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PREFACE

This manual provides the user with all the information required to
write, assemble, debug and execute microprograms on the LSI-I1 utiliz-
ing the Writable Control Store (WCS) option (KUV11-AA) in conjunction
with microprogramming support software.

Chapter'l provides an introduction to microprogramming the LSI-11. It
discusses machine-micromachine relationships and supplies an introduc-
tory glossary of important definitions.

Chapter 2 is divided into two parts: LSI-11 machine architecture and
LSI-11 machine operation. The first part is an LSI-11 family hardware
overview and is included for completeness. The new LSI-11 user can
gain a basic system understanding from this overview, but should refer
to the Microcomputer Handbook for a more complete description. The
second part is recommended reading for all LSI-1l microprogrammers be-
cause it introduces control flow diagrams which explain the transfer
of control between the LSI-1l1 machine and micromachine.

Chapter 3 follows the same organization as Chapter 2, but concentrates
on the LSI-1l micromachine. The first part covers the LSI-1l micro
processor as implemented in the Control and Data chips and details
their internal organization. The second part describes the microma-
chine operation and its relationship to higher 1level machine opera-
tion.

Chapter 4 presents the LSI-11 microinstruction set, organized on a
functional basis. The chapter also contains a detailed explanation of
each microinstruction along with an example containing assembly mne-
monics and assembled octal equivalents.

Chapter 5 concentrates on the Data Access group of microinstructions
and provides details sufficient to accurately determine the execution
times for microprogrammed I/0 transactions.

Chapter 6 presents the LSI-1l Writable Control Store hardware and its
relationship to the LSI-11 micromachine. The discussion includes a
description of the data buffer and control/status registers.

Chapter 7 details the microprogramming support software consisting of
(1) the microassembler (MICRO), (2) the WCS loader dumper (WCSLOD) and
(3) the WCS Microprogram Octal Debug Tool (MODT).

Chapter 8 discusses techniques which may be used to write micropro-
grams.

Chapter 9 contains information on the WCS module installation and
checkout.

Chapter 10 contains information on WCS maintenance.
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CHAPTER 1

INTRODUCTION TO LSI-11 USER MICROPROGRAMMING

1.1 GENERAL

This chapter provides an introduction to LSI-11 microprogramming.
Through microprogramming, the wuser has access to nearly all the re-
sources and techniques used to implement the LSI-11 architecture in
four LSI (Large Scale Integration) chips. Section 1.6 lists other do-
cuments referenced by this manual.

1.1.1 Introductory Microprogramming Glossary

This section contains a glossary of selected terms which provide an
introduction to the the terminology used to describe LSI-1l micropro-
gramming concepts.

Microprocessor The microprocessor is implemented as a two-chip
set of 1large scale integrated (LSI) circuits
called the Data and Control chips. The Data chip
contains the Arithmetic Logic Unit (ALU), the Re-
gister File and interconnection to the LSI-11
system bus data/address lines (DAL). The Control
chip provides the system bus control 1lines and
contains the translation array.

Micromachine The micromachine consists of a two-chip micropro-
cessor, two or three MICROMs (Control Store
chips), and the LSI-11 system bus interface
logic. The first two MICROMS contain the PDP-11
emulation microprogram as well as the console ODT
microprogram. The optional KEV1l MICROM contains
microprograms which execute the extended and flo-
ating point machine instructions.

Machine The LSI-1l machine encompasses the LSI-11 Micro-
machine, main or program memory and input/output
devices.

Machine Cycle Machine cycle refers to the smallest complete

cycle of operations performed by the LSI-11 ma-
chine. The three fundamental operations of the
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Microcycle
(Micromachine Cycle)

Machine Instruction
(Machine Code)
Microinstruction

(Microcode)

Microassembler

Fetch

Execute

Interrupt

Program Counter

Microprogram
Counter

Program Store
oth program and data in-

machine cycle are (1) Fetch machine instruction,
(2) Execute machine instruction (3) Trap and in-
terrupt service. The number and type of microma-
chine operations which must be performed during a
given machine cycle are a function of the fetched
machine instruction and whether a machine inter-
rupt or system fault is present. Consequently,
the time required to complete the machine cycle
is variable.

Microcycle refers to the smallest complete cycle

of operation performed by the LSI-1l1l microma-
chine. A machine cycle 1is composed of one or
more microcycles. A microcycle consists of four
equal phases (PH1-PH4).

A machine instruction is a 16-bit word stored in
main memory. Machine instructions are commonly
referred to as instructions.

A microinstruction is a 22-bit word stored in
Control Store.

The microassembler is a microprogram development
tool which accepts as input a source file con-
taining micromachine assembly language statements
with optional comments. The microassembler out-
put is an object file which may be loaded 1into
the Writable Control Store.

Fetch is the operation of presenting an address
to memory and subsequently moving the contents of
the addressed location to the instruction regis-
ter contained in the processor.

The action of performing all operations required
by a machine instruction.

The action of diverting control from the normal
(uninterrupted) machine operating cycle of repe-
ated Fetch-Execute events. The simplest complete
operating cycle is expressed as
Fetch-Execute-Interrupt.

The Program Counter (PC) stores the main memory
address of the next machine instruction to be
feched during a machine cycle. It 1is automati-
cally incremented by 2 as the last part of the
Fetch Machine Instruction phase.

The Microprogram Location Counter (LC) stores

the address of the next microinstruction to be
fetched during a microcycle. The Location
Counter may be loaded from various sources, de-
pending upon the type of microinstruction being
executed.

Program Store refers to the LSI-11 machine main}
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Control Store

Writable Control
Store

Data Chip

Control Chip

MICROM Chip

System Bus

Microinstruction
Bus

Instruction
Register

Microinstruction
Register

formation. Program store 1is accessed via the
LSI-11 system bus. Program store may alternately
be referred to as Main Store, Memory or sometimes
as core.

Control store refers to the storage area for mi-
crocode and consists, potentially, of 2048 loca-
tions. Control store for the LSI-1l1 machine is
provided by two or more MICROMs and the WCS mo-
dule.

Writable Control Store (WCS) refers to a control

store which may be altered by the user.
Alterable or writable control store is implement-
ed by read/write random access memory (RAM) dev-
ices which can be accessed by both the LSI-11
System Bus and the microinstruction bus.

All Data processing occurs within the Data chip.
It contains the ALU and the internal registers.
It also provides bi-directional connection to the
LSI-11 system bus data/address lines (DAL).

The Control chip functions as a
controller/sequencer. It provides all control
signals for the system bus and also determines
which microinstructions are executed. An impor-
tant feature of the ConTrol chip is the transla-
tion Array. This is a large combinatorial logic
network which accepts the machine instruction as
input and outputs the addresses of the micropro-
grammed routine appropriate to that instruction.

A MICROM (MICrocode Read Only Memory) chip is the
unalterable, non-volatile read only control store
memory. One or more MICROMs are connected to the
Data and Control chips via the microinstruction
bus (MIB).

The LSI-11 system bus is the common, bidirection-
al path which passes address, data and control
information between the LSI-11 machine and all
other modules which make up a given machine con-
figuration.

The Microinstruction Bus (MIB) is the common bi-
directional data and control path between all
elements of the micromachine. It is through con-
nection to this bus that the WCS module makes its
control store accessible to the microprocessor.

When an LSI-11 machine instruction is fetched
from main memory, it is placed in the Instruction
Register (RIR) in the Data chip as well as in the
translation register in the Control chip.

A microinstruction which has been fetched from
either MICROM or user control store is placed 1in
the microinstruction register. This register is
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implemented on both the Data and Control chips.
The microinstruction register on each chip con-
tains only the portion of the microinstruction
relevant to the chip's function.

Translation The Translation Register and the instruction

Register

register (RIR) are loaded simultaneously during a
machine instruction fetch. The translation re-
gister holds the machine instruction for input to
the translation array.

Translation Array The Translation Array is located in the micropro-

cessor Control chip and receives as input either
the upper or lower byte of the Translation Regis-
ter, the microprogram Location Counter and the
interrupt register contents. It consists of a
large combinatorial 1logic network which deter-
mines the starting location for microcode rou-
tines appropriate to fetched machine instruc-
tions.

Return Register The Return Register (RR) is located in the micro-

Register

processor Control chip and provides storage for a
single microprogram subroutine return address.

File The register file is located in the Data chip and
contains 26 8-bit registers which are accessed by
a combination of direct and indirect addressing.
Adjacent 8-bit registers may be sequentially ad-
dressed to form word operands.

1.1.2 LSI-11 Microprogramming Features

1.

LSI-11 microprogramming is provided by a Writable Control
Store module 1in conjunction with microprogramming support
software.

The WCS module allows one half (1024) of the total (2048)
control store locations to be user microprogrammed.

