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1. Introduction

The PDP-11/40E was developed at Carnegie-Mellon University because no
commercially available machine could meet pressing needs for a processor that could
both support user microprogramming for specialized applications and etfectively
emulate the standard PDP-11 instruction set and 1/0 structure. The PDP-11/40 was
available, however; it was implemented on a microprogrammable processor and, in
addition to its read-only control store, had room in the processor for an extended
control store. The PDP-11/40E is a standard PDP-11/40 processor that has been
extended to include the following features:

1. 1024 words of writable microprogram contro! storage. This is in addition to
the 256 words of read-only storage in the basic PDP-11/40 processor. Each word is
80 bits wide in the writable control store.

2. A general PuUrpose mask-shift unit. It can be used either to assist the PDP-
11/40%s basic ALU in the manipulation of data or to extract arbitrary fields from words
for branch control in the microprogram, ‘

3. A subroutine facility at the microprogram level,

4. A 16-bit literal field to assist in the generation of masks and constants,

5. A 16 word stack for temporary variables and microsubroutine return
addresses.

1.1 Design Objectives and Constraints

There were several major design considerations that influenced the design of
the writable control store option for the PDP-11/40:

A) Compatibility Requirement with the Basic PDP-11/40 Processor
L. Fit all additional hardware into the basic PDP-11/40 hardware
cabinet with minimum of modification to the basic processor, its
Power supply, and cooling; limit added hardware to approximately
120 integrated circuit pachages.

2. Ability to run the standard PDP-11 emulator in the writable
control store.

3. Retain the basic ctycle times of the standard processor,
B}  Writable Control Store Requirements

1. Must easily be read and written under microprogram control.
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2. Should be addressable as 16-bit memory, usable as a scratchpad
memory.

3. The size of the control store should be large enough to hold the
entire emulator of a sophisticated machine architecture.

C) General Emulation Requirements

1. General field extraction rather than built in extraction of fields
peculiar to the PDP-11 instruction set.

2 Q@eneral branch table jumping based on arithmetic rather than
built in combinatorial logic peculiar to the PDP-11 instruction set.

3. Subroutine linkage mechanism for convenient coding of large
microprograms,

4. Arbitrary constants for arithmetic and addressing.
5. Convenient impiementation of multiple precision arithmetic.

These features have been added to the PDP-11/40 with an absolute minimum
modification to the PDP-11/40 and are included in the processor by preempting the
space that had been reserved in the processor for the extended instruction set (EIS)
and floating point instruction set (FIS) options. Both EIS and FIS options have been
reprogrammed for the writable control store and hence are still available on the PDP-
11/40E by loading their microcode into the control store. The only other modifications
to a standard PDP-11/40 are minor and are detailed in the PDP-11/40E Engineering
Documentation [CMU78). The writable control store has no atffect on the other options
available on the PDP-11/40; i.e. memory management, stack limit register, maintenance
console, and the line frequency interrupt clock.

1.2 Synopsis

This reference manual begins in the next section with & complete description of
the PDP-11/40E microprocessor. All the registers, multiplexors, data paths and control
lines available fo the microprogrammer are described. For details of the
microprocessor concerning implementation, installation, and maintenance questions see
[CMU75B]).  Section 3 describes MICRO/40, a cross-assembler for the PDP-11/40E
microprocessor, which runs on a DECsystem10. It includes a macro facility, compound
statements, and assignment statements. Although these features have been added to
assist the programmer, an important principle of MICRO/40 is that it allows a
programmer to construct any microinstruction (however barogue). This is an essential
feature in thorizontal’ microprocessors such as the PDP-11/40E it we are to write
efficient emulators for varying machine architectures. Section 4 discusses the
simulator of the PDP-11/40E microprocessor which is also available on the
DECsysteml0. The simulator’s primary purpose is to provide a reasonable debugging
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environment  for microprogram  development. Section 5  discusses the
microprogramming techniques used at CMU and describes some of the idiosyncracies
that characterize the PDP-11/40E. The tinal section includes a number of examples to
illustrate the various features of the PDP-11/40E and MICRO/40. Appendix A gives a
definitive description of the microinstruction fields and their use. Following this comes
Appendix B: the MICRO/40 version of the standard POP-11 emulator residing in the
250 words of read-only memory in the standard microprocessor. The MICRO/40
version of the PDP-11 emulator is a good starting point for alterations, as opposed to
extensions, of the PDP-11 instruction set. version of the PDP-11 emulator as a
starting point. Appendix C lists the bootstrap PROM used at CMU during the summer
of 1975.

