover
correctly from an address translation exception
that is detected after the peripheral port has
been accessed, because the state of the peripheral
may have changed. In addition, instructions like
Decrement Interlocked and those for the Extended
Processing Architecture cannot use 1/0 status on
bus transactions.
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Appendix C.
Cache Control and
Memory Transactions

The 780,000 CPU implements a cache mechanism that
keeps copies of frequently used memory locations
on-chip for fast access. The cache mechanism is
selectively enabled for instruction and data
references by bits CI and CD in the SCCL regis-
ter. The cache replacement algorithm is con-
trolled by the CR bit in the SCCL register. When
the replacement algorithm is enabled, (CR=1), the
cache stores a copy of the most recently used
memory locations; otherwise, the cache stores a
copy of fixed memory locations.

The cache contains 16 blocks of storage (Figure
C-1). Each block includes an address tag, which
stores the 28 most-significant bits of the physi-
cal memory address corresponding to the block, and
a bit specifying whether the address tag is
valid. Associated with the tag, the block also
stores eight data words and a bit for each word
specifying whether or not the word contains a
valid copy of the corresponding memory location.
The cache is fully associative, so that any memory
location can be assigned to any block. In all, the
cache provides 256 bytes of data storage.

ADDRESS TAG | 'LINCS,
LINES  lcACHE DATA| VALIDITY LRU
A CTE 1S "MEmorY | BiTs  F94] sTack
(16 % 28) 18 | (16x128) | (16x8) (16 x 4)
TAG
HIT 32
28 4
32
PHYSICAL DATA  WORD
ADDRESS HIT

Figure C-1. Cache Organization

The Purge Cache (PCACHE) instruction invalidates
all of the address tags and data words.

On memory references for which the cache is
enabled, the cache is examined to determine
whether a copy of the addressed location's con-
tents is stored on-chip. . If the cache is not
enabled, the cache is bypassed. For instruction
fetches (including fetches of operands specified
by Immediate, Relative Address, or Relative Index
addressing mode), the cache is enabled when CI is
set to 1; if memory management is enabled, the NC
bit of the page table entry must also be 0. For
operand fetches, the cache is enabled when CD is
set to 1 and the reference is not interlocked
(i.e., not DECI, INCI, and TSET instructions); if
memory management is enabled, the NC bit of the
page table must also be 0. For operand stores, the
cache is always enabled. When the CPU fetches from
the Program Status Area during exception
processing or from the translation tables during
address translation, the cache is bypassed.

When the cache is enabled for a reference, bits 4
to 31 of the physical memory address are compared
to the tags in each cache block. The reference is
called either a "tag hit" if one of the valid tags
matches the address, or a "tag miss" if none of
the tags matches. When a tag hit occurs, bits 1 to
3 of the address select a data word in the block.
If the data word is valid, the reference is called
a "word hit"; otherwise, it is called a "word
miss." For an aligned longword reference, both
the high-order and low-order words, along with
their validity bits, are accessed simultaneously.

For instruction fetches, if the reference is a
word hit, the instruction word is simply read from
the cache. If the reference misses and the cache
is enabled for instructions, the instruction word
is fetched from memory using a burst transaction.
The CPU continues the burst transaction, reading
successive words as long as memory acknowledges
the burst or until the end of the block. If the
cache is bypassed, the instruction is fetched
using a single read operation.

2071-010
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Cache Control and Memory Transactions

For operand fetches, if the reference is a word
hit, the data word is simply read from the cache.
Otherwise, if the reference misses or the cache is
bypassed, the data word is fetched from memory.
Only data fetches that involve more than one
transfer use burst transactions, such as those for
the following instructions: CPI(R), CPSI(R),
CHECK, EXIT, INDEX, IRET, LDI(R), LDM, LDML, LDPS,
OUTI(R), TRTI(R)B, and EPA instructions. Simi-
larly, burst transactions are used for fetching
unaligned operands and longword operands on a
16-bit memory data path. When an operand is
specified using Relative Address addressing mode,
the instruction transfer status (1100 or 1101) is
used except for EPA instructions, which use data
transfer status (1010 or 1011).

For operand stores and saving Program Status dur-
ing exception processing, if the reference is a
word hit, the data byte or word is written to the
cache; however, the data word is invalidated for
an EPA instruction. If the reference is a tag
miss or word miss, the cache is unaffected. The
data is written to memory regardless of whether
the cache hits or misses. This ensures that the
current value for a location is always stored in
memory. The CPU uses burst transactions only for
stores with Load Multiple and Load Multiple
longword registers, Enter, and EPA instructions.

Table C-1 summarizes the activity in the cache and
external interface described above. The status
codes distinguish cacheable and non-cacheable
references for use with an external cache.

When the CPU fetches from the PSA during exception
processing, a burst transaction with status 1101
is used. If the CPU stores to the overflow stack
during exception processing, a transaction with
status 1001 is used. When translation table
entries are fetched or stored (to update the M and
R bits) during address translation, the CPU uses
status 1111.

In addition to the address tags, data, and
validity bits, the cache contains a stack that
orders the blocks according to how recently they
have been used with the most recently used block
on the top of the stack. Whenever a reference is
a tag hit, the corresponding block moves to the
top of the stack, and the blocks that previous to
the reference had been more recently used move
down the stack. The bottom of the stack identifies
the least recently used (LRU) block.

If the cache replacement algorithm is enabled, the
contents of the cache change when a cache miss
occurs. For a tag miss, the CPU first replaces the
tag of the LRU block with the missing block's
address, and marks all the data words in the block
1nvalid. For either a tag miss or word miss, the
CPU loads the data fetched from memory into the
selected cache block and marks the corresponding
words valid.

When the cache replacement algorithm is disabled,
copies of fixed memory locations can be locked
into the cache for fast, on-chip access. To do
this, the cache 1is first enabled for block
replacement of data references only (CR=1, CD=1,
CI=0). Then the cache is purged and selected
blocks are read into the cache. Afterwards, the
replacement algorithm is disabled, and the cache
is enabled for instruction and data references
(CR=0, CD=1, CI=1).

The number of data words per block, number of
blocks, degree of associativity, and replacement
algorithm described for the cache design in this
appendix are specific to the first implementa-
tion of the 280,000 CPU architecture and may dif-
fer in future products implementing the same
architecture. Differences in these characteris-
tics can impact on system performance, but have no
effect on the function of software or the external
interface.




Cache Control and Memory Transactions

Table C-1. Cache and Bus Activity

) Cache Activity Bus Transaction
Reference Hit/Miss Data LRU (status)
Instruction Fetch
CI-NC hit no change update no
miss update update yes (1100)
CI-NC don't care no change - no change yes (1100)
NC don't care no change no change yes (1101)
Operand Fetch
CD-NC-TLOK hit no change update no
miss update update yes (1000, 1010, or 1100)
TD-NC-TLOK don't care no change no change yes (1000, 1010, or 1100)
NC-TLOK don't care no change no change yes (1001, 1011, or 1101)
ILOK don't care no change no change yes (1111)
Operand Store
NC-TCOK hit update update yes (1000, 1010, or 1100)
miss no change no change yes (1000, 1010, or 1100)
NC-TLOK hit update update yes (1001, 1011, or 1101)
miss no change no change yes (1001, 1011, or 1101)
ILOK hit update update yes (1111)
miss no change no change yes (1111)

Key: cD CD in SCCL
CI CI in SCCL
ILOK  Interlocked reference required
NC NC in Page Table Entry
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UPPER NIBBLE (HEX), UPPER INSTRUCTION BYTE

Appendix D.

, -
Programmer’s Quick
-
Reference Guide
]
LOWER NIBBLE (HEX), LOWER INSTRUCTION BYTE
0 1 2 3 4 5 [ 7 8 9 A B (4 D E F
ADDB ADD suBB sus ORB OR ANDB AND XORB XOR CPB cP See See EXTEND | EXTEND

R~—IR R —IR R—IR R ~—IR R —IR R~—IR R~ IR R~ IR R ~—IR R~—IR R —IR R~—IR Table Table INST INST
R~—IM R ~—IM R—IM R~IM R ~—IM R~—IM R~—IM R~ IM R —IM R—IM R—IM R~—IM 1 1

CPL PUSHL | SuBL PUSH LoL POPL ADDL POP MULTL | MULT DIVL oiv See LoL JP CALL
R~MR | R—R | R~ | IR—IR | R—IR [ IR—IR | R—=R | R—IR [ R—IR | R—IR | R—IR | R—IR Table IR—R PC—IR | PC—IR
R—=IM | R—=IM | R—=IM [ IR—=IM | R—IM R—IM R—IM | R—IM | R—IM | R—1IM 2

LDB Lo RESB RES SETB SET BITB BIT INCB INC DECB DEC EX8 EX LDB LD
Re~R | R—R | R=M | R—M[IR—=M|[R—M|IR—=M|R—=M|[R—=IM|[R—=IM[IR—IM|IR—IM R—IR R—IR IR—R IR—R

R—IM R~—IM R+—R R+~—R R~R R—R R—R R~—R

LDB Lo LoB LD LDA LoL UNIM LoL LDKL LDPS See See INB IN ouTe ouTt
R —BA R—BA | BA—R | BA—R | R—BA | R—BA BA —R R—IM IR Table Table R~IR R—IR IR—R IR—R
LDRB LDR LDRB LDR LDAR LDRL LDRL 3 3
Re—RA | R—RA | RA—R | RA=—R R~—RA | R—RA RA —R
ADDB ADD suss suB ORB OR ANDB AND XORB XOR cprB cP See See EXTEND | EXTEND

R+-EAM |R —EAM | R «—EAM | R — EAM | R «— EAM | R —~ EAM | R «— EAM [ R «— EAM | R «~ EAM | R — EAM [ R — EAM | R — EAM Table Table INST INST
1 1