The microprogramming support software includes a microassem-
bler, writable control store loader and dumper, and a Micro
Octal Debugging Tool which allows simultaneous debugging at
the machine and micromachine levels.

The microprogramming support software also includes the micro
code for the EIS/FIS machine instructions. The user may in-
clude this microcode in the final writable control store load
module, thus combining the existing advantages of the famili~-
ar extended and floating point machine instructions with user
designed instructions.

LSI-11 microprogramming combines the simplicity of vertical
microinstructions with the individual bit-control of horizon-
tal microinstructions. The existing bit-control field sup-
ported by the micromachine is expanded by two additional bits
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with the addition of the WCS module. This new bit=control
facility 1is also timed with respect to the micromachine
cycle, thus enabling higher control rates and more accurate
control timing than can be achieved with normal LSI-11 system
bus I/O control.

6. The WCS module is equipped with a 16-word recirculating mi-
crolocation Trace RAM which aids in microprogram debugging.
It contains the last 16 microlocations placed on the microin-
struction bus. This hardware feature is utilized by MODT to
display the last 16 microlocations accessed prior to a
user-specified dump point.

1.1.3 Basic LSI-11 Machine-Micromachine Structure

Figure 1-1 contains a simplified illustration of the LSI-11 machine.
The LSI-11 machine encompasses the processor, main store or memory,
and the input/output devices. These three main components are inter-
connected by the LSI-11 system bus. The LSI-1l processor is realized
by a micromachine which contains a (micro)processor element, a storage
element (control store), and external I/O capability. The micropro-
cessor is implemented with two chips (called the Data chip and the
Control <chip). The Data chip contains the Arithmetic Logic Unit
(ALU) , the register file, and provides connection to the 16 time mul-
tiplexed data/address 1lines (DAL). The Control chip arbitrates all
system bus transactions and determines the microinstruction execution
sequence. The structure of the microprocessor chip set is presented
in detail in Chapter 3.

The microinstructions are stored in a control store consisting of two
or more MICROMs which provide non-alterable, non-volatile memory. The
term MICROM is an acronym for MICrocode Read Only Memory. In the
basic LSI-11 processor, the MICROM control store contains microcode
which performs 2 functions: (1) PDP~11 emulation and (2) console ODT.
When included on the processor, The KEV1l EIS/FIS option expands the
control store to implement the extended and floating point machine in-
structions.

The Writable Control Store is connected to the micromachine via a
cable/plug assembly (which replaces the KEV1l option in the third MI-
CROM socket). This gives the WCS module access to the microinstruc-
tion bus which is the internal bus interconnecting all components of
the micromachine. The WCS then may be accessed by the microprocessor
in the same fashion as a MICROM. The total number of control store
locations addressable by the microprocessor is 2048. The PDP-11 emu-
lation and console ODT microcode require only 1024 locations, or two
MICROMs. The WCS module supplies the remaining 1024 control store lo-
cations. The WCS memory is loaded and dumped via its LSI-11 system
bus interface, which consists of normal control/status and data buffer
registers.
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LSI-11 Machine-Micromachine Structure

Figure 1-1
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1.2 THE BENEFITS OF USER MICROPROGRAMMING

User microprogramming affords greater control over machine operations.
The user can create new machine instructions to be used in the same
manner as members of the LSI-11, PDP-11/03 machine instruction set.
The following paragraphs identify specific areas in which user micro-
programming may be beneficial.

1.2.1 Arithmetic Calculations

Many arithmetic calculations are characterized by a concisely-defined
algorithm which 1is often repetitive in nature. The execution of the
routine for such an algorithm normally requires many machine instruc-
tion fetches and operand address calculations. If the algorithm is
suitable for microprogramming it can be implemented in microcode which
is then executed in response to a single, user-defined machine in-
struction. This approach eliminates the multiple machine instruction
fetch operations because control remains entirely within the microma-
chine until the routine is completly executed. A good example of the
improvement available in this area is the KEV11 EIS/FIS option. The
EIS/FIS option contains microcoded routines for the extended and flo-
ating point machine instructions. Upon execution of a single machine
instruction, FDIV for example, control is transfered to the appropri-
ate starting point in the FIS microcode. When the routine has termi-
nated, control is returned to the LSI-11 emulation microcode contained
in the 2 standard microms. The speed advantage realized by the
EIS/FIS microcode ranges from a 3 to 10 times improvement over compar-
able PDP-11 macroinstruction routines, depending upon the instruction
executed and the operand values.

1.2.2 Critically-Timed Input/Output and Control Operations

The rate at which real-time input/output (I/0) operations can be per-
formed depends on three factors: (1) the speed of machine instruction
execution, (2) the time delays associated with the LSI-11 system bus
and (3) the speed of the device or memory being accessed. The micro-
programming facility allows the user to write specialized I/0 routines
for execution in microcode. In this context, the user employs the
"data access" group of microinstructions which are discussed generally
in Chapter 4 with detailed explanations in Chapter 5. Sufficient in-
formation is provided to allow identification of where these bus dela-
ys occur so non I/0 microinstructions can be inserted to utilize the
delay time.

User-written microcode can make use of a special field of 4 TTL con-
trol bits within the microinstruction. Of the 16 possible states en-
coded in this field, 8 are presently used to control the LSI-11 system
bus logic which interfaces between the system bus and the microproces-
sor chip set. The other 8 states are available for user-defined func-
tions. The 4 bits from this microinstruction field appear on the
LSI-11l module fingers as does the third phase of the microcycle clock
(PH3 H). These TTL control bits enable the microprogrammer to produce
high rate control signals which are timed with respect to the microma-
chine cycle.
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In addition to the 4 control bits (MI<21:18>), the WCS module stores 2
extra bits (MI<23:22>) in each control store location. These two bits
are available as signals directly on the LSI-1l system backplane and
may be used for any user-defined purpose. The high-order bit (MI<23>)
is also used to control the microlocation trace buffer.

1.2.3 Data Manipulation and Relocation

A block move microprogram example is discussed in Chapter 8 in which
the arguments required are (1) the starting address of the block to be
moved, (2) the starting address of the new block location, and (3) the
block 1length. The execution time saved is proportional to the block
length, because machine instruction fetches are eliminated for each
word moved.

1.3 SYSTEM IMPLICATIONS OF USER MICROPROGRAMMING

With the microprogramming facility, all the resources used to emulate
the LSI-11 architecture and operation are at the user's disposal. The
only resource that cannot be accessed is the Control chip translation
array which is specifically configured to implement the opcodes of the
standard and extended machine instruction set. However, the micropro-
cessor instruction set does provide a means for accomplishing transla-
tions in only a few additional microcycles.

1.3.1 Control Flow Integrity

The first responsibility of the microprogrammer is to maintain the in-
tegrity of the control flow which implements the machine operating
cycle. Control is transferred to user microcode when the microproces-
sor control chip, via the translation array, determines that a the
fetched instruction is a user-defined machine opcode. User microcode
then maintains control until the microroutine has executed, whereupon
control must be returned to the trap interrupt service routine, thus
maintaining the normal Fetch-Execute-Interrupt machine cycle.

An additional requirement arises when the user-microprogrammed routine
performs 1/0 operations. In executing an I/0 transfer the LSI-11 sys-
tem bus transaction requires that the addressed I/0 device return a
reply signal to the processor, acknowledging its role in the transfer.
If no reply is received by the CPU within 10 microseconds, the proces-
sor executes a bus error trap through LSI-11 memory location 4.
Because a bus error can occur in a number of contexts, the micropro-
grammer must prepare for the proper response by setting an internal
flag (see Section 8.6.4.1).

1.3.2 Interrupt Response Latency

Interrupts are recognized by the LSI-11 processor only during the
final phase of the normal machine operating cycle
(Fetch-Execute-Interrupt). The delay in acknowledging a pending 1in-
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terrupt 1is directly related to the length of time of the Execute
phase. The microprogrammer is provided with a means of testing for
external interrupts and the Event Line interrupt during
user-microprogram execution. If such an interrupt is pending, control
can be transferred to a user microcode routine. This routine could
save the interrupted machine state, decrement the PC and then return
control to the last part of the machine cycle.

Once the normal LSI-11 interrupt service has been completed, the
user-defined machine instruction is fetched again and the user micro-
program can then execute to completion. The external interrupt test
facility allows potentially lengthy microcoded routines to operate in
a time critical environment. Interrupt testing is unnecessary when
the microcode to be executed is of known short duration. See Section
8.6.7.

1.3.3 Register Content Security

The microprogrammer has access to the LSI-11 processor registers as
well as to the internal registers in the micromachine. Several of the
internal registers have predefined uses (e.g., PSW, bus error flags)
and should only be modified in accordance with those uses.
Manipulation of the standard processor registers (R0O-R7) should only
occur as part of the intended function of the user-defined machine in-
struction.