The following DEC documentation may be of assistance in the use of the PDP-
11/40E:

KD11-A Processor Maintainence Manual. DEC-11-HKDAA-A-D (1972). This
manual describes the standard PDP-11/40 (i.e. the KD11-A) at the same level of detail
that the PDP-~11/40F is described in this manual, It also includes a detailed discussion
of the 256 word PDP-11 emulation program. The KDI11 Processor Engineering
Drawings are frequently referenced by the KD11-A Processor Maintainence Manual
and should be available when using this manual.

POP-11/40 Processor Handbook, (1872), This is the general reference manual
for the PDP-11/40 system as seen by the PDP-11 programmer. Afthough it has no
information on the POP-11/40 microprocessor, it is the definitive document on the
PDP-11 architecture as it has been implemented on the PDP-11/40. The handbook
also contains an introduction to the Unibus and describes the functions of all the
standard internal processor options of the PDP-11/40.

PDP-11 Peripherals Handbook. (1975). This is the best source of information on
the theory and operation of the Unibus.

KEL1-E and KE11-F Instruction Set Options Manual, DEC-11-HKEFA-A-D (1973),
Describes the standard EIS and FIS option. Chapter 4 provides a concise summary of
the basic KD11-A processor and may be of use to the PDP-11/40E microprogrammer
for this reason,

PDP-11/40, 11/35 System Manual. DEC-11-H405A-B-D (1974). A general
introduction to the standard PDP-11/80 system, including the installation, operation,
and programming of the PDP-1 1. 1t is of limited use to the microprogrammer,

In addition to these DEC publications, we refer interested readers to a recent
book by Andrew Tanenbaum, Structured Computer Qrganization, Prentice-Hall, 1976,
which discusses the standard PDP-11/40 microprocessor.
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2. Hardware Description

2.1 The Basic PDP-11/40

The basic PDP-11/80 * consists of a horizontal microprocessor with a

microinstruction 56 bits wide ** . Almost 256 instructions are necessary to implement
the standard PDP-11 instruction set. Some of the internal register and data paths are
general in nature and would be used in any 16 bit processor. But some areas,
particularly instruction decoding, were implemented specifically for the PDP-11
instruction set and are not of a general purpose nature,

The register-transfer block diagram of Figure 2.1 {see the end of section 2) is
discussed below in three major funetional groupings: interface, data paths, and
microprogram control. All of the components in each of these segments are covered in
detail in sections 2.1.1 through 2.1.3. In addition, Table 2.1 contains a listing of all
components on the block diagram and includes a brief physical description as well as
related inputs and outputs. This abbreviated summary can be used as a quick
reference once the more detailed description of the block diagram is understood, or it
can be used for a quick overview of the KD11-A processor by those who are already
tamiliar with PDP-11 processors and microprogramming techniques.

2.1.1 Interface Logic

The first section of the processor shown in the block diagram is the interface
logic which is used to interconnect the KDi1-A processor with other components of
the PDP-11/40 System such as the programmer’s console, Unibus, etc. Each of the
functional blocks shown on the interface portion of the block diagram is covered in the
following subsections.

T e e e

* Much of section 2.1 of this reference manual was adapted from the KD11-A
Processor Maintainence Manual[1972], a publication of Digital Equipment Corporation.
The material in this section is the sole responsibility of Carnegie-Mellon University. For
more complete information on the basic PDP-11/40 microprocessor, refer directly to
the KD11-A Processor Maintenence Manual.

*¢ Throughout this manual, the term microprocessor denotes any microprogrammable
processor. We do not imply the use of LSI microcomputer technology as in the LSI-11
processor
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21.1.1 KY11-D Programmer’s Console

The KY11-D Programmer’s Console is an integral part of the PDP-11/40 system
and provides the programmer with a direct system interface. The console allows the
user to start, stop, load, modity, or continue a program. Console displays indicate data
and address flow for monitoring processor operations, The console logic that is
considered to be a part of the processor interface section includes the switch register,
the data display, the address display, and the console control. Ali functions of the
KY11-D console are implemented with microcode routines,

The switch register is located on the KY11-D console and consists of the
manually-operated switches gated through drivers to the Unibus. The microprogram
addresses the switch register during console operation and, decoding the address,
enables the driver gates, which place the value set in the switch register onto the
Unibus. '

The data display indicates the output of the processor data multiplexer which
gates information from a variety of sources within the processor, and also gates data
from the Unibus. The display consists of indicator lights, mounted in the programmer’s
console, that are connected to the processor by cables. The output line of the data
multiplexer (D MUX <15:0>) always controls the display. However, since the
multiplexer can select multiple inputs onto the output line, information can be displayed
from a variety of sources.