CPL PUSHL | SUBL PUSH LoL POPL ADDL POP MULTL | MULT DivL DIV See LoL JP CALL
R+~ EAM [IR — EAM| R —EAM | IR ~— EAM [ R «—~ EAM | IR — EAM| R —~ EAM [IR — EAM| R «—~EAM | R —EAM [R —EAM | R —EAM | Table | EAM—R | PC—EAM | PC—EAM
2

LDB LD RESB RES SETB SET BITB BIT INCB INC DECB DEC EXB EX LDB Lo
R — EAM | R «— EAM |EAM — IM|EAM — IM [EAM «— IM |EAM — IM|EAM «— IM [EAM «— IM [EAM «— IM [EAM — IM [EAM «— IM [EAM — IM| R—EAM | R—EAM | EAM—R | EAM=R

LbB See Lo L0 LDA oL LDA LDL CVT LDPS See See El See TRAP sC
R «— BX ‘l'u;h BX <R | BX—R | R—=BX | R—BX [R—EAM| BX—R | CVIU [PS —EAM Tu:h Tn;lo DI Table
7
ADDB ADD SuBB SUB ORB OR ANDB AND XORB XOR CPB cP See See EXTEND | EXTEND
R—R R—R R—R R—R R—R R—R R—R R—R R—R R—R R—R R—R Table Table INST. INST.
1 1
CPL PUSHL SuBL PUSH LDL POPL ADDL POP MULTL MULT DIVL DIV See LDCTLL RET LDCTLL

R—R IR—R R~R IR~R R—R R—IR R+—R R —IR R+~R R—R R—R R+—R Table |CTLRL-R| PC—(SP) (R~ CTLRL
2

LDB LD RESB RES SETB SET BITB BIT INCB INC DECB DEC EXB EX TCCB TCC
R R R—R Re—1IM R~—IM Re~IM R~—IM R~—IM R~IM R~—IM R~ IM Re—IM R~—IM R~R R«~R R R

DAB EXTS See See ADCB ADC SBCB SBC See See See See RRDB LDK RLDB UNIM
EXTSB Table Table R+—R R—R R—R R—R Table TI:IO Table Table R R—IM R
4 4 5 6 (]

LDB
Re—IM

CALR
PC «— RA

JR
PC — RA

DJINZ
DBJNZ
PC —RA

Notes:
1) Opcodes marked UNIM are unimplemented and must not be used. Attempting to execute an
unimplemented opcode causes an Unimplemented Instruction trap.
2) The ion of an i ion results in an E: ion trap if the EPA bit in
the FCW is 0; otherwise, the CPU sends the i ion to an EPU for i

Opcode Map
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LOWER NIBBLE (HEX), LOWER INSTRUCTION BYTE

oc oD 4c 4D 8c 8
comMB | cOM comB | com come | com
R IR EAM EAM R R
cPB cp cpB cp LDCTLB | SETFLG

R—IM IR—IM EAM+IM | EAM—IM R—FLGS
NEGB | NEG NEGB | NEG NEGB | NEG
IR IR EAM EAM R R
UNIM | CPL UNIM | cPL UNIM | RESFLG
IR—=IM EAM —IM
TESTB | TEST TESTB | TEST TESTB | TEST
IR IR EAM EAM R R
LDB LD LDB LD UNIM |COMFLG
IR—IM IR—IM EAM—IM | EAM —IM
TSETB | TSET TSETB | TSET TSETB | TSET
IR IR EAM EAM R R
UNIM | LDL unmM | Lo UNIM | NOP
IR—IM EAM—IR
CLRB | CLR CLRB | CLR CLRB | CLR
R R EAM EAM R R
UNIM | PUSH UNIM | UNIM LDCTLB | UNIM
IR—IM FLGS—R
CHKB | CHK CHKB | CHK UNIM | UNIM
R—IM R—IM R—EAM R—EAM
R—IR R—IR
UNIM | CHKL UNIM | CHKL UNIM | UNIM
R—IM R—EAM
R—IR
TESTAB | TESTA TESTAB | TESTA TESTAB | TESTA
IR IR EAM EAM R R
UNIM | uNIM UNIM | UNIM UNIM | UNIM
UNIM INDEX UNIM INDEX UNIM UNIM
R—IM R—EAM
R—IR
UNIM | INDEXL UNIM | INDEXL UNIM | UNIM
R—IM R—EAM
R—IR
Table 1. Upper Instruction Byte

LOWER NIBBLE (HEX), LOWER INSTRUCTION BYTE

1c 5C 9C
comL comL comL
0 IR EAM R
LDM LDM UNIM
1 R~—IR R—EAM
R~—IM
NEGL NEGL NEGL
2 R EAM R
UNIM UNIM UNIM
3
CLRL CLRL CLRL
4 IR EAM R
LDML LDML UNIM
5 IM—IR IM —EAM
IM —IM
INSRT INSRT INSRT
6 IR—R EAM —R R—R
UNIM UNIM UNIM
7
TESTL TESTL TESTL
8 R EAM R
LOM LDM UNIM
9 IR—R EAM —R
EXTR EXTR EXTR
A R—IR R—EAM R—R
EXTRU EXTRU EXTRU
B R—IR R—EAM R—R
TESTAL TESTAL TESTAL
c R EAM R
LDML LDML UNIM
D IR=IM EAM —IM
UNIM UNIM UNIM
E
UNIM UNIM UNIM
F
Table 2. Upper Instruction Byte

D-2




Upper Instruction Byte

Programmer's Quick Reference Guide

LOWER NIBBLE (HEX), LOWER INSTRUCTION BYTE

3A 3B
INIB IN
IR—IR IR—IR
INIRB INIR
IR—IR IR—=IR
UNIM UNIM
ouTis ouTl
IR—IR IR—IR
OTIRB OTIR
IR—IR IR—IR
UNIM UNIM
INB IN
R—DA | R—DA
UNIM UNIM
ouTe out
DA-=R | DA=R
UNIM UNIM
INDB IND
IR—IR IR—IR
INDRB INDR
IR—IR IR—IR
UNIM UNIM
OuTDB | OUTD
IR—IR IR —IR
OTDRB | OTDR
IR—IR IR—IR
UNIM UNIM
Table 3.

LOWER NIBBLE (HEX), LOWER INSTRUCTION BYTE

Upper Instruction Byte

B2 B3
RLB RL
(1o (16it)
Re—IM Re=IM
sSLLe SLL
R—IM R—IM
SRLB SRL
Re—=IM Re=IM

RLB RL
2 buts) (2 bits)
Re—IM Re—IM
soLe SOL
Re—iM R—IM

RRB RR
(1 oil) (1 o)
Re=IM R—IM
UNIM SLLL
R—IM
SRLL
Re—IM

RRB RR
(2 bits) (2 bits)
Re=IM Re—IM
UNIM SOLL
R—IM

RLCB RLC
(1 bit) (1 bty
R—IM R—IM
SLAB SLA
R—IM Re—IM
SRAB SRA
R—IM R—IM
RLCB RLC
(2 bits) (2 bits)
R—IM R—IM
SDAB SDA
R—R R—R
RRCB RRC
(1b1t) (1 bit)
ReIM Re=IM
UNIM SLAL
Re—IM
SRAL
Re=IM

RRCB RRC
(2 bits) (2 bits)
R—IM R—IM
UNIM SDAL
R—R

Table 4.

B8
TRIB
[ IR—IR
UNIM
1
TRTIB
2 IR—IR
UNIM
3
TRIRB
) R—IR
UNIM
5
£
o TRTIRB
5 (] IR—IR
=
Q
]
=
I3 UNIM
z 7
«
3
] TRDB
8‘ 8 IR—IR
<
w
2
28 4 UNIM
z
«
E
S TRTDB
A IR—IR
UNIM
B
TRDRB
c IR—IR
UNIM
)]
TRTDRB
E IR=IR
UNIM
F
Table 5.

Upper Instruction Byte

LOWER NIBBLE (HEX), LOWER INSTRUCTION BYTE

BA BB B9
cPIB cPI CPIL
IR—IR IR—IR IR—IR
0
LDIB LDI LDIL
IR—IR IR—IR IR=IR
1 LDIRB | LDIR | LDIRL
IR=IR IR—IR IR—=IR
cPsIB | CPsI | CPSIL
IR—=IR IR—IR IR—IR
2
UNIM | UNIM | UNIM
3
CPIRB | CPIR | CPIRL
R—=IR R—IR R—IR
4
UNIM | UNIM | UNIM
5
CPSIRB | CPSIR | CPSIRL
IR=IR IR—IR IR—IR
]
UNIM | UNIM | uNim
7
cPDB | CPD | CPDL
R—IR R—IR R—IR
8
LDDB | LDD | LDDL
IR=IR IR—IR IR—IR
9 LDDRB | LDDR | LDDRL
IR=IR IR-IR IR—IR
cPSDB | CPSD | CPSDL
R—IR IR—IR IR—=IR
A
UNIM | uNim | uNim
B
CPDRB | CPDR | CPDRL
R—IR R—IR R—IR
c
UNIM | UNIM | uNIM
D
CPSDRB | CPSDR |CPSDRL
R—IR IR—IR IR=IR
3
UNIM | UNIM | UNIM
F
Table 6.

Upper Instruction Byte
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LOWER NIBBLE (HEX), LOWER INSTRUCTION BYTE

Upper Instruction Byte

7B 70
IRET UNIM
UNIM UNIM
UNIM LDCTL

R—FCW
UNIM UNIM
UNIM LDCTL
Re—
PSAPSEG
UNIM LDCTL
Re—
PSAPOFF
UNIM LDCTL
R —NSPSEG|
UNIM LDCTL
R —NSPOFF
UNIM UNIM
UNIM UNIM
UNIM LDCTL
FCW-R
UNIM UNIM
UNIM LDCTL
PSAPSEG
—R
UNIM LDCTL
PSAPOFF
~R
UNIM LDCTL
NSPSEG—R
UNIM LDCTL
INSPOFF —R
Table 7.