1.3.4 Processor Status Word Updating

The processor status word (PSW) in the LSI-11 is a composite of
(1) the 4 PDP-11 Status Flags (N,Z,V,C) and (2) the Trace Bit and (3)
the Interrupt Enable bit. Internally, the PDP-11 Status Flags are ex-
plicitly accessed by 2 microinstructions (LCF, CCF) and implicitly al-
tered by executing a microinstruction capable of affecting these flags
(e.g., AWF). The Trace Bit and Interrupt Enable Bit are altered by
executing a Set Interrupt (SI) or Reset Interrupt (RI) for the micro-
processor control flags 1I4 and I5 respectively. Since these flags
cannot be read, a copy of these flags is kept in an internal register
(RPSWH) in the bit positions that correspond to the Trace bit (bit
<4>) and the Interrupt Enable bit (bit <7>) of the LSI-11 PSW.

1.3.5 Dedicated Control Store Locations

The 1024 Writable Control Store locations are normally configured at
microaddresses 2000 through 3777 (octal). The WCS module therefore
replaces the EIS/FIS MICROM which responds to addresses 2000-2777.
The LSI-11 emulation microcode, in conjunction with the translation
array, performs a partial decode of the extended and floating point
machine instructions and transfers control to control store locations
in the 2000-2777 range. The microprogrammer has the responsibility of
handling such a transfer as a reserved instruction trap.
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1.3.6 Machine Instruction Support

A newly defined machine instruction must be explicitly documented as
to function, execution characteristics, and operand requirements. It
should also be assigned an assembly mnemonic which is supported by a
macro definition to enable the instruction to be programmed and assem-

bled along with the standard instruction set (See Section 8.2).

1.4 MICROPROGRAM CHARACTERISTICS

1.4.1 Vertical and Horizontal Microinstructions

The user will discover that microprogramming the LSI-11 micromachine
requires techniques nearly identical to those used in LSI-11 assembly
language programming. This strong similarity arises because the mi-
cromachine executes vertical as opposed to horizontal microcode. One
characteristic of vertical microinstructions is that microinstructions
are executed out of sequential locations in control store, just as ma-
chine instruction are executed sequentially out of main or program
store.

Another characteristic shared between vertical microinstructions and
machine instructions is that both perform recognized complete opera-
tions upon execution. For example, the COMPLEMENT BYTE microinstruc-
tion reads the contents of the specified source operand register into
the ALU, forms the complement and places the result in the specified
destination register. A horizontal microinstruction, by contrast,
would affect (micro) processor control at a much more detailed level,
often with direct control of register read and write circuitry, data
path bus drivers, ALU operating modes, and so forth. In addition, the
horizontal microcode usually contains a field which holds the address
of the next microinstruction to be executed.

1.4.2 Logic Control Features

The LSI-11 microprogramming option offers a repetoire of 149 microin-
structions which support both byte (8-bit) and word (l6-bit) opera-
tions. Further, the basic 16-bit vertical microinstruction word is
extended by 6 control bits within the micromachine and by an addition-
al 2 control bits in the WCS module. The 6-bit extension contains 4
bits which may be encoded for direct control of user logic. The
2-bits supplied by the WCS module enhance this logic control capabili-
ty. See Section 6.7.5.
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1.5 THE MICROPROGRAMMING ENVIRONMENT

1.5.1 Creating the Source File

The RT-11 Operating System environment in which the LSI-11 micropro-
grammer works is familiar to the experienced PDP-11 assembly language
programmer. A fundamental reference is the microinstruction set des-
cription, which is contained in Chapter 4 and Appendix A of this manu-
al. Chapter 7 describes the WCS Software Tools available.

The source file for the microprogram is created with either text edi-

tor, EDIT  or TECO. The recommended extension in the file specifica-
tion is .MIC signifiying a microprogram source file. :

1.5.2 The Microassembler

The Microassembler is described in detail in Chapter 7. It consists
of a stand alone 2 pass assembler for the LSI-11 microinstruction mne-
monics with several assembler directives available. The listing shows
the assembled octal for each microlocation and includes a bitmap of
the utilized microaddresses. The microassembler output (.0OBJ exten-
sion) is then loaded into the WCS module as described in the next sec-
tion.

1.5.3 Writable Control Store Loader

The microprogramming support software provides a WCS loader program
which can initially clear the WCS RAM memory and then load from one to
six specified .0BJ files produced by the Microassembler. The WCS 1lo-
ader is described in Chapter 7.

1.5.4 Micro Octal Debugging Tool (MODT)

Microprogram debugging is done using the Microprogram Octal Debugging
Tool program (MODT). This program expands the familiar PDP-11 ODT so
that user-written microprograms can be examined, modified, and execut-
ed. Since all microprograms are executed in response to machine in-
structions, MODT allows the user to write, modify and execute short
programs. Breakpoints may be set in the machine instruction flow to
examine program progress at the machine level. At the micromachine
level, the user may establish "dump points" which display the contents
of all internal registers at a selected point. Once the dump results
are analyzed, the dump points can be moved and subsequent executions
allow the user to examine additional portions of microcode. This
dump-examine process continues until the microprogram is completely
debugged and verified. MODT is described in detail in Chapter 7.
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1.5.5 Microprogram Trace Facility

The microaddress trace hardware on the WCS module 1is normally con-
trolled and examined by the Micro Octal Debugging Tool (MODT) program.
It consists of a 16-word buffer which stores a sequence of 16 microin-
struction locations placed on the microinstruction bus (MIB) during
the execution of user-written microcode. The last location to be
stored is designated by the microprogrammer (using MODT). Once the 16
addresses have been stored, MODT may display the contents of the ad-
dressed locations in both octal and symbolic forms. See Chapter 7 for
a complete description.

1.6 REFERENCES

The following documents provide background information for this
manual:

1. RT-11 System User's Guide, DEC-11-ORGDA-A-D
2. PDP-11 TECO User's Guide, DEC-11-UTECA-A-D
3. The Microcomputer Handbook, EB-07948-53

4. KD1ll-H processor schematic diagram, D-CS5-M7264-0-1 (revision
Y or greater)

5. WCS schematic diagram, D-CS-M8018-0-1
Additional copies of all items above can be ordered from:
Digital Equipment Corporation
444 Whitney Street
Northboro, MA 01532

Attn: Communications Services (NR2/M15)
Customer Services Sections



CHAPTER 2

THE LSI-11 MACHINE STRUCTURE

2.1 GENERAL

This discussion of the LSI-11 machine structure covers both the archi-
tecture and operation of the LSI-1l. Architecture relates to the sys-—
tem resources and their configuration. Operation indicates how data
and address information is moved between and manipulated within the
system resources.

This chapter is a subset of the Microcomputer Handbook, which should
be consulted for additional detail, specifically in the areas of
LSI-11 options and hardware. This chapter emphasizes selected topics
which are essential to the understanding of the microprocessor conta-
ined within the LSI-11l processor module. Chapter 3 enhances the in-
formation to include the additional information required to micropro-
gram the LSI-11 micromachine.

2.2 MACHINE ARCHITECTURE
The LSI-11l machine consists of three general component areas connected
by a common system bus. Any specific machine configuration may be ac-
curately represented by using specialized components in these three
areas:

1. The LSI-1l1 Processor

2. The Memory

3. The Input/Output Devices

These components and their common, bidirectional access to the system
bus are illustrated in Figure 2-1.

2.2.1 System Bus
The system bus is characterized by the number of memory or device lo-

cations addressable, the type of information transfers supported, and
by the auxiliary system control signals it contains.

2-1



THE LSI-11 MACHINE STRUCTURE

LSI-11 Machine Structure

Figure 2-1 -
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2.2.1.1 System Bus Address Space - The virtual (and physical) ad-
dressing capability of the system bus is determined by the 16-bit
width of the binary addressing word. The system bus supports both 8
bit byte and 16 bit word addressing. Fiqure 2-2 illustrates the ad-
dress space with which the LSI-11 machine operates. The bottom 28K
(28,672) word addresses constitute the memory space. The top 4K
(4096) word addresses are normally dedicated to the input/output dev-
ices. The LSI-11 processor does not occupy any address locations.

2,2.1.2 gSystem Bus Data Transfer - All data transfer operations sup-
ported by the system bus are under the control of the LSI-11 proces-
sor. A portion of the processor is dedicated to the control of the
system bus and administrates the transfer of data and address informa-
tion between the machine components. There are three types of data
transfers possible within the LSI-11 machine:

l. Programmed Input/Output Transactions (Programmed I/O)
2. Interrupt-Driven Input/Output Transactions (Interrupt I/0)
3. Direct Memory Access Input/Output Transactions (DMA I/0)

Programmed I/0 occurs in response to programmed machine instructions.
An example of Programmed I/O is the execution of a MOV instruction
where at least one of the source or destination addresses is in memory
or in a device register. If both source and destination operands are
in the processor registers, no bus I/0 transfer is required.