The address display indicates the contents of the processor bus address
register (BA register). Note that there is no multiplexing involved with the address
display which was the case with the data display. Although it is possible to load
specific data into the bus address register for different situations arising in the logic
flow, the contents of the bus address register is always shown by the address display.

The console control logic is associated with the programmer’s console
operational switches that provide such manua! functions as START, HALT, LOAD
ADDRESS, EXAMINE, DEPOSIT, and CONTINUE. Primary console control is handled by
the processor by means of both the microprogram and combinational logic flag flip-
flops. The microprogram senses switch activation and branches to the specific routine
required, depending on which switch has been used. The flags accommodate the
special needs of the START and CONTINUE switch sequences as well as the
incrementation requirements of consecutive EXAMINE or DEPQSIT seguences.

2.1.1.2 Unibus Timing and Control

The Unibus timing and control logic provides the required processor regulation
of the Unibus, controls data transfer functions, bus ownership functions, and other
miscellaneous functions. The control logic includes drivers and receivers for Unibus
signal lines as well as timing and priority logic. Combinational logic, pulse circuits, and
discrete flip-flops provide contro! for data transfers (DAT] DATIP, DATO, DATOB)
between the processor and the bus with associated error checking (odd address, stack
overflow) and correction (data time-out). The logic also provides the gates and signals
needed for the processor to respond once it has been addressed from the bus.
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In addition to the data transfer function, the Unibus timing and control logic
provides the necessary control for bus ownership, transfer of bus ownership for non-
processor requests (NPPRs) and bus requests (BRs), and the time-out function for non-
response conditions. The logic also provides power fail timing related to BUS AC LO,
BUS DC LO, and BUS INIT signals. Combinational logic, which includes a number of one-
shot timing circuits, sequences these signals for power on and power off conditions.

The microprogram control interfaces directly with the Unibus timing and control
logic. The start or error checking flip-flops are loaded, either directly or conditionally,
from the microinstruction, Acceptance of bus data and the deactivation of MSYN occur
as a function of the next microinstruction after a DATI or DATIP transfer operation.
The processor transmits address and data information to the bus under control of the
microprogram. Note, however, that bus ownership, as well as the power fail logic,
operates asynchronously and is independent from the microprogram.

The interface portion of the Processor contains both bus transmitters and bus
receivers so that processor and Unibus signals are compatible. The outputs of the bus
address (BA) register, and the D register, the processor status (PS) register, and the
switch register all have individual sets of transmitters (drivers) to place their contents
on the Unibus. Inputs to the processor from the bus are gated through the bus
receiver to the D multiplexer which then routes the signals to the proper component
within the data paths.

2.1.2 Data Paths

The data paths portion of the KD11-A Processor manipulates, stores, and routes
data within the processor. The prime element of the data path logic is the arithmetic
logic unit (ALU) which operates, both logically and arithmetically, upon input data from
the interface portion of the processor, The ALU and all other components in the
processor data paths are described in the following paragraphs.

There are twenty-one major registers in the KD11-A processor. Sixteen of
these registers are implemented as an addressable ‘scratch pad’ memory, used for
temporary storage and implementing macro-program visible registers. The five
remaining registers are the B register, (an ALU input), the D register (the ALU output),
the BA register (the bus address), the PS register (the macro-processor status), and
the IR register (the macro-program instruction register),

or destination mode operand, or they are stored in a scratch pad register during
address calculations. In either case, the ALU receives a direct input from the BUS RD
<15:0> line. This input is referred to as the “A input." The characteristics of the
scratch pad register affect the data path structures in that only one address may he
accessed at a time and simultaneous read and write operations are not permissible. In
order to provide the two ALU operands (when both operands come from the scratch