HALT
[
BREAK-
1 POINT
ESC
2 LONG'
ESC
3 UNSIGN?
ESC
4 INTERLOCK?|
w ENTER
S
@
3
5 EXIT
S 6
=
o0
z LONI | LDND
-4 7
S
S PCACHE
£ 8
3
w
z
w PTLBESI |PTLBESD | PTLBENI| PTLBEND
E
z
§ PTLB
Y
-
PTLBN
B
c
LDPSI | LDPSD | LDPNI | LDPND
D
E
F

Table 8. Lower Instruction Byte

Compact Segmented or Linear
Direct Address Direct Address
Index Index
Base Address
Base Index
Relative Address
Relative Index
Table 9. Extended Addressing Modes

D-4










Appendix E.
Timing Formulae for
Performance Evaluation

INTRODUCTION

The 780,000 CPU, unlike the Z8000 and other 16-bit
microprocessors, integrates a highly pipelined
design, cache memory, and memory management into a
single component. With the earlier micro-
processors it is relatively simple to calculate
exact performance measurements for a benchmark
program or program workload mixture, as follows.
Each instruction (i) in the architecture is
characterized by its execution cycle count (nj)
and number of memory references (rj). From the
program workload, the frequency of execution for
each instruction (fj) can be determined. If W is
the number of wait states for the memory system,
then the average number of cycles to process an
instruction (Ty) can be determined from the
following formula.

Tr= zfi(ni + riW)
1

And, if Tc is the cycle time of the processor,
then the processor's performance (that is, the
processor's rate of executing instructions) is
given by the formula below.

performance = (TyTp)~1

Calculating the performance of the 780,000
processor involves a more complex formulation that
accounts for dependencies between instructions in
the pipeline and misses for the cache and
Translation Lookaside Buffer (TLB). This appendix
contains the timing formulae used to analyze the
performance of the 780,000 CPU, and also a
sufficiently detailed description of the
processor's implementation to calculate timing
parameters for a program workload.

Theory of Operation

Figure E-1 shows a block diagram of the 280,000
CPU's internal organization, including the
following major functional units and data paths:

e The external interface logic controls
transactions on the bus. Addresses and data
from the internal memory bus are transmitted

through the interface to the Z-BUS. The Z-BUS
is a time-multiplexed, address/data bus that
connects the components of a microprocessor
system.

e The cache stores copies of instruction and data
memory locations. Instructions are read from
the cache on the instruction bus. Data is read
from or written to the cache on the memory bus.
The cache also includes a copy of the physical
Program Counter, so that the logical addresses
of instructions are translated only for
branches and when incrementing the Program
Counter across a page boundary.

e The Translation Lookaside Buffer (TLB) trans-
lates logical addresses calculated by the
address arithmetic unit to physical addresses
used to access the cache.

e The address arithmetic unit performs all
address calculations. This unit has a path to
the register file for reading base and index
registers and another path to the instruction
bus for reading displacements and direct
addresses. The result of the address calcula-
tion is transmitted to the TLB.

e The register file contains the sixteen general-
purpose longword registers, Program Status
registers, special-purpose control registers,
and several registers used to store values tem-
porarily during instruction execution. The
register file has one path to the address
arithmetic unit and two paths to the execution
arithmetic and logic unit.

o The execution arithmetic and logic unit cal-
culates the results of instruction execution,
such as add, exclusive-or, and simple load.
This unit has two paths to the register file on
which two operands can be read simultaneously
or one can be written. One of the paths to the
register file is multiplexed with a path from
the memory bus.

e The instruction decoding and control wunit
decodes instructions and controls the operation
of the other functional units. This unit has a
path  from the instruction bus and two
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programmable  logic  arrays for separate All of the functional units and data paths listed
microcoded control of the two arithmetic above are 32 bits wide.
units. This wunit also controls exception

handling and TLB loading.

2.BUS

EXTERNAL
INTERFACE

£

MEMORY BUS

L

CACHE CACHE
DATA ADDRESS TAGS
INSTRUCTION REGISTER PHYSICAL PC
INSTRUCTION BUS TRANSLATION
LOOKASIDE
BUFFER

ADDRESS ARITHMETIC
UNIT

INSTRUCTION
DECODING

AND
CONTROL

UNIT REGISTER

FILE

[ 1=

EXECUTION ARITHMETIC
AND LOGIC UNIT

Figure E-1. Functional Block Diagram
INSTRUCTION FETCH INSTRUCTION DECODING ADDRESS CALCULATIONS OPERAND FETCH EXECUTION OPERAND STORE
ADDRESS ARITHMETIC
':%%ﬁ';ég CACHE INSTRUCTION CALCULATION CACHE TAG REGISTER READ FLAG SETTING
READ - - > L
INCREMENT TLB TAG COMPARE ALU CALCULATION CACHE DATA WRITE
MICROWORD COMPARE
%gg‘:g GENERATION CACHE DATA READ REGISTER WRITE MEMORY WRITE
TLB DATA READ
Figure E-2. Instruction Pipeline
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The operation of the CPU is highly pipelined so
that several instructions are simultaneously in
different stages of execution. Thus, the func-
tional units effectively operate in parallel with
one instruction being fetched while an address is
calculated for another instruction and results are
stored for a third instruction.

Figure E-2 shows the six-stage, synchronous pipe-
line. Instructions flow through each stage of the
pipeline in sequence. The various pipeline stages
can be working simultaneously on separate instruc-
tions or on separate portions of a single complex
instruction. Each pipeline stage operates in one
processor cycle, which is composed of two clock
cycles, called ¢1 and @2. Thus, a processor
cycle is 200 ns with a 10 MHz clock or 80 ns with
a 25 MHz clock.

The instruction-fetch stage increments the Program
Counter and initiates instructions fetched from
the cache. The instruction-decoding stage
receives and decodes instructions to set wup
control of the address-calculation stage.

The address-calculation stage can generally
calculate a memory address in one processor cycle,
except for Base Index, Relative, and Relative
Index addressing modes, which require multiple
cycles. After the logical effective address has
been calculated, the corresponding physical
address is provided by the TLB. The operand-fetch
stage fetches the data from the cache and latches
it into a holding register.

The execution stage performs data manipulations.
Byte, word, and longword results are generally
calculated in one processor cycle, but certain
instructions, such as multiply and block-move
operations, require multiple cycles. During the
execution stage, results are stored to registers.
Results are stored to the cache and external
memory during the operand-store stage. The flags
are also set during the operand-store stage.

The cache can handle two references during a
processor cycle. Instruction fetches use the 92,
clock cycle for tag comparison and ¢1 for data
access. Either an operand fetch or store can use
91 for tag comparison and ¢2 for data access.

The pipeline allows single instructions, like
register-to-register load and memory-to-register
add, to execute at a rate of one per processor
cycle. Thus, the peak performance of the CPU is
12.5 million instructions per second (MIPS) with a
25 MHz clock. In practice, the actual performance
is reduced to approximately one-third of the peak
because of delays due to the execution of

multiple-cycle instructions, interference between
instructions in the pipeline, and main memory
accesses for cache and TLB misses.

In order to calculate the processor's
performance it is helpful to separate the average
processing time for an instruction into four
components: execution delays, pipeline delays,
addressing delays, and memory delays. The
following sections describe the various delay
components.

Execution Time

The first component of instruction processing time
is the basic execution time: the time required to
execute an instruction assuming that there is no
interference from other instructions in the
pipeline and that all memory references hit in the
cache and TLB. An instruction's execution time is
determined by its operation, data type, and
addressing mode.

For most instructions, the execution delay can be
calculated by adding the number of cycles from
Table E-2 corresponding to the operation and data
type to the number of cycles from Table E-1
corresponding to the addressing mode. Use either
the source or destination addressing mode, as
listed with the instruction's format in section
6.5. For the remaining instructions, Table E-2
gives the execution delays for specific
combinations of operations, data types, and
addressing modes. The following example shows how
to use the tables.

An instruction that loads a longword from a
register to a register (e.g., LDL RR4, RR2), has
an execution time of 1 processor cycle: 1 for the
operation and 0 for the addressing mode. An
instruction that adds a longword immediate value
to a register (e.g., ADDL RRO, #100), has an
execution delay of 2 processor cycles: 1 for the
operation and 1 for the addressing mode. An
instruction that tests a bit of a byte in memory
specified by IR addressing mode (e.g., BITB @RR2,
#1), has an execution delay of 3 processor cycles:
the delay is listed in Table E-2 for the specific
operation and addressing mode.

Pipeline Delays

Pipeline delays result from interference between
instructions at different stages of the pipeline.
Pipeline delays occur when instructions contend
for the use of a bus or functional unit, and one

instruction must be delayed. There are two
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sources of pipeline delays:
and cache reference interlocks.

register interlocks

A register interlock occurs when an instruction
modifies a register that is required for an
address calculation by either of the two sub-
sequent instructions. In addition, the following
instructions, which may modify more than one
register, cause an interlock for any registers
used in subsequent address calculations: CPD(BL),
cPI(BL), CPSD(BL), CPSI(BL), DIVL, DIVUL, EXIT,
EXTSL, LDD(BL), LDI(BL), LDM registers from
memory, LDML registers from memory, MULTL, MULTUL,
and Load CPU from EPU. When the instruction that
modifies the register is followed immediately by

the interlocked address calculation, then the
pipeline delay is 2 processor cycles, otherwise
the interlock causes a pipeline delay of 1 pro-
cessor cycle. Register interlocks are detected
for the use of longword registers. Thus, with the
CPU's register file organization (see Figure 2-2),
if a byte or word within a longword register is
modified, then a subsequent address calculation
can be interlocked by using the longword register
itself or either of the word registers it
contains.

For example, the following instruction sequences
cause register interlock delays when executed (in
linear mode).