The simplest example of a Programmed I/O bus transaction is the DATI
(Data~In) bus operation. This operation illustrates how the 16
Data/Address Lines (BDAL L <15:00>) are time-multiplexed between ad-
dress and data information. The first event of the DATI cycle is
placing the memory or device address on BDAL L <15:00>. After the ad-
dress information settles (or becomes valid), the BSYNC L signal is
asserted. This signal causes each memory and I/O DEVICE module con-
nected to the bus to check whether the address corresponds to its own
address (es). Recognition by the addressed device is represented by a
signal internal to that device which is latched (or stored) by the
assertion of BSYNC L for the duration of the bus operation. Storing
this signal constitutes the second event. The third event of the DATI
cycle removes the address information from BDAL L<15:00> and asserts
BDIN L. This signal informs the memory or selected device that a
DATA-IN cycle is to be performed. The fourth event is in response to
BDIN L; the selected device places its data on BDAL L<15:00> and re-
turns BRPLY L to the processor. The assertion of BRPLY L is the first
indication to the processor that the addressed component exists and is
putting data on the bus. Upon receipt of BRPLY L, the processor ac-
cepts the information on BDAL L<15:00> as valid and stores it inter-
nally. If BRPLY L is not received within 10 microseconds after BDIN L
was asserted, a processor trap occurs to memory lcoation 10. By this
means, the processor avoids waiting for a reply from a memory location
or device which does not exist or is malfunctioning. The bus cycle
fifth event is the accepting and storing of the input data and the
subsequent negation of BDIN L. In the sixth event, the selected dev-
ice responds to the negation of BDIN L by terminating BRPLY L. 1In the
seventh and final event, the processor terminates the bus cycle by ne-
gating BSYNC L.
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LSI-11 Machine Address Space

Figure 2-2
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The DATI bus cycle is described in detail in the Microcomputer Hand-
book along with the DATO (Data-Out), DATOB, DATIO (Data Input-Output)
and DATIOB bus cycles. The "IO" (Input-Output) bus cycles enable the
processor to execute a Read-Modify-Write operation. This allows data
to be retrieved from an addressed location, manipulated within the
processor, and re-deposited in the same location while asserting only
one bus address. The "B" suffix on the DATOB and DATIOB bus cycles
indicates that the output portion of the bus cycle is a byte rather
than a word transfer.

Interrupt I,/0 is initiated by an Input/Output device. The interrupt-
ing device requests service from the LSI-11 processor by asserting the
BIRQ L signal on the system bus. When the processor acknowledges a
device request by asserting the BIACK H signal, it causes the inter-
rupting device that is electrically closest to the processor on the
LSI-11 bus to return a vector address. The vector address tells the
processor where the address of the device service program is located
in memory. Once execution of the service program has been completed,
the LSI-11 processor resumes execution of the interrupted program.

Priority among multiple external devices having Interrupt I/0 capabil-
ity is established via electrical position relative to the processor.
The device closer to the processor posesses the higher priority. The
interrupt grant chain 1is broken by the device being serviced, thus
making further interrupts from lower priority devices impossible.
Further interrupts from higher priority (electrically closer) devices
may still be acknowledged and serviced. Additional details regarding
Interrupt I/O transactions are available in the Microcomputer Hand-
book.

Although the LSI-11 processor remains master of the system bus during
both Programmed I/0 and Interrupt I/O, DMA I/0 requires that bus mas-
tership be granted to an Input/Output device for high speed data
transfer to or from memory. During a DMA I/0 transaction, the Pro-
grammed I/0 and Interrupt I/O operations of the LSI-11 processor are
suspended. The device functioning as bus master can now perform any
of the possible bus cycles (DATI, DATO, DATOB, DATIO, DATIOB). When
the DMA transfer is completed, bus mastership is relinguished to the
processor. Note that during DMA I/O, the CPU module waits to perform
Programmed I/0O or Interrupt I/O only. Any other processor activity
(such as operations between registers) can continue.

2.2.1.3 System Bus Control Signals - In addition to the bus signals
required to support Programmed 1/0, Interrupt I/0, and DMA I/0 several
auxilliary control signals are contained within the bus system.

System Initialization Signal

The common system initialization signal is BINIT L. It is asserted by
the processor whenever BDCOK H is passive and whenever the BINIT com-
mand is issued by the processor. Examples of the latter are during
the Power-up routine and in execution of the RESET machine instruc-
tion. All peripheral devices should use the BINIT L signal to initi-
alizae and clear internal flip-flops and registers.

Power Supply Signals

Two signals which indicate the status of the system power supply are
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part of the bus system. These signals are generated by the power sup-
ply itself and the processor monitors them to take appropriate action
during Power-Up and Power-Fail sequences. At the beginning of the
Power-Up sequence, BDCOK H and BPOK H are both passive. BDCOK H is
asserted first, whereupon the processor initializes itself and all
system components and waits for BPOK H to be asserted. When BPOK H is
asserted, the processor executes the jumper selected Power-Up routine.
During a Power-Down or Power-Fail sequence, BPOK H is negated first,
causing a Power-Fail trap. The processor then executes the program
located at the trap vector address (24). When BDCOK H goes passive,
the processor asserts BINIT L. It should be noted that a proper
Power-Fail sequence will negate BDCOK H before restoring BPOK H.
BDCOK H must go passive to re-initiate the Power-Up sequence.

Processor Control Signal

The only signal in the bus system directly controlled by the operator
of the processor is BHALT L. This signal is asserted by a front panel
(PDP-11/03) switch or alternately by the BREAK key on the console ter-
minal. Pressing the BREAK key causes a framing error which asserts
BHALT L via the console serial line interface. When the front panel
Run/Halt switch is used to halt the processor, it must be reset to RUN
before the processor can proceed. However, pressing the console BREAK
key asserts BHALT L only as long as the key is depressed.

Processor Monitor Signal

The ability to monitor the Run/Halt state of the processor is provided
by the SRUN signal. The SRUN signal is asserted once each time the
processor performs a Machine Instruction Fetch. This signal 1is the
input to a circuit on the PDP-11/03 console that drives a RUN indica-
tor light.

Memory Refresh Control

All dynamic MOS memory modules which do not have self-contained re-
fresh capability must be refreshed via the system bus. A signal
called BREF L. is asserted during the addressing portion of the
BSYNC/BDIN transaction to differentiate between memory refresh and the
standard DATI bus cycle.

2.2.2 Memory

The memory component of Figure 2.1 may be implemented with either sem-
iconductor or magnetic devices. Each memory device has operating
characteristics which determine how it is to be used in a particular
system.

Most memory devices function as Read/Write memory and may be accessed
by either the processor or a DMA I/O device.
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2.2.2.1 Semiconductor Memory - Semiconductor memory may be classified
as either dynamic or static memory. The most familiar example of dy-
namic semiconducor memory is the 4K MOS Read/Write memory 1located on
the KDll-F LSI-11 processor module. Dynamic memory must be periodi-
cally refreshed in order for the memory to retain its contents.

Static semiconductor memory is also available as Read/Write memory and
doese refreshing. An example of this type is the 256

16-bit words of RAM found on the MRV11-BA UVPROM module. An addition-
al static semiconductor memory type is Read Only Memory. Read Only
Memory types are found on the MRV11-AA PROM module and on the MRV11-BA
UVPROM module. Both the PROM and UVPROM are non-volatile types; they
retain their contents even after power has been removed. The MRV11-AA
PROM module contains fusible link semiconductor memory devices whose
contents are established by special programming equipment. Once pro-~
grammed, the fusible 1link PROM contents can not be altered. The
MRV11-BA UVPROM is also programmed by special equipment. but its con-
tents can subsequently be erased by exposure to UV light, effectively
clearing the contents in preparation for re-programming with new data.

2.2.2.2 Dynamic Memory Refreshing - Three techniques are available to
satisfy the requirement for dynamic memory refreshing. These three
techniques are:

1. Processor Controlled Refresh
2, Direct Memory Access Refresh
3. Distributed Refresh

Processor Controlled Refresh is a feature available on the M7264
LSI-11 processor module. This refresh mode is normally disabled, but
can be enabled by removing the appropriate jumper on the module. When
enabled, a 600 Hz oscillator causes an internal interrupt. This in-
terrupt initiates the execution of a microprogrammed routine which re-
freshes all dynamic memory devices used in the system. The refresh
routine performs 64 BSYNC/BDIN cycles with BREF L asserted, occupying
the system bus for about 130 microseconds. When processor-controlled
refresh is employed, all dynamic memory mocules should have their
Reply During Refresh options disabled, except for the memory module
located farthest from the processor. This assures that the longest
bus delays will be compensated for during execution of the refresh mi-
croprogram. Note that this form of refresh 1is not recommended for
systems utilizing lengthy microprograms.

Direct Memory Access Refresh is performed by a DMA device and relieves
the processor of refresh responsibility. Examples of DMA refresh are
the REV11-A and REV11-C modules. The DMA refresh technique differs
from the processor-controlled method in that the memory modules are
refreshed one row at a time instead of all rows at once. Therefore
the DMA device controls the system bus for purposes of refresh for
only 1.3 microseconds at a time, thus eliminating the 130 microsecond
dead time inherent in the former method. Any user-designed DMA device
may also perform refreshing as long as proper sequencing and timing
assure that each row of memory is refreshed at least once each 2 mil-
liseconds or less.
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Distributed Refresh is the technique used by the MSV11-CD memory mo-
dule. This module is equipped with timing and sequencing circuitry
which performs refreshing for its own memory devices. - It refreshes
one row at a time every 25 microseconds and isolates itself from the
system during each row refresh. If the LSI-11 processor, or DMA dev-
ice, requires a memory access when the module is refreshing a row, the
memory module merely delays its response by returning the BRPLY L sig-
nal after the row refresh is completed. The relatively short, occa-
sional delays that occur with this technique are compatible with the
essentially asynchronous system bus data transactions.

The memory component of a specific LSI-1l machine may be composed of
more than one memory type to satisfy user requirements.

2.2.2.3 Magnetic Memory - Magnetic Memory is non-volatile, so it does
not require refreshing. Therefore, memory contents stored in magnetic
core are not lost during a power failure. Magnetic memory can main-
tain the information of a partially-executed program or routine when
power is removed so that the routine may continue to completion when
power is restored. A Power-Fail routine (which is initiated by the
processor Power-Fail trap) must save all volatile machine states
(e.g., the General Purpose Registers) in the magnetic portion of memo-
ry before power goes down (BDCOK H goes passive).

2.2.3 Input/Output Devices

The Input/Output devices connected to the LSI-1l system bus provide a
means for interfacing control and data information between the LSI-11
machine and the outside world. An example of an I/0 device which bi-
directionally passes both data and control is the DLV11l serial line
unit which connects to the console terminal.

2.2.3.1 Device Address Format - All Input/Output device locations on
the LSI-11 system bus are accessed 1in the same manner as memory.
Normally, each I/0 device has four sequentially-numbered word loca-
tions associated with it. These four locations provide for both con-
trol and data transfer between the processor and I/0 device according
to the following convention:

XXXXX0 Receive Control Status Register (RCSR)
XXXXX2 Receive Buffer (RBUF)
XXXXX4 Transmit Control Status Register (XCSR)
XXXXX6 Transmit Buffer (XBUF)

The Receive Buffer (RBUF) holds data which has been received from the
I1/0 device and which can be transferred to the processor or to memory.
The Receive Control Status Register (RCSR) contains control flags re-
lated to the device receive function. The Transmit Buffer (XBUF)
holds data which has been transferred to the 1/0 device for presenta-
tion to the outside world. The Transmit Control Status Register
(XCSR) contains control flags related to the device transmit function.
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2.2.3.2 Enabling Device Interrupts - Input/Output devices which sup-
port interrupt-driven I/0 transactions are equipped with an
interrupt-enabling mechanism which must be explicitly set by the pro-
cessor before the device can initiate an interrupt. The
interrupt-enabling mechanism is reset or disabled at Power-Up time by
the system initialization signal BINIT L.

2.2.3.3 DMA Transfer Restrictions - A Direct Memory Access (DMA) data
transfer is accomplished by the DMA device becoming master of the sys-
tem bus (which suspends LSI-11 processor I/0 operations). If the pro-
cessor 1is responsible for dynamic refresh, only single byte or single
word transfers are allowed to give the processor opportunity to exe-
cute a memory refresh routine. A long burst of DMA transfer could
cause the refresh period to delay beyond the 2 millisecond maximum al-
lowable time. If Processor-Controlled Refresh is not utilized, res-
trictions on DMA transfer are eliminated.

2.2.4 The LSI-11 Processor

The LSI-11 Processor module which appears in Figure 2.1 is presented
with greater internal detail in Figure 2.3. The three functional
areas are:

1. The Arithmetic Logic Unit
2. The general Purpose Registers

3. The Processor Control

2.2.4.1 Arithmetic Logic Unit - The Arithmetic Logic Unit (ALU) per-
forms the operations required for the machine instruction set.
Arithmeic operations employ two's complement number representation in
fixed point format. With the addition of the KEV1l EIS/FIS MICROM
(Extended/Floating Instruction Set), floating point arithmetic opera-
tions are also performed. Arithmetic and logical operations are exe-
cuted on both byte and word data. The results of ALU operations are
monitored by four Condition Code Flags (N,Z,V,C) which are part of the
Processor Status Word (PSW) register. The source and destination op-
erands which constitute the inputs to the ALU may be located in Gener-
al Purpose Registers, Memory, or Input/Output device registers.

2.2.4.2 General Purpose Registers - The General Purpose Registers are
located within the Processor and thus their contents are accessed
without the use of a system bus operation. The registers may contain
data or address information. Registers R6 and R7 are dedicated to
Stack Pointer (SP) and Program Counter (PC) use, respectively, and are
therefore associated with Processor Control. Both byte and word ad-
dressing is supported for registers RO through R5. Because of their
dedicated application, registers R6 and R7 allow word addressing only.
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LSI-11 Processor Detail

Figure 2-3
[ istiierocessor "i
| '
| REGISTER [RO] |
| REGISTER [R1] PROCESSOR I
| REGISTER [R2] ggzl.fm |
| | RrecisTeR (R3] P TR | ineurs
PROGRAM | OUTPUT MEMORY

I REGISTER [R4] CF?7UNTPER | DEVICES
i REGISTER [R5] [R7) : Swi |
| [ |
| |
| | |

v Yy v |
| SOURCE DESTINATION

OPERAND OPERAND |
| ¥ ¥

\/ I
| ARITHMETIC |
LOGIC [cCl
l UNIT |
L_%—l——l——_— ---J
< LSI-11 SYSTEM BUS >
MR-1016



THE LSI-11 MACHINE STRUCTURE

2.2.4:3 Processor Control - There are four main areas into which all
functions peformed by the Processor Control may be divided. These
four areas are:

1. Processor Control (Overall Control)
2. Machine Instruction Execution

3. Address Generation

4. System Bus Control

These four areas and their associated processor resources are illus-
trated in Fiqure 2-4. Overall Processor Control is determined by
(1) the status of the system power supply and (2) the operator.

In the PDP-11/03, the processor is informed of power supply status by
means of the BDCOK H and BPOK H signals (see Section 2.2.1.3). The
processor will cause either a Power-Up or a Power-Fail operation to be
performed in response to the status of these signals. BDCOK H and
BPOK H originate in the H780 power supply and their exact sequence and
timing details are contained in The Microcomputer Handbook. 1In gener-
al, BPOK H is the last signal to be asserted in a Power-Up sequence
and the first signal to go passive in a Power-Fail sequence. When
BDCOK H is passive, indicating the lowest state of the system power
supply, it asserts BINIT L and forces the microprocessor Control chip
to the Reset state. When the processor 1is in the Run state, the
change of BPOK H from active to passive will cause a Power-Fail trap
to be performed. The Power-Up mode is determined via jumper configu-
ration on the processor module. The means by which the Processor in-
terprets the jumper configuration and the power supply status signals
are further detailed in the control flow diagram of Figure 2.16-2 in
the Machine Operation section (Section 2.3).

Operator Control over the LSI-1l processor is achieved through two
means: (1) the state of the front panel Run/Halt switch and (2) Con-
sole ODT. Placing the Run/Halt switch in the Halt position causes a
Halt interrupt which passes control to the microprogrammed ODT rou-
tine. Once the processor has entered the Console ODT/Halt state, the
Run state may be reentered by operator execution of the "P" or "G"
commands. When the Run/Halt switch is in the Halt position and the
"P" command is repeatedly issued, single-step program execution is
achieved. A complete description of Console ODT is in The Microcom-
puter Handbook.

As shown in the Figure 2.4, the contents of the LSI-11 Processor
Status Word (PSW) register have been divided up and allotted to two
areas. The four ALU condition code flags appear in the Machine In-
struction execute sub-area and the Trace Trap and External Interrupt
Enable flags appear in the Trap & Interrupt Service sub-area. The
complete PSW, which the operator may access by either the "RS" ("$S")
Console ODT command or under program control via the MFPS or MTPS ma-
chine instruction, is illustrated in Figure 2.5. The four lower flags
are conditionally set as a result of any processor operation which
manipulates data in the ALU or moves data within the LSI-11 machine.