INCL RR2, #4
LDB RHO, @RR2

MULT RR24, #1000
LDL RRO, RR4
ADDL RRO, RR12 (RR24)(16)

//register interlock delay//
//for RR2 is 2 processor cycles//

//register interlock delay//
//for RR24//
//is 1 processor cycle//

Table E-1. Execution Times for General Addressing Modes

Address Representation

Addressing Mode Compact Segmented or Linear
R 0 0
IM  (byte or word) 0 0
(longword) 1 1
IR 0 0
DA 4] 0 for 1 extension word
1 for 2 or 3 extension words
X 0 0 for 1 extension word
1 for 2 or 3 extension words
BA 0 0 for 1 extension word
1 for 3 extension words
BX 2 1 for 1 extension word
2 for 3 extension words
RA 1 1 for 1 or 3 extension words
RX Not 2 for 1 or 3 extension words
Available
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Table E-2. Execution Time for Instruction Operations
Addressing Execution
Operation Data Type Modes Time Notes
ADC B,W R 1
L R 2
ADD B,W,L See Table E-1 1
AND B,W See Table E-1 1
L See Table E-1 2
Bit R,EAM--See Table E-1 2
(Static) B,W
IR 3
R,EAM--See Table E-1 3
L
IR 4
Bit B,W R 4
(Dynamic)
L R 5
BRKPT - See Table E-5.
CALL See Table E-1 5
CALR RA 4
CHK B,W,L See Table E-1 8 Assumes trap not taken; see table
E-5 if trap taken.
CLR B,W,L See Table E-1 1
COM R 1
B,W,L
IR,EAM--See Table E-1 2
COMFLG 1
CP (Register) B,W,L See Table E-1 1
CP (Immediate) B,W See Table E-1 2
L See Table E-1 3
CPD B,W,L IR 7
CPDR B,W,L IR S5+4n n is number of iterations.
CPI B,W,L IR 7
CPIR B,W,L IR 5+4n n is number of iterations.
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Table E-2. Execution Time for Instruction Operations-Continued
Addressing Execution
Operation Data Type Modes Time Notes
CPSD B,W,L IR 8
CPSDR B,W,L IR 4+5n n is number of iterations.
CPSI B,W,L IR 8
CPSIR B,W,L IR 445n n is number of iterations.
CVT (register) All See Table E-1 6
CVT (memory) All See Table E-1 6
CVTU (register) All See Table E-1 6
CVTU (memory) All See Table E-1 6
DEC R 1
B,W
IR,EAM--See Table E-1 3
L R 2
IR,EAM-See Table E-1 4
DECI B,W See Table E-1 4 Cache bypassed for operand fetch,
treat like cache miss.
DI 3
DIV 5 Case 1
W See Table E-1 7 Case 2
25 Case 3 or 4
4 Case 1
L See Table E-1 [ Case 2
38 Case 3 or 4
DIVU W 6 Case 1
See Table E-1 8 Case 2
26 Case 3 or 4
L 5 Case 1
See Table E-1 7 Case 2
39 Case 3
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Table E-2. Execution Time for Instruction Operations-Continued
Addressing Execution
Operation Data Type Modes Time Notes
DINZ 2 Not taken
B,W R
5 Taken
3 Not taken
L R
6 Taken
EI 3
ENTER 15+4n n is the number of registers
specified in enter mask.
EX B,W See Table E-1 3
L See Table E-1 4
EXIT 10+n n is the number of the registers
specified in exit mask.
EXTR R 6
IR,EAM--See Table E-1 1
EXTRU R 6
IR,EAM--See Table E-1 1
EXTS B R 3
W,L R 2
HALT 1
IN B,W IR 2
DA 1
Add access time for input port.
L IR 3
DA 2
INC B,W R 1
IR,EAM--See Table E-1 3
R 2
L
IR,EAM--See Table E-1 4
INCI B,W See Table E-1 4 Cache bypassed for operand fetch,

treat like cache miss.
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Table E-2. Execution Time for Instruction Operations-Continued
Addressing Execution
Operation Data Type Modes Time Notes
IND B,W IR 17 Assumes no I/0 wait states--I/0
wait states must be added.
L IR 12
INDEX W See Table E-1 19 Assumes trap not taken; see
Table E-5 if trap is taken.
L See Table E-1 27
INDR B,W IR 3+8n n is number of iterations. Assumes
no 1/0 wait states--1/0 wait states
L IR 448n must be added for each iteration.
INI B,W IR 11 Assumes no 1/0 wait states--1/0
wait states must be added.
L IR 12
INIR B,W IR 3+8n n is number of iterations. Assumes
no 1/0 wait states--1/0 wait states
L IR 4+8n must be added for each iteration.
INSRT R 17
IR,EAM--See Table E-1 18
IRET 12
JP 1 Not taken
See Table E-1
4 Taken
JR 1 Not taken
RA
4 Taken
LD (register) B,W,L See Table E-1 1
LD (memory) B,W,L See Table E-1 1
LD (immediate) B,W,L See Table E-1 3
LDA See Table E-1 1
LDAR 1
LDCTL 7 FCW
(into Control 3 NSP
register) 6 PSAP
LDCTL 1
(from Control
register)
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Table E-2. Execution Time for Instruction Operations-Continued
Addressing Execution
Operation Data Type Modes Time Notes
LDCTLB 1
LDCTLL 5 0SP, PSAP
(into Control 1 NSP
register) 7 SITTID, SDTTD, NITTD, NDTTD, SCCL, NSP
LDCTLL 1
(from Control
register)
LDD B,W,L IR 9
LDDR B,W,L IR 445n n is number of iterations.
LDI B,W,L IR 9
LDIR B,W,L IR 4+5n n is number of iterations.
LDK R 1
LDM W See Table E-1 6+n/2 n is even number of registers.
(registers from
memory) 6+(n+1)/2 n is odd number of registers.
LDM W See Table E-1 2n n is even number of registers.
(memory from See note 2.
registers)
2 + 2n n is odd number of registers.
LDML L M 9+n
(registers from n is number of registers specified
memory) IR,EAM--See Table E-1 7+n in mask operand.
LDML L See Table E-1 3+4n n is number of registers specified
(memory from in mask operand.
registers) See note 2.
LDN B,W,L See Table E-1 2
LDP See Table E-1 2
LDPS See Table E-1 1
LDR B,W,L 2
MULT W See Table E-1 15
L See Table E-1 24
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Table E-2. Execution Time for Instruction Operations-Continued
Addressing Execution
Operation Data Type Modes Time Notes
MULTU W See Table E-1 16
L See Table E-1 25
NEG B,W,L R 1
IR,EAM--See Table E-1 2
NOP 1
OR B,W See Table E-1 1
L See Table E-1 2
OTDR B,W IR 6
L IR 7
OTIR B,W, IR 6
L IR 7
out IR 2
B,W
DA 1
L IR 3
DA 2
ouTD B,W IR 2+4n n is number of iterations.
L IR 3+4n
OUTI B,W IR 2+4n n is number of iterations.
L IR 3+4n
PCACHE 6
POP B,W,L R 2
IR,EAM--See Table E-1 3
PTLB 6
PTLBE 6
PTLBN 6
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Table E-2. Execution Time for Instruction Operations-Continued

Addressing Execution
Operation Data Type Modes Time Notes
PUSH R 2
B,W,L
IR,EAM--See Table E-1 3
RES R 2
(Static)
B,W IR 4
EAM--See Table E-1 3
R 3
L IR 5
EAM--See Table E-1 4
RES (Dynamic) B,W R 4
L R 5
RESFLG 1
RET 6 Not taken
7 Taken
RL B,W R 2+n n = number of bits rotated.
L R 3+n
RLC B,W R 2+n n = number of bits rotated.
L R 3+n
RLDB R [3
RR B,W R 2+n n = number of bits rotated.
L R 3+n
RRC B,W R 2+n n = number of bits rotated.
L R 3+n
RRDB R 6
SBC B,W R 1
L R 2
SC - See Table E-5.
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Table E-2. Execution Time for Instruction Operations-Continued
Addressing Execution
Operation Data Type Modes Time Notes
SDA B,W,L R 8 Right shift
9 Left shift
SDL B,W,L R 4
SET B,W R 1
(Static)
IR 3
EAM--See Table E-1 2
L R 2
IR 4
EAM--See Table E-1 3
SET B,W R 3
(Dynamic)
L R 3
SETFLG 2
SLA B,W,L R 9
SLL B,W,L R 4
SRA B,W,L R 8
SRL B,W,L R 4
suB B,W,L See Table E-1 1
TCcC B,W R 1
L R 2
TEST B,W,L See Table E-1 1
TESTA B,W,L See Table E-1 1
TRAP 4 Assumes trap not taken; see Table E-5
if trap taken.
TRDB B IR 1
TRDRB B IR 4+7n n is number of iterations.
TRIB B IR 1"
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Table E-2. Execution Time for Instruction Operations-Continued
Addressing Execution
Operation Data Type Modes Time Notes
TRIRB B IR 4+7n n is number of iterations.
TRTDB B IR "
TRTDRB B IR 4+7n n is number of iterations.
TRTIB B IR 1"
TRTIRB B IR 4+7n n is number of iterations.
TSET B,W See Table E-1 2 Cache bypassed for operand fetch,
treat like cache miss.
L See Table E-1 3
XOR B,W See Table E-1 1
L See Table E-1 2
Load EPU from B,W See Table E-1 4 Bus-timing scale factor is 2. Cache
Memory1 bypassed for operand fetch, treat
like cache miss.

7 Bus-timing scale factor is 4. Cache
bypassed for operand fetch, treat
like cache miss.

Load Memory B,W See Table E-1 4 Bus-timing scale factor is 2. Add
from EPUT time to store operand, see memory
delays section.