2-11
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Processor Control Functions

Figure 2-4
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Processor Status Word (PSW)

Figure 2-5
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Data moved between a memory location and a device register will affect
the condition codes as will the execution of an arithmetic or logical
operation. The specific condition code functions for each machine in-
struction are found in The Microcomputer Handbook. The Machine In-
struction Execute area performs the operations dictated by the fetched
machine instruction. All members of the LSI-11 Machine Instruction
Set may be classified in the three following groups:

1. Data Manipulation Instructions
2. Program Control Instructions
3. Processor Status Word Control Instructions
Data Manipulation instructions include all single and double operand
instructions with the exception of the PSW operators MFPS and MTPS.
All instructions in this group set or reset the ALU condition codes as
a result of the operation performed. None of the instructions in this
group can change the processor priority, PSW BIT 7, or the trace trap
enable, PSW BIT 4.
These instructions are listed below.
Single Operand
General: CLR(B), COM(B), INC(B), DEC(B), NEG(B), TST(B)
Shift & Rotate: ASR(B), ASL(B), ROR(B), ROL(B), SWAB
Multiple Precision: ADC(B), SBC(B), SXT
Double Operand

General: MOV (B), CMP(B), ADD, SUB
Logical: BIT(B), BIC(B), BIS(B), XOR

The KEV1l EIS/FIS (Extended/Floating Instruction Set) adds four fixed
point and four floating point instructions to the group.

Extended Fixed Point: MUL, DIV, ASH, ASCH
Floating Point: FADD, FSUB, FMUL, FDIV
The Program Control Instructions are divided into two sub-groups, de-
pending on whether the PSW contents are affected. The execution by
the processor of any instruction in the first sub-group has no effect
on the PSW contents. This sub-group includes all Branch,
Jump & Subroutine, and Miscellaneous instructions.
Branch: BR, BNE, BEQ, BPL, BMI, BVC, BVS, BCC, BCS
Signed Conditional Branch: BGE, BLT, BGT, BLE
Unsigned Conditional Branch: BHI, BLOS, BHIS, BLO
Jump & Subroutine: JMP, JSR, RTS

Miscellaneous: HALT, WAIT, RESET, SOB

2-14
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The second sub-group of Program Control instructions is executed 1in
the Trap & Interrupt Service area shown in Figure 2.4. These instruc-
tions can control every working bit in the PSW by moving a byte to the
PSW register from a vector location or from the stack.

Trap & Interrupt: EMT, TRAP, BPT, IOT, RTI, RTT

Processor Status Word Control Instructions exert direct control over
the PSW register contents. The condition code operators may be used
to set or clear any combination of the condition code flags. The NOP
instruction is also included here.

Condition Code Operators

Clear: CLC, CLv, CLzZ, CLN, CCC
Set: SET, SEV, SEZ, SEN, SCC
NOP

Two single operand instructions belong to this group because their ex-
ecution affects the PSW register contents.

Processor Status Word Operators

MFPS
MTPS

The MFPS (Move byte From Processor Status word) instruction transfers
the PSW register contents to the destination contained in the instruc-
tion. If the destination 1is mode 0, PSW BIT 7 1is sign extended
through the upper byte of the register. However, the movement of the
PSW contents through the processor to the destination will modify the
information in the PSW register according to the following rules.

N = Set if PSW Bit <7> = 1l; cleared otherwise
Z = Set if PSW<K7:0> = 0; cleared otherwise

V = cleared

C =

not affected

The MTPS (Move byte To Processor Status word) instruction transfers
the 8 bits of the source operand to the PSW register. All working
bits may be set or cleared, except the Trace Trap Enable (PSW Bit <4>)
which may only be cleared.

The LSI-1l machine instruction set contains four additional reserved
instruction groups which have no assigned mnemonic: 21R, 220-227,
075040-075777, 076000-076777.

The 21R opcode (where R is a 0 - 7) causes the contents of the 1inter-
nal temporary registers to be transferred to consecutive locations po-
inted to by the contents of register R. Register R is not restored at
the end of execution. The internal registers accessed by this in-
struction are illustrated in Figure 2.6, which also shows their rela-
tionship to the Processor Control Functions. This instruction is used
for diagnostic purposes only and belongs to the Data Manipluation
group listed above.
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Processor Control Functions (With Internal Registers)

Figure 2-6
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Machine-level execution of instructions in the range of 220-227 causes
control to be transferred to the microinstruction located at microad-
dress 3000 (in user control store). If control store is not present
(or if it is disabled) a reserved instruction trap through memory lo-
cation 10 will occur. (See the Microcomputer Handbook for a descrip-
tion of illegal instruction traps).

Instructions in the range 075040 through 075777 cause control to be
transferred to the microinstruction located at microaddress 3003 (in
user control store). If control store is not present (or if it is
disabled), a reserved instruction trap through memory location 10 will
occur.

The availability of Writable Control Store enables the user to design
unique Machine Instructions. These instructions are based on the
0767XX operation code assignment, as shown in Figure 2.7. The execu-
tion of this type of instruction causes control to be transferred to
microaddress 3001 where the microprocessor begins execution of the
user-microprogrammed routine. Note that all instructions of the
076XXX format transfer control to the same microlocation (3001), but
only opcodes 1in the range 076700 to 076777 may be utilized for user
instructions. The lower six bit positions may then be employed by the
user to differentiate between user instructions or to carry data to
the microprocessor.,

The Address Generation area serves both the 1Instruction Address and
Operand Address generation functions. Instruction addressing employs
dedicated register R7 as the Program Counter (PC) and increments the
counter by the number of word addresses required by the machine in-
struction currently under execution. Instruction addressing may also
be modified by Program Control instructions, Trap & Interrupt Service,
Power-Up routines, or by operator intervention through Console ODT.

Operand Address generation supports the eight General Purpose Register
addressing modes and the four Program Counter addressing modes for de-
terming the source and destination operands. Register R6, dedicated
to Stack Pointer use, is employed by the Operand Address generation
function, Trap & Interrupt Service operations, and by the
Jump & Subroutine machine instructions in the Program Control group.

2.2,5 The LSI-11 Writable Control Store

The User-Microprogrammed machine instruction format (illustrated in
Figure 2.7) transfers control to the user control store area (Writable
Control Store). The user control store area is composed of random ac-
cess Read/Write semiconductor memory which contains the
user-programmed microinstructions to be accessed by the LSI-11 micro-
processor. The interconnection between the LSI-11 processor module
and the Writable Control Store (WCS) module is shown in Figure 2.8.
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User-Microprogrammed Machine Instruction Format

Figure 2-7
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Figure 2-8
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The WCS module is connected to the LSI-11 machine in two ways:
1. LSI-11 System Bus

2. Micromachine Microinstruction Bus

2.2.5.1 LSI-11 System Bus Connection - This connection is established
by the printed circuit contact fingers which insert into the system
backplane. The WCS module contains 1024 24-bit microlocations which
may be read and written via Programmed I/O operations. The LSI-11
system bus interconnection and WCS module control and data registers
are detailed in Chapter 6.

2.2.5.2 Microinstrucion Bus Connection - The connection between the
LSI-11 processor control area and the WCS module is established by a
special MicrolInstruction Bus (MIB) cable. The third MICROM socket on
the LSI-11 module (E32 on the M7264), which is usually occupied by the
EIS/FIS option, provides access to the MIB. The processor control
area sends microlocation address information to the WCS module and the
contents of the selected location are returned for use by the micro-
processor as a microinstruction. The processor/WCS port is Read Only;
WCS memory contents can be read but not altered by the LSI-11 proces-
sor via this port. The WCS memory performs the same function with
respect to the micromachine as do the MICROMs located on the LSI-11
module. The details of microinstruction access are contained in
Chapter 3.

2.3 MACHINE OPERATION

2.3.1 Basic Machine Cycle

The basic machine cycle in its simplest form is a repeating sequence
of Fetch Machine Instruction - Execute Machine Instruction operations
as illustrated in Fiqure 2.9. The Fetch operation requires one DATI
(Data-In) bus cycle and the Execute operation may require one or more
bus cycles as determined by the instruction being executed.

2.3.1.1 Bus Error Trap - Implemented with the basic machine cycle is
the system bus error trap mechanism, which aids the processor in re-
covering from a system bus error. A bus error occurs whenever the
processor addresses a memory (or device) location which does not exist
on the system bus or which does not respond due to a malfunction. The
bus error trap is initiated by a timeout sequence which is implemented
in the processor bus control circuitry. The bus error condition oc-
curs when no memory or device response is received within 10 microse-
conds after initiating the bus cycle.
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Basic LSI-11 Machine Cycle

Figure 2-9
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A bus error can occur for the Fetch DATI bus cycle as well as for any
bus cycles performed during the Execute operation. The trap which
responds to the bus error causes the processor to push the Program
Counter (PC) counter and Processor Status Word (PSW) values onto the
stack and to load new values from the trap vector locations (10 and
12). The vector addresses contain the new PC and the new PSW. When
these operations have been completed, the processor will fetch its
next instruction from the location pointed to by the new PC. However,
it is also possible that a fetch from the memory location pointed to
by the stack pointer will also cause a bus error, resulting in a dou-
ble bus error condition. The processor response to this condition Iis
to enter the Halt state. The single and double bus error trap opera-
tions are illustrated in Figure 2.10.

2.3.1.2 External Interrupt - The basic Fetch-Execute machine cycle
can be modified to allow an external event to gain control of the pro-
cessor, as illustrated in PFigure 2.11. Once the -execution of a
fetched machine instruction is completed, control passes to a decision
path which interrogates the machine interrupt status. If an interrupt
is pending, the processor action is nearly identical to that caused by
the trap (the current PC and PSW values will be pushed on the stack
and new values loaded from the interrupt vector). The interrupt vec-
tor may be automatically known to the processor (as in the Event in-
terrupt case) or the processor can obtain the vector from the inter-
rupting external device (see Section 2.2.1.2).

When the PC and PSW contents are replaced, control is returned to the
interrupt decision. This control flow enables the creation of an in-
terrupt (and trap) priority structure that determines which one of a
number of simultaneously active 1interrupts 1is to receive service.
Note that the granting of service to external device interrupts is
still dependent upon electrical bus position relative to the proces-
sor. Since control is always returned to the top of the decision
path, all interrupts are assured of service, in order of decreasing
priority, before normal program execution resumes.

2.3.1.3 Combined Trap and Interrupt Cycle - Because of the similarity
between the interrupt and trap operations, a single microprogrammed
routine implements the required functions. The vector information is
stored in an internal register before the routine is entered. An ad-
ditional flag internal to the processor indicates the double bus error
condition (see Section 8.9). The combined interrupt and trap control
flow diagram is illustrated in Figure 2.12.
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Single and Double Bus Errors

Figure 2-10
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External Interrupt and Bus Error Trap

Figure 2-11
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Combined Interrupt and Trap Operations

Figure 2-12
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2.3.2 Complete Machine-Level Operating Cycle

The essential principles of the control flow configuration illustrated
in Figure 2.12 may be summarized as follows:

1. The untrapped, uninterrupted machine cycle is a repeating se-
qunce of Fetch Machine Instruction - Execute Machine Instruc-
tion operations.

2. The trap facility allows the processor to recover from a
(single) bus error condition.

3. The control flow configuration of the interrupt and trap op-
erations, in conjunction with the hardware stack, implements
the interrupt priority hierarchy.

These principles are also apparent in Figure 2.13, which illustrates a
more exact machine-level control flow diagram. The complete diagram
must detail the transfer of control between the machine and microma-
chine 1levels and is presented in a later section. Figure 2.13 illus-
trates the Fetch-Execute-Trap/Interrupt machine cycle which is suffi-
cient for conventional machine level programming. It shows the loca-
tion in the control flow of the Trace Trap Bit (PSW BIT <4>), and the
External Interrupt Enable Bit (PSW Bit <7>). Also shown are the two
paths to the Console ODT/Halt state as well as the two paths which
leave ODT and re-enter the Fetch-Execute cycle of the Run state.

2.3.2.1 Run/Halt Portion - The Run/Halt portion of Figure 2.13 is ex-
tracted and illustrated in Figure 2.14. The two means of entering the
Halt state are: (1) the execution of the HALT machine instruction and
(2) the assertion of the Halt interrupt. The latter is asserted via
the bus control signal BHALT L by setting the front panel Run/Halt
switch to Halt or by pressing the console terminal BREAK key. The PC
contents are printed on the terminal immediately upon entering the
Halt state. This gives the location of the next instruction to be ex-
ecuted. Either the "P" or "G" commands may be entered by the operator
at the console terminal. Entering the "P" (PROCEED) command passes
control directly to the Machine Instruction Fetch operation. The "G"
(Go) command loads a new PC value (nnnnnnG) and zeroes the PSW (which
enables external interrupts) before passing control to the Machine In-
struction Fetch operation.

2,3.2,2 Trap/Interrupt Portion - The Trap/Interrupt portion of
Figure 2.13 is extracted and illustrated in Figure 2.15. The Trace
Trap has the highest machine-level priority and affects control flow
before any external event. The Trace Trap uses the same vector value,
(014), as the Breakpoint Trap (BPT) instruction. The hardware Trace
Trap, implemented via PSW BIT 4, and the software Trace Trap, imple-
mented via the execution of the BPT instruction, are used to support
program debugging.
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Complete Fetch-Execute-Interrupt Cycle

Figure 2-13
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Run Halt Portion of Machine Cycle

Figure 2-14
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Interrupt and Trap Portion of Machine Cycle

Figure 2-15
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The External Interrupt Disable (PSW Bit <7>=1) can divert control flow
around Event and device interrupts. When enabled, the Event inter-
rupt, asserted via the bus signal BEVNT L, will receive service before
any device interrupts. All external devices having interrupt capabil-
ity assert the same interrupt request line, BIRQ L. Interrupt priori-
ty external to the processor is determined by the position of the mo-
dule in the LSI-11 backplane.

2.3.3 Complete Machine-Micromachine Operating Cycle

The complete control flow diagram which makes apparant the transfer of
control between the machine and micromachine levels is illustrated in
Figures 2.16-1 and 2.16-2. A greater number of machine instruction
examples are used to represent the decisions made during the Execute
Machine Instruction operation of the basic machine cycle. Many of the
examples used demonstrate the internal sharing of the microprogrammed
Trap/Interrupt service routine.

2.3.3.1 Bus Error Processing - The entry point at the top of the
Power-Up decision flow in Figure 2.16-2 is the result of a hardware
reset in the case of a bus error. A wait state occurs due to an un-
responding bus device, but the wait is terminated by a 10 microsecond
timer on the LSI-11 CPU module that resets the microprocessor. When
reset, the microprocessor begins executing microinstructions at micro-
location 0001. The FDIN (Fast Data-In) operation is used to to deter-
mine how control flow arrived at that entry point, either by bus error
or by Power-Up. If a bus error was the cause, only one of the 6 pos-
sible bus error types will result in a trap through vector location
004. The first possible bus error is used by a microprogrammed ODT
routine to determine memory size (Boot Self-Size). The second bus
error type occurs when the operator attempts to examine (using Console
ODT) a memory or device register which does not respond. 1In this
case, control is returned to a point within the ODT microcode and a
"?" is printed on the console terminal. The next three bus error
types are regarded as fatal and result in a processor Halt. These er-
rors occur (1) when an interrupting device does not return a vector,
(2) when a microprogrammed refresh does not receive a reply, or
(3) when a double bus error occurs.

2.3.3.2 Trap/Interrupt Processing - The Trap/Interrupt decision flow
indicates the priority with which the micromachine interrupt register
is interrogated. This internal micromachine interrupt register is il-
lustrated 1in Figure 2.17. Of the seven interrupts, four are external
and three are internal. An internal interrupt in this context is one
which can be set or reset only under microprogram control.
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Complete Machine-Micromachine Control Flow Diagram

Figure 2-16-1
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Complete Machine-Micromachine Control Flow Diagram

Figure 2-16-2
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Micromachine Interrupt Register

Figure 2-17

06 05 04 03 02 01 00

LISTED IN ORDER OF DECREASING PRIORITY

I6:
I0:
I4:
I5:
I5:
I2:
I3:

INTERNAL
EXTERNAL
INTERNAL
EXTERNAL
INTERNAL
EXTERNAL
EXTERNAL

TEST FOR EXTERNAL INTERRUPTSI20R I 3

DYNAMIC MEMORY REFRESH

TRACE TRAP BIT (PSW BIT-4)

POWER-FAIL/HALT INTERRUPT

ENABLE EXTERNAL INTERRUPTS | 2 AND | 3 (COMPLEMENT OF PSW BIT-7)
EVENT INTERRUPT

DEVICE INTERRUPT

MR-1032



THE LSI-11 MACHINE STRUCTURE

The highest priority interrupt is I6 which is used only at the micro-
machine level to determine whether an external interrupt
(I2: Event, I3: Device) is pending. This facility enables a 1lengthy
microroutine to abort execution and grant interrupt service to the
external Event or Device interrupts only. If I2 or I3 1is asserted,
while I6 is enabled, control is transferred to microlocation 3004 from
any microinstruction which has the RSVC bit (bit <17>) set to a "1"
after the next subsequent microinstruction is executed (only if nei-
ther one of the microinstructions is a Jump or Return from Subroutine
microinstruction). The Refresh interrupt (I0) has the highest priori-
ty of all interrupts external to the micromachine. When enabled via a
jumper on the LSI-11 processor, I0 is asserted every 1.6 milliseconds.
This interrupt is usually transparant to the machine-level operation
of the processor.