7 Bus-timing scale factor is 4. Add
time to store operand, see memory
delays section.

Load CPU from W,L R 9+(n/2) Bus-timing scale factor is 2. n is
epu? even number of words transferred.
9+(n+1)/2 |Bus-timing scale factor is 2. n is
odd number of words transferred.
15+n Bus-timing scale factor is 4. n is
even number of words transferred.
16+n Bus-timing scale factor is 4. n is
odd number of words transferred.
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Table E-2. Execution Time for Instruction Operations-Continued

Addressing Execution
Operation Data Type Modes Time Notes
Load EPU from W,L R 8+(n/2) Bus-timing scale factor is 2. n is
cpul even number of words transferred.
8+(n+1/2) |Bus-timing scale factor is 2. n is
odd number of words transferred.
12+n Bus-timing scale factor is 4. n is
even number of words transferred.
13+n Bus-timing scale factor is 4. n is
odd number of words transferred.
Load FCW from 10 Bus-timing scale factor is 2.
epy’
17 Bus-timing scale factor is 4.
Load EPU from 9 Bus-timing scale factor is 2,
Few!
14 Bus-timing scale factor is 4.
Internal EPU 1 Bus-timing scale factor is 2.
operation1
2 Bus-timing scale factor is 4.

Note 1: The execution times reported for EPA instructions assume that the EPU does not force the CPU to

wait by asserting EPUBSY.

Refer to the 28070 APU Technical Manual (Zilog document number

03-8226-01) for more information about execution delays for particular EPA instructions and
consideration of instruction overlap between the CPU and EPU.

Note 2: Execution time for this instruction is less if burst transfers are supported for storing data

into memory. See memory delays section.

A cache reference interlock occurs when an
instruction modifies a memory location and either
of the following two instructions fetches an
operand from memory (including immediate mode
operands other than those specified by special,
compact encodings, like the source operands for
BIT, DEC, and LDK instructions). This interlock
is caused by contention for both the cache and
memory bus. When the instruction that modifies
memory is followed immediately by an instruction
that fetches an operand, the pipeline delay is 2
processor cycles; otherwise, the pipeline delay is
1 processor cycle.

For example, the following instruction sequences
cause cache reference interlocks when executed (in
linear mode).

LDL RR12(10), RRO //cache reference interlock//
ADDL RR2, @RR20 //delay is 2 processor cycles//

LDL RR12(10), RRO //cache reference interlock//
ADDL RR2, RR4 //delay is 1 processor cycle//
ADDL RR2, @RR20
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Addressing Delays

Addressing delays can occur when instructions or
operands are located across longword or page
bounderies. Unlike memory delays due to cache and
TLB misses, which are described in the next
section, addressing delays can be calculated from
knowledge of the CPU's operation alone, without
considering the memory system's latency and
bandwidth.

An addressing delay of 1 processor cycle occurs
when an operand that crosses a longword boundary
is fetched. That is, when a longword is fetched
from an address for which the two least
significant bits differ from 00 or a word is
fetched from an address for which the two least
gignificant bits are 11, This delay arises
because the CPU must make two memory references on
its 32-bit memory bus.

An addressing delay of 1 cycle also occurs when
the CPU branches to a two-word instruction that is
located at an odd-word address. Another ad-
dressing delay of 3 cycles occurs when the PC is
incremented across a page boundary during se-
quential instruction processing. The former delay
arises from a gap in filling the instruction
buffer, while the latter delay is caused by the
need to translate the new page address in the PC.

Memory Delays

Memory delays occur when the CPU must wait to
access external memory to service a cache or TLB
miss or to store an operand. The duration of such
delays depends on the memory system's data path
width (16 or 32 bits), its access time, and its
support for burst transfers. Thus, a micro-
processor system designer can trade cost for per-
formance by specifying these memory parameters as
well as the CPU's clock speed and the bus-timing
scale factor. In the description that follows,
the times for single memory-read and -write trans-
actions are represented by TR and Ty processor
cycles, respectively; the bus-timing scale factor
(2 or 4) is represented by S. Burst transfers are
assumed to take the same times (TR and Ty) for
the initial transfer and 1 bus clock cycle for
each subsequent transfer.

The memory delay for both instruction and operand
cache fetch misses is TR, For instruction cache
misses, burst transactions are used as follows:
The CPU reads the missing word or longword (de-
pending on the memory's data path width) and

requests the words or longwords that follow in the
16-byte cache block by signaling a burst trans-
fer. The burst transfer continues until either
the end of the 16-byte block is reached or the
memory system indicates that it cannot support
further transfers.

For operand fetch cache misses, burst transactions
are used when more than one transfer is antici-
pated within a 16-byte block. Specifically, burst
transfers are used to fetch operands for the
following instructions: CPI(R), CPSI(R), CHECK,
EXIT (registers only), INDEX, IRET, LDI(R), LDM,
LDML, LDPS, OUTI(R), TRTI(R)B, and EPA instruc-
tions. Burst transfers are also used to fetch
longword and unaligned word operands from a 16-bit
wide memory, plus unaligned word and longword
operands that cross an aligned longword boundary
for a 32-bit wide memory. The CPU issues bus
transactions until the entire operand has been
fetched. If more than one operand word (for
16-bit memory) or longword (for 32-bit memory)
remains to be transferred, the CPU transfers the
first word or longword and attempts to burst
transfer the remaining words or longwords until
either all transfers are complete, the end of a
16-byte block is reached, or the memory system
indicates that it cannot support further burst
transfers.

For example, assume that the CPU requires seven
longwords from memory location 8 to execute an
LDML instruction, that all the longwords are
missing from the cache, and that the memory system
is 32 bits and supports burst transfers of 16-byte
blocks. The CPU performs three bus transactions
to fetch the seven longwords. The first trans-
action is a burst transfer of the longwords at
locations 8 and 12, the second transaction is a
burst transfer of the four longwords beginning at
location 16, and the final transaction is a single
transfer of the longword at location 32.

For a burst transaction with a bus-timing scale
factor of 2, no memory delay in addition to Ty
is incurred for burst transactions except when
other transactions are ' pending, as described
below. With a bus-timing scale factor of 4, an
additional memory delay of 1 processor cycle is
incurred for each burst transfer.

The memory delay for a TLB miss depends on the
time to fetch an aligned longword from memory and
the number of translation table levels. The
formulae in Table E-3 give the number of processor
cycle delays for a TLB miss, where N represents
the number of table levels.
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Table E-3. TLB Miss Delay

Memory System TLB Miss Delay

16-bit, no burst
16-bit, burst
32-bit

11 + (5 + 2Tg+ 5/2) X N
1M1+ (5+ Tg +5/2) XN
1M1+ (5+Tg) XN

For example, assume that the time for a single
memory read transaction is 2 processor cycles, the
memory data path is 32 bits, and 2 levels of
translation tables are used. Then the memory
delay for a TLB miss is 25 processor cycles (25 =
11 + (5+2) X 2).

Besides cache and TLB misses, the CPU can also
experience memory delays if one bus transaction is
held pending while another is performed. In such
cases of bus contention, the CPU completes the
first transaction, then after 1 bus cycle delay,
initiates the pending transaction. Thus, addi-
tional cycles of delay occur if the servicing of a
cache miss must wait for the completion of a
previous burst memory-read transaction or a
memory-write transaction. (The servicing of a
cache miss may also be delayed by an EPA instruc-
tion transfer for a previous EPU internal oper-
ation instruction.) Similarly, additional delay
is incurred when the storing of an operand must
wait for the completion of a previous burst-memory
read transaction or a memory-write transaction.
In general, the delays due to bus contention
either between read transactions or between read
and write transactions can be ignored in calcu-
lating the CPU's performance; these delays have in
large part been counted by the cache misses and
cache interlocks previously described. Delays
caused by bus contention between write trans-
actions, though, must be considered, as explained
below.

Because the CPU buffers the data for only one
write transaction at a time, when an instruction
that stores an operand to memory is followed
shortly by another instruction that stores to
memory, the second instruction is delayed. If the
two store instructions are separated by A in-
structions, where the value of A for consecutive
instructions is 1, then the CPU is delayed by
Max(0, Ty + S/2 - A) processor cycles. For in-
stance, assume that the time for a single memory-
write transaction is 3 processor cycles and the
bus~timing scale factor is 2. Then the CPU is

delayed by 3 processor cycles when the second
store instruction immediately follows the first or
by 2 processor cycles if there is one non-store
instruction intervening between the two store in-
structions. If the store instructions are sepa-
rated by more than three instructions that do not
store, then there is no delay.

Two or three consecutive memory-write transactions
are required for an instruction that stores an
unaligned word or longword and also for an in-
struction that stores an aligned longword to a
16-bit memory. The memory delay in processor
cycles is shown for these cases in Table E-4.

Certain instructions, 1like LDIR and LDM, store
more than one operand to memory. The memory
delays for such instructions are included in their
execution times listed in Table E-2 based on the
following assumptions: the operands are aligned,
the memory is 32 bits wide, and Ty + S/2 is four
processor cycles. If Ty + S/2 exceeds four
processor cycles, then the excess must be counted
as a memory delay for every operand stored by the
instruction. Similarly, if operands are unaligned
or the memory is 16 bits wide, then an additional
memory delay must be counted for every stored
operand, as shown in Table E-4. For example, if
an LDIR instruction stores 3 aligned longwords to
a 16-bit memory, then the instrucion is delayed by
Ty + S/2 processor cycles for each of three
operands, or 3Ty + 3S/2 processor cycles.