The refresh (RFRSH) operation which follows I0 has control transfer
links to the WAIT (WAT) machine instruction, to the FDIN-POK sequence
and to the ODT/Halt routine. These links exist by means of special
translations which are implemented in the microprocessor Control chip.

The Trace Trap Bit (I4), the External Interrupt Enable Bit (I5) and
the two external interrupts, Event (I2) and Device (I3), are unchanged
from their representation in Figure 2.15, However, the external Halt
interrupt shown 1in the earlier figure is shared with the Power-Fail

function (PFHALT). The micromachine employs a Fast Data-In operation
to determine which event has occured.

The Trap/Interrupt priority structure is the composite result of the
internal micromachine interrupt register priorities, the micropro-
grammed Power-Up and bus error routines, and the over-all control flow
configuration. The combined priorities may be ordered as follows:

1. Bus Error Trap

2. External Interrupt Test (16)

3. Memory Refresh

4. Machine Instruction Traps
. Hardware Trace Trap
. Halt Line
7. Power-Fail Trap

8. Event Line Interrupt

9. Device (Bus) Interrupt Request
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2.3.3.3 Power-Up Processing - If the top decision 1in the Power-Up
flow determines that no bus error occured, a Power-Up routine begins.
The first event is to issue an initialization signal on BINIT L and
then wait for bus power to come up (BPOK H active). If enabled, dy-
namic memory refresh will also occur in this sequence. When bus power
arrives, the module jumpered Power-Up option is accessed by the micro-
processor through the FDIN operation and performed. The four possible
Power Up modes are listed below:

MODE O

The PC and the PSW are loaded from locations 24
and 26, respectively, and machine execution be-
gins. If BHALT L is asserted, control will be
returned to Console ODT/Halt.

MODE 1

Control passes immediately to Console ODT/Halt.

MODE 2

The PC is loaded with 173000, the PSW with 200
(External Interrupts Disabled), and machine ex-
ecution begins. As in MODE 0, the processor
will halt before the first instruction is exe-
cuted if BHALT L is asserted.

MODE 3 Control immediately goes to microlocation 3002,
the control store entry point for a
user-microprogrammed bootstrap routine. The
status of BHALT L has no effect on this control
transfer. If control store does not exist at
that microaddress, a trap to vector location 10
occurs.






CHAPTER 3

THE LSI-11 MICROMACHINE STRUCTURE

3.1 GENERAL

The LSI-11 processor illustrated in Figure 2.3 is implemented with a
Large-Scale-Integration (LSI) microprocessor which is microprogrammed
to emulate the PDP-1l architecture. Emulation is the technique where-
by the general resources of the microprocessor are made to serve as
the specific architectual components (GP registers, 16-bit ALU, etc.)
of the LSI-11. This chapter contains a detailed description of the
microprocessor which is made up of the Control chip, the Data chip,
and one or more 40-pin MICrocode Read Only Memory (MICROM) chips.

For the purposes of microprogramming, it is useful to view the Control
and Data chips as a single microprocessor. The major interconnection
path between the two chips is the MicroInstruction Bus (MIB). In ad-
dition to providing a common bus for the micromachine instructions,
the MIB is also time-multiplexed to provide auxilliary control paths
between the Data, Control, and MICROM chips.

3.2 THE MICROPROCESSOR

The complete microprocessor is illustrated in Figure 3.1. There are
several similarities which may be drawn between this illustration and
Figure 2.3 (LSI-1l Processor). Both figures contain a register file
and an arithmetic logic unit; there is also a memory component evi-
dent in both figures. (Figure 2.3 contains the system memory while
Figure 3.1 contains the MICROMs). However, the programs contained in
the MICROMs (along with the translation array) efficiently organize
the resources of the microprocessor to emulate the machine-level ar-
chitecture shown in Figure 2.3. An example of the differences in the
two architectures may be seen in the register files. All six of the
general purpose registers in the LSI-1ll processor are 16-bits wide and
support both byte and word addressing. However, the register file in
the microprocessor is composed of 26 8-bit bytes which support a com-
bination of direct and indirect addressing techniques. The micropro-
cessor register labels correspond to the six general purpose regis-
ters, the stack pointer, the PC, and the five internal registers indi-
cated in Figure 2.6.

There is a master control section in Figure 3-1 which is roughly anal-
ogous to the processor control section in Figure 2.3. All microma-
chine instructions, whether fetched from MICROM or from the WCS
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module, are loaded into the microinstruction register for execution at
the micromachine level. The two Data/Address (DA/ADR) registers, the
two Translation (TR) registers and the Interrupt (INT) register pro-
vide register 1interface and buffer functons between the micromachine
and the world of the LSI-1l1 system bus. To complete the analogy with
Figure 2.3, the LSI-11 system bus 1is to the microprocessor as the
Input/output devices are to the LSI-1l1 processor.

Figure 3.2 provides an overview of microprocessor operations. The
figure 1is 1in the same format as Figure 2.4, (Processor Control Func-
tions). The Compute and Reset controls and the Microlocation Address
Generation functions are discussed 1in Section 3.3.2. The Microin-
struction Execution functions are discussed in Section 3.3.1.

3.3 MICROPROCESSOR PARTITIONING

Microprocessor partitioning is illustrated in Figure 3.3. All chips
within the micromachine (Control, Data, MICROMs) receive a four-phase
micromachine clock from the LSI-11 circuitry. The 22-bit microin-
struction bus provides a communication path between all micromachine
elements. Sixteen lines of the MIB are common to all three chip
types, while MIB<16> and MIB<17> are connected only between the MICROM
chips and the Control chip. The last four 1lines, (MIB<21:18>) lead
directly from the MICROM chips to the TTL control logic on the LSI-11
module. The TTL control logic is composed of the Bus Transceivers and
Interface Logic shown in Figure 3.1. The operation of this logic is
detailed in The Microcomputer Handbook. The signal paths and control
functions on the LSI-1l1 system bus side of this logic were discussed
in Chapter 2. The connections on the micromachine side are listed in
Figure 3.4.

The Special Control Functions which are generated by the 4 highest MI-
CROM bits (MIB<21:18>) are distributed to the two major logic areas as
listed in Figure 3.5.

3.3.1 Microprocessor Data Chip

The components of the microprocessor which are implemented in the Data
chip have been extracted from Figure 3.1 and are illustrated in
Figure 3.6. The Data chip is connected to the sixteen lowest lines of
the Microinstruction Bus (MIB<15:00>) and to the WAIT signal. The
Data chip access to the LSI-1l System Bus is provided by WDAL<07:00>
and WDAL <15:08>, Microinstructions fetched from MICROM are loaded
into the Microlnstruction Register (MIR) for execution by the Data
chip. The MIB also provides a signal path back to the Control chip
for conditional jump instruction results. The 16 WDAL lines provide
bidirectional access to the LSI-11 system bus lines, BDAL L<15:00>.
The output path of the WDAL lines is buffered by the two Data/Address
Registers, DA/ADR RO and DA/ADR R1l, which hold the output data or ad-
dress information for the LSI-11 bus drivers.
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Microprocessor Control Functions

Figure 3-2
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Microprocessor Inter-Chip Wiring Detail

Figure 3-3
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Interface Logic Reference Chart
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Special Control Function Distribution Chart

Figure 3-5
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Microprocessor Data Chip Detail

Figure 3-6
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The major elements of the Data chip are:
1. Microinstruction Register
2. Register File and Indirect Addressing Register
3. Arithmetic Logic Unit

4. Status Bit/Condition Code Flag Register

3.3.1.1 Microinstruction Register - Micromachine instructions deliv-
ered to the Data chip are loaded into the MIR for execution. The por-
tion of the MIR contained in the Data chip is only 16 bits wide, re-
flecting the fact that only MicroInstruction Bus lines MIB<15:00> are
connected to the Data chip. There are four types of microinstruction
opcode formats, as listed below: ' '

1. Jump Format

2. Conditional Jump Format
3. Literal Format

4. Register Format

The Jump Format is illustrated in Figure 3.7. The opcode (0) occupies
bits <15:12> and the jump address is contained in bits <10:00>. A JMP
Microinstruction can transfer micromachine control to any of the 2048
microlocations addressable within the control store.

The second of the two possible Jump format instructions is determined
by bit <11> of the microinstruction. When bit <11> is a 1, the micro-
instruction executes a Return From Subroutine (RFS) operation. The
LSI-11 microprocessor supports only one level of subroutine at the mi-
croprogramming level.

The .Conditional Jump Format is shown in Figqure 3.8. A conditional
jump microinstr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>