The CPU attempts to use burst-write transactions
to store operands for ENTER (registers only), LDM,
LDML, and EPA instructions. In storing an operand
for these instructions, if the starting address is
not aligned to the size of the memory's width
(either 16 or 32 bits), the CPU issues one or two
single-write transactions to store the operand's
initial bytes wuntil an aligned address is
reached. Then, while one or more operand words
(for 16-bit memory) or longwords (for 32-bit
memory) remain to be transferred, the CPU
transfers the first word or longword and attempts
to burst transfer the remaining words or longwords
until all transfers are complete, the number of
remaining bytes is smaller than the memory's
width, the end of a 16-byte block is reached, or
the memory indicates that it cannot ‘support
further burst transfers. If any bytes remain to
be stored, the CPU issues one or two single-write
transactions to store the final bytes.
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For example,

Table E-4. Memory Delays for Storing Word and Longword Operands

Address Bits Bus Width Memory Delay
AqAg Data Type (bits) (Processor Cycles)
16 0
W
32 0
00
16 Ty + 5/2
L
32 0
16 Ty + S/2
W
32 Ty + 5/2
01
16 2T, + S
L
32 2T, + S
16 0
)
32 0
10
16 Ty + /2
L
32 Ty + S/2
16 Ty + S/2
W
32 Ty + 5/2
1
16 2T, + S
L
32 2y + S

assume the CPU is storing seven

longwords to memory location 13 to execute an
ENTER instruction and that the memory system is 32
bits and supports burst-write transfers of 16-byte

blocks.

to store the seven longwords:

1.
2.
3.

Store a single byte at location 13.

Store a word at location 14.

Burst transfer four longwords to store
location 16.

Burst transfer two longwords to store
location 32.

Store a single byte at location 40,

Then the CPU performs five transactions

at

at

Thus, using memory systems that  support
burst-write transactions, the execution time for
ENTER, LDM, LDML, and EPA instructions are less
than the values shown in Table E-2. To calculate
the appropriate instruction execution time for
such systems, add the number of cycles to perform
the memory references (for LDM, LDML, and EPA
instructions if the last transaction is not a
burst transfer, count only one cycle for it) to 15
for ENTER, 3 for LDM, 6 for LDML, and 4 for EPA
instructions.
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Performance Calculation

In order to determine the CPU's performance for a
program workload, the average number of processor
cycles per instruction for execution (Tg),
pipeline (Tp), addressing (Tp), and memory
(TM) delays can be calculated by measuring the
frequency of occurence for the various delay
causes and using the formulae presented in
previous sections. The average number of
processor cycles per instruction (T;) can be
estimated by adding the individual delay
components as shown below.

Ty =Tg +Tp + Ta + Ty
Since two clock cycles are in every processor
cycle, the following formula gives the performance

of a CPU whose clock cycle time is Tp.

Performance = (2T1Tp)~"

Table E-5. Exception

Because certain details of the CPU's operation
have been omitted to simplify the description and
analysis presented in this appendix, the formula
above gives only an approximate prediction of the
processor's actual performance. In general, the
analysis is conservative; performance will
typically be better then predicted because the
simultaneous occurence of two or more delay
causes has been ignored. For example, the CPU can
handle a cache miss for one instruction while
executing another multiple-cycle instruction, like
DIV. But, the time during which the delay causes
are overlapping is counted twice because execution
and memory delays are separately calculated.
Nevertheless, the analysis described above is
extremely useful, though inexact, because it is
much simpler and faster than a register-transfer-
level simulation necessary for exact performance
calculations.

Processing Times

Exception Processing Delay Notes
Bus Error 29
Non-maskable interrupt 21
Vectored interrupt 26
Non-vectored interrupt 21
Extended Instruction trap 23
Privileged Instruction trap 23
System Call trap 22
Address Translation trap 24 Add 11 cycles if access protection violation
detected for translation table descriptor
register. Otherwise add number of cycles
given in Table E-3 to access levels of
translation table until exception detected.
Breakpoint 22
Integer Overflow trap 20
Bounds Check trap 26 Source operand below lower bound
’ 28 Source operand above upper bound
Index Error trap 26 Source operand below lower bound
28 Source operand above upper bound
Conditional trap 23
Unimplemented Instruction trap 23
PC trap 23
Trace trap 20

Note 1: For all exceptions, add the time to store Program Status registers onto the System
Stack and to load Program Status registers from the Program Status Area in external

memory.

Note 2: For Bus Error and Address Translation exceptions, also add the time to store the
violation longword address onto the System Stack.

Note 3: For interrupts, add the time for the Interrupt Acknowledge transaction.
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Exception Processing Delays

In addition to processing instructions, the CPU
must occasionally process exceptions. Table E-5
lists the delays incurred for processing various
types of exception. Calculating the delays
involves determining the time to store the Program
Status registers to memory and fetching new values
for the Program Status register from the Program
Status Area. For example, assume that the time
for a single memory-read transaction is 2 pro-
cessor cycles and the time for a single memory-
write transaction is 3 processor cycles, the
memory data path is 32 bits, and the bus-timing
scale factor is 2. Then the time to store and
fetch the Program Status is 13 processor cycles:
The 4 memory references require 3 processor cycles
each, and an idle bus cycle follows each of the
first 3 references. Thus, the delay for pro-
cessing a System Call trap is 35 processor cycles.

Example

This section describes an example of performance
evaluation for a workload containing fifteen
programs representative of 16-bit microprocessor
applications. The programs are all written in C
and run in normal compact mode under Zilog's ZEUS
version of the UNIX* operating system. Table E-6
lists the programs in the workload, which includes
five million executed instructions.

Table E-6. Program Workload Used for 280,000
CPU Performance Evaluation

Program Use
c1 C compiler parser
c2 C compiler code generator
c3 C compiler optimizer
c4 C compiler lister
cPpP C compiler preprocessor
DIFF File comparison
ED Line editor
GREP Pattern searching
LS File directory listing
NM Load module name listing
oD Octal dumping of core images
PR Format for line printer
SED Stream editor
SORT Sorting
VI Screen editor

*UNIX is a trademark of AT&T Bell Laboratories.
Zilog is licensed by AT&T Technologies, Inc.

In order to calculate the frequencies of the
various delay components, the programs were
interpreted by a software simulator for the CPU's
instruction set. The performance was then
determined for systems composed of a 12 MHz CPU
and each of three different memories that varied
in their data path size and support for burst
transfers.

The execution delay for the workload was
determined from the frequency distribution of
instruction. Table E-7 shows the ten most
commonly executed instructions and their
frequencies as a percentage of total
instructions. The average execution delay is 1.8
processor cycles per instruction.

Table E-7. Most Commonly
Executed Instructions

Instruction

Addressing Frequency
Opcode Mode (percent)
JR RA 19.0
LD(register) R 10.7
INC R 7.9
CP(register) M 4.7
LD(register) X 4.4
LDB(register) IR 4.1
DEC R 3.3
EXTSB R 3.2
LD(memory) X 2.1
LD(memory) IR 2.0

The average pipeline delay per instruction is 0.3
processor cycle. A register interlock occurs for
11% of instructions, causing 0.19 processor cycle
delay, and a cache reference interlock occurs for
6% of instructions, causing 0.11 processor cycle
delay.

Addressing delays are 0.03 processor cycles per
instruction. These delays result almost entirely
from branches to unaligned two-word instructions,
because the compiler positions operands at aligned
addresses and page-crossings rarely occur during
sequential instruction processing.

In calculating memory delays, three memory systems
were considered. The first memory has a 16-bit
data path, a cycle time of 2 processor cycles for
read and 3 processor cycles for write and no burst
transfers. The second and third memories have
32-bit data paths and cycle times of 2 processor
cycles for read and 3 processor cycles for write,
but the third supports burst transfers whereas the
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second does not. All three systems use a bus
clock scaled by a factor of 2 from the CPU's
clock.

To determine the average delay caused by cache
misses it is useful to compute the average number
of misses per instruction, p. To calculate M, it
is necessary to know the cache hit ratio (h),
which is the fraction of fetched words that are
located in the cache, and the average number of
fetched words per instruction. For this workload,
an average of 1.4 instruction words and 0.3 oper-
and word are fetched per instruction. Therefore,
the average number of cache misses per instruction
is given by u = 1.7 (1-h), and the average delay
per instruction due to cache misses is 2u. The
values of cache hit ratio, misses per instruction,
and delays per instruction are shown in Table E-8.

Table E-8. Cache and TLB Miss Delays
16-Bit 32-Bit 32-8Bit
Memory System No Burst No Burst Burst

Cache Performance

Calculating the average delay caused by TLB misses
is similar to cache misses, as described above,
but operand stores as well as fetches can cause
TLB misses. This is because the physical frame
address in the page table entry is needed to store
an operand. On an average, 0.15 operand word is
stored per instruction. The delay to service a
TLB miss for two-level translation tables can be
derived from the formulae previously given in the
section on memory delays: 31 processor cycles with
the 16-bit memory and 25 processor cycles with the
32-bit memory. The values of TLB hit ratio,
misses per instruction, and delays per instruction
are shown in Table E-8.

In addition, the delay caused by bus contention
amounts to 0.2 processor cycle per instruction for
all of the memory systems. In general, a 32-bit
memory would exhibit less bus contention than a
16-bit memory, but the memory systems show
negligible difference in bus contention for this

workload, which makes little use of longword
operands. (Fewer than 2% of memory operands are
longwords. )

The performance of a 25 MHz CPU with each of the
three memory systems is calculated by adding the
The results, summarized
in Table E-9 show the performance ranges from 3.1
to 5.0 million instructions per second (MIPS),
of instructions executed
repeatedly, it is possible to approaéh the maximum

Hit ratio 0.62 0.75 0.88 various delay components.
Misses per instruction 0.65 0.42 0.21
Delay per instruction 1.3 0.84 0.42

For short sequences

TLB Performance performance of 12.5 MIPS.
Hit Ratio 0.99 0.99 0.99
Misses per instruction 0.02 0.02 0.02
Delay per instruction 0.57 0.46 0.46

Table E-9. Processing Performance
Performance Ty =Tg+Tp+ Ty + Ty
Memory System (MIPS)* Processor Cycles Per Instruction

16-bit no-burst 3.1
32-bit no burst 3.7
32-bit burst 4.2
32-bit burst,

no translation 5.0

4,0 = 1.8 + 0.3 + 0.0+ 1.9
3.4 =1.8+0.,3+0.0+1.3
3.0 =1.8 + 0.3 + 0.0+ 0,90

2.5

1.8 + 0.3 + 0.0 + 0.4

* The analysis used in calculating the performance
is conservative; the delays are independently
calculated, but in practice the delays may often
overlap. Consequently the actual performance may
be better than the values shown in the table.
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access protection: A function of memory manage-
ment that controls read, write and execute access
to memory locations, protecting proprietary or
operating system memory areas from tampering by
unauthorized users. The CPU uses the protection
(PROT) field to determine access rights for a page
or segment.

access protection violation: An incorrect or for-
bidden attempt to access a memory location; for
example, an attempt to write to a read-only page.
An access violation causes the CPU to generate an
Address Translation trap.

activation record: A data structure containing
the local storage, saved register contents, and
exception handler address associated with the
invocation of a procedure. Activation records are
stored on the processor stack in a linked list. An
activation record is allocated when the Enter
instruction is executed at the beginning of a
procedure. The record is released when the Exit
instruction is executed at the end of a procedure.

addressing mode: The way in which the location of
an operand is specified. There are nine addressing
modes: Register, Immediate, Indirect Register,
Direct Address, Index, Base Address, Base Index,
Relative Address, and Relative Index.

address tag: The portion of certain associative
memories that is compared against a referenced
address to determine whether the matching value is
found. The address tag for a Translation Lookaside
Buffer entry is the logical page address; the
address tag for a cache block is the physical
memory address.

address translation: The process of mapping log-
ical addresses into physical addresses.

Address Translation trap: An exception that
occurs during address translation when either an
access protection violation or an invalid table
entry is detected. The instruction being executed
is suspended, and the PC, FCW, identifier word,
and the logical address that caused the trap are
saved on the system stack.

aligned address: An address that is a multiple of
an operand's size in bytes. Aligned word addresses
are a multiple of two; aligned longword addresses
are a multiple of four.

associative memory: A memory in which data is
accessed by specifying a value rather than a loca-
tion. The Translation Lookaside Buffer and cache
are associative memories.

autodecrement: The operation of decrementing an
address in a register by the operand's size in
bytes. The decrement amount is one for byte
operands, two for word operands, and four for
longword operands.

autoincrement: The operation of incrementing an
address in a register by the operand's size in
bytes. The increment amount is one for byte
operands, two for word operands, and four for
longword operands.

base address: The address used, along with an
index and/or displacement value, to calculate the
effective address of an operand. The base address
is located in a general-purpose register, the Pro-
gram Counter, or the instruction.

Base Address (BA) addressing mode: In this mode,
the displacement in the instruction is added to
the contents of the base register to obtain the
effective address.

Base Index (BX) addressing mode: In this mode,
the contents of the base register and index regis-
ter are added to the displacement in the instruc-
tion to obtain the effective address.

bit field: One to thirty-two contiguous bits that
can cross byte boundaries. A bit field is speci-
fied by its byte origin, its bit position from the
origin, and its size in bits. The instruction set
allows bit fields to be extracted from a longword
and inserted into a longword.

burst transaction: The transfer of several con-
secutive items of data (either words or longwords)
in one memory transaction.
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bus error: An exception that occurs when external
hardware identifies an irrecoverable error during
a data transfer on the external interface.

bus master: The device in control of the bus.

bus retry: A response to a data transfer transac-
tion that indicates the transaction must be tried
again because of some transient error condition.

byte: A data item containing 8 contiguous bits. A
byte is the basic data unit for addressing memory
and peripherals.

cache: An on-chip buffer that automatically
stores copies of recently used memory locations
(both instructions and data), allowing fast access
on memory fetches.

compact mode: A mode of address representation,
usually used for applications with small memory
requirements, in which 16-bit addresses are manip-
ulated; address calculations involve all 16 bits.
The logical address is extended to 32 bits by con-
catenating the 16 most-significant bits of the
Program Counter.

completion: An instruction ending in which the
current instruction has been completely executed.
This is the normal instruction ending, but
exceptions can cause a different ending.

coprocessor: A processor, such as a 78070 Arith-
metic Processing Unit, that works synchronously
with the CPU to execute a single instruction
stream using the Extended Processing Architecture
(EPA).

Direct Address (DA) addressing mode: In this
mode, the effective address is contained in the
instruction.

displacement: A constant value located in the
instruction that is used for calculating the
effective address of an operand.

dynamic operation: A bit manipulation operation
in which the source operand is located in a regis-
ter and therefore its value is changeable.

effective address: The logical memory address of
an operand, calculated by adding the base address,
an optional index value, and an optional displace-
ment .

EPU internal operation: An EPU-handled operation
that controls EPU operations but does not transfer
data.

exception: A condition or event that alters the
usual flow of instruction processing. The 780,000
CPU supports four types of exception: reset, bus
error, interrupts, and traps. When an exception
occurs, the CPU saves the Program Status on the
system stack and fetches a new Program Status from
the Program Status Area.

exception processing state: A CPU operating state
that results when an exception occurs, during
which the CPU stores values from the Program
Status registers to memory, and fetches values
from memory for the Program Status registers.

execute access: The type of memory access used by
the CPU for fetching instructions and immediate
mode operands.

Extended Addressing Mode (EAM): An addressing
mode in which one or more extension words follow
the opcode. In compact mode, EAMs are Direct
Address and Index. In segmented or linear mode,
EAMs are Direct Address, Index, Base Address, Base
Index, Relative Address and Relative Index.

Extended Processing Architecture (EPA): A CPU
facility controlled by the EPA bit in the Flag and
Control Word that allows the operations defined in
the architecture to be extended by hardware or
software. If enabled, the CPU transfers EPA
instructions to an Extended Processing Unit (EPU)
for execution; if disabled, the CPU traps EPA
instructions for software emulation.

Extended Processing Unit (EPU): An external
device, such as a Z8070 APU, that handles Extended
Processing Architecture instructions (such as
floating-point arithmetic).

Flag and Control Word (FCW) register: One of the
two Program Status registers, a 16-bit register
that contains the flags and bits that control the
operation of the CPU.

flyby transaction: A transaction controlled by
the bus master, but in which another device trans-
fers data to the responding device.

frame: A 1K-byte physical memory unit used by the
memory management mechanism to map 1K-byte logical
memory pages. A frame is specified by the 22 most-
significant bits of the physical address.

Frame Pointer (FP): The register that points to
the current activation record on the stack. In
compact mode, the FP is a word register, R14; in
segmented or linear mode, a longword register,
RR12.
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general-purpose registers: The 16 versatile reg-
isters that can be used as data accumulators,
index values, or memory pointers.

global bus: A bus shared by tightly-coupled,
multiple CPUs; the bus master is chosen by an
external arbiter device.

halted state: A CPU operating state that results
when a Halt instruction is executed or a bus error
exception occurs during exception processing.

Hardware Interface Control register (HICR): The
32-bit special-purpose register that specifies
certain characteristics of the hardware configura-
tion incorporating the CPU, such as bus speed,
memory data path width, and number of wait states.

hit: A hit occurs when an associative memory is
searched for a value and a match is found.

identifier word: A 16-bit code saved on the
system stack during exception processing that
provides information about the cause of the
exception.

Immediate (IM) addressing mode: In this mode, the
operand is contained in the instruction.

index: A value located in a register used for
calculating the effective address of an operand.
The index value usually specifies the calculated
offset of an operand from the origin of an array
or other data structure.

Index (X) addressing mode: In this mode, the
contents of an index register are added to a base
address contained in the instruction to obtain the
effective address.

Indirect Register (IR) addressing mode: In this
mode, the effective address is contained in a
register.

instruction executing state: A CPU operating
state in which the CPU executes instructions.

interrupt: An asynchronous exception that occurs
when the NMI, VI, or NVI 1line is activated,
usually when a peripheral device needs attention.

invalid table entry: A cause of an Address Trans-
lation trap that is detected during address trans-
lation if the CPU fetches a translation table
entry with a Valid bit of 0.

large segment: In the segmented mode, one of the
128 segments in the upper half of the memory
address space. Segments are 16M bytes in size or
smaller.

least recently used (LRU): The CPU records the
order of use for Translation Lookaside Buffer
entries and cache blocks. When a TLB miss or cache
tag miss occurs, the CPU replaces the least
recently used entry or block.

length counter: A register that contains the
value that is the length of a block or string of
data that is manipulated by instructions.

linear mode: A mode of address representation in
which 32-bit addresses are manipulated, providing
uniform and unstructured access to the 4G bytes of
memory. Address calculations involve all 32 bits.

local bus: The bus controlled by the CPU and
shared with slave processors.

logical address: The address manipulated by the
program. The memory management mechanism trans-
lates logical addresses to physical addresses.

longword:
bits.

A data item containing 32 contiguous

loosely-coupled CPUs: CPUs that execute indepen-
dent instruction streams and communicate through a
multi-ported peripheral, such as a Z8038 FIO 1/0
interface unit.

memory management: The process of translating
logical addresses into physical addresses, plus
certain protection functions. In the 780,000 CPU,
memory management is integrated into the chip.

memory-mapped I/0: A memory management feature
that allows logical memory addresses to be mapped
to physical 1/0 addresses. Memory mapped 1/0 pro-
vides protected access by application programs to
peripherals.

miss: A miss occurs when an associative memory
is searched for a value and no match is found.

nonmaskable interrupt: The highest priority
interrupt; cannot be disabled.

nonvectored interrupt: The lowest priority
interrupt, which does not use an identifier word
as a vector to an interrupt service routine; can
be disabled.

normal mode: A CPU mode of operation, generally
used for application programs, in which the S/N
flag in the FCW is 0. In this mode, the CPU can-
not execute privileged instructions or access pro-
tected memory locations.
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Normal Stack Pointer (NSP): The Stack Pointer
used while the CPU is in normal mode. System mode
programs can access the NSP with the Load Control
instruction.

overflow stack: The stack used for saving the
Program Status, identifier word, and exception
parameters when an address translation exception
occurs during exception processing.

Overflow Stack Pointer (OSP): The 32-bit regis-
ter that contains the physical address of the
overflow stack.

page: A 1K-byte logical memory unit mapped by
the memory management mechanism to a 1K-byte phys-
ical memory frame. A page is specified by the 22
most-significant bits of the logical address.

page table: The third level of translation
tables, containing the physical frame address used
during address translation.

paged translation: A method of address transla-
tion in which the logical and physical address
spaces are divided into fixed, equal-sized units
called pages and frames, respectively. During
address translation, a logical page is mapped to
an arbitrary physical frame.

partial completion: An instruction ending in
which the execution of an interruptible
instruction is disrupted before completion by a
trap or interrupt.

physical address: The 32-bit address required for
accessing memory and peripherals, obtained by the
CPU's address translation hardware.

pipeline: A computer design technique in which an
instruction is executed in a sequence of stages by
different functional units. The functional units
can be operating on several different instructions
simultaneously, similar to an automobile assembly
line.

prefetching: Ability of the CPU to fetch an
instruction or operand before the previous
instructions have been completed.

privileged instruction: An instruction that per-
forms I/0 operations, accesses control registers,
or performs some other operating system function.
Privileged instructions execute in system mode
only.

Program Counter (PC): One of the two Program
Status registers, a 32-bit register that contains
the address of the current instruction.

Program Status registers: The two registers (Pro-
gram Counter and Flag and Control Word) that con-
tain the Program Status. The Program Status is
automatically saved during exception processing.

Program Status Area (PSA): The area in memory
reserved for storing the Program Status of the
interrupt and trap service routines.

Program Status Area Pointer (PSAP): The 32-bit
register that contains the physical, base address
of the Program Status Area.

protection: See access protection.

protection (PROT) field: A 4-bit field contained
in the translation table descriptor registers and
translation table entries that specifies access
protection information for a logical address dur-
ing address translation.

quadword:
bits.

A data item containing 64 contiguous

read access: The type of memory access used by
the CPU for fetching data operands other than
those specified by Immediate mode.

Register (R) addressing mode: In this mode, the
operand is in a general-purpose register.

Relative Address (RA) addressing mode: In this
mode, the displacement in the instruction is added
to the contents of the Program Counter to obtain
the effective address.

Relative Index (RX) addressing mode: In this
mode, the contents of the Program Counter and
index register are added to the displacement in
the instruction to obtain the effective address.

relocation: The process of mapping a logical
address to a different physical address, so that
multiple processes can use the same logical
address for distinct physical memory locations.

reset: A CPU operating state or exception that
results when a reset request is signaled on the
RESET line. A reset initializes the Program Status
registers.

responder: The device to which bus transactions
transfer data.

result register: The register that holds the
result of an operation.
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segmented mode: A mode of address representation
that supports either 64K- or 16M-byte segments
with 32-bit addresses. The most-significant
address bit selects either a 15-bit segment number
with 16-bit offset, or a 7-bit segment number with
24-bit offset. Calculations affect only the offset
and not the segment number.

self-modifying program: A program that stores to
a location from which a subsequent instruction is
fetched.

slave processor: A processor, such as a Direct
Memory Access transfer controller, that performs
dedicated functions asynchronously to the CPU.

small segment: In the segmented mode, one of the
32,768 segments in the lower half of the memory
address space. Segments are 64K bytes or smaller.

spatial locality: The characteristic of program
behavior whereby consecutive memory references
often apply to closely located addresses.

special-purpose control registers: Nine registers
used for system configuration, memory management,
Program Status, and CPU control.

Stack Pointer (SP): A general-purpose register
indicating the top (lowest address) of the
processor stack used by Call, Enter, Exit, and
Return instructions for linking procedures. The SP
is a word register, R15, in compact mode, and a
longword register, RR14, in linear or segmented
mode. Normal and system modes of operation use
separate stack pointers, the Normal Stack Pointer
(NSP) and System Stack Pointer (SSP).

static operation: A bit manipulation operation in
which the source operand is an immediate value and
is therefore fixed (static).

suspension: An instruction ending in which the
the current instruction has not been completed
because a trap is detected during instruction
execution. The instruction can be completed by
eliminating the cause of the trap and starting the
instruction again.

suspension with PC modification: An instruction
ending similar to suspension, but the Program
Counter saved on the system stack during exception
processing must be decremented by two before
starting the instruction again.

System Configuration Control Longword register
(SCCL): The 32-bit special-purpose register that
contains control bits for address translation,
cache, and exception processing.

system mode: A CPU mode of operation, used for
operating system functions, in which the S/N flag
in the FCW is 1. In this mode, the CPU can exe-
cuted privileged (and all other) instructions.

System Stack Pointer (SSP): The Stack Pointer
used while the CPU is in system mode. Normal mode
programs cannot access the SSP.

tag hit: On a memory reference, a tag hit occurs
when the cache address tags are searched for the
referenced address and a match is found.

tag miss: On a memory reference, a tag miss
occurs when the cache address tags are searched
for the referenced address and no match is found.

temporal locality: The characteristic of program
behavior whereby memory references often apply to
a location that has been referred to recently.

termination: An instruction ending in which the
current instruction has not been completed and it
is not possible to complete the instruction by
starting it again.

tightly-coupled CPUs: CPUs that execute indepen-
dent instruction streams and communicate through
shared memory on a common (global) bus.

Translation Lookaside Buffer (TLB): An on-chip
memory that automatically stores translation
information for the most recently used memory
pages.

translation table: One of three levels of tables
selected by the page descriptor registers during
address translation. Each level corresponds to a
field in the logical page address.

translation table descriptor register: One of
four registers that contain the physical addresses
of the translation tables used by the memory
management mechanism during address translation.

translation table entry: An entry in one of the
three levels of translation tables. Entries in the
first two levels point to another level table.
Entries in the third level (page table) contain
the physical frame address used during
translation.

trap: An exception that occurs when certain con-
ditions, such as an access protection violation,
are detected during execution of an instruction.
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unaligned address: An address that is not a mul-
tiple of an operand's size in bytes. 0dd addresses
are unaligned for words and longwords; even
addresses that are not multiples of four are
unaligned for longwords.

vectored interrupt: An interrupt that uses the
low-order byte of the identifier word as a vector
to an interrupt service routine; can be disabled.

virtual memory: A memory management technique in
which the system's logical memory address space is
not necessarily the same as, and can be much
larger than, the available physical memory.

word: A data item containing sixteen contiguous
bits.

word hit: On a memory reference to the cache, a
tag hit occurs and a valid copy of the word is
stored in the cache.

word miss: On a memory reference to the cache, a
tag hit occurs but a valid copy of the word is not
stored in the cache.

write access: The type of memory access used by
the CPU for storing data operands.
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Block Transfer and String Manipulation
instructions, 6:7
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Burst Memory Read and Write transaction, 8:10-11

Burst Memory Read timing, 8:12

Burst Memory Write timing, 8:13
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Bus error, 7:4, 8:21
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Bus Request Acknowledge timing, B8:22

Bus request protocol, 8:24
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CPU-EPU Data Write timing, 8:18
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CPU-EPU Instruction Transfer timing, B:16
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Demand-paged virtual memory, 1:2
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EPA, see Extended Processing Architecture

EPU-Memory Single Write timing, 8:19 EPU-Memory
transactions, 8:18-19
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Integer Arithmetic Error trap, 7:4
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Interrupt Request/Acknowledge timing, 8:20
Interrupt Request and Acknowledge, 8:20-21
Interrupts, 1:3, 7:4

Non-maskable, 1:3

Non-vectored, 1:3
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Non-maskable interrupts, 7:4
Non-vectored interrupts, 7:4
Normal mode, 1:3, 3:2-3

Normal Stack Pointer, 2:3, 3:2

0dd PC trap, 7:5
Operating states, 7:1
Overflow Stack Pointer (0SP), 2:4
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Physical address space, 4:3
Pin Functions, 8:3-4
Pipeline delays, E:3-4
Pipelined instruction execution, 7:3
Privileged Instruction trap, 7:4
Program Control instructions, 6:4-5
Program Counter, 1:1, 2:3
Program Status, 7:5-7
Program Status Area Pointer (PSAP), 2:3
Program Status registers, 1:1, 2:2-3
Program Counter, 1:1, 2:3
Flag and Control Word register, 1:1, 2:2-3

R~

Register (R) addressing mode, 5:4,7

Relative Address (RA) addressing mode, 5:7,12
Relative Index (RX) addressing mode, 5:7.13
Reserved control bits, 2:4

Reset, 8:26-27
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Segmented mode, 1:1-2, 3:1-2, 6:13-15
Single Memory Read and Write transactions, 8:8-10
Single Memory Read timing, 8:8-9

Single Memory Write timing, 8:10

Slave processor, 1:5, 8:2

Special-purpose control registers, 2:3
Stack Pointer, 1:1, 2:2

System Call trap, 7:4

System Configuration Control Longword, 2:4
System mode, 1:3, 3:2-3

System Stack Pointer, 3:2

-T-

Table entry formats, 4:7
Tightly-coupled multiple CPU, 1:5
Timing formulae, Appendix E
TLB, see Translation Lookaside Buffer
Trace trap, 7:5
Translation Lookaside Buffer (TLB), 1:2, 4:4-5
Translation Table Descriptor registers, 2:4
Traps, 7:4-5
Address Translation trap, 7:4
Breakpoint trap, 7:4
Conditional trap, 7:4
Extended Instruction trap, 7:4
Integer Arithmetic Error trap, 7:4
0dd PC trap, 7:5
Privileged Instruction trap, 7:4
System Call trap, 7:4
Trace trap, 7:5
Unimplemented Instruction trap, 7:5

U-

Unimplemented Instruction trap, 7:5

v-

Vectored interrupts, 7:4
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28000 CPU, compatibility with, 1:6, A:1
28070 Arithmetic Processing Unit, 1:3
780,000 CPU block diagram, 1:6
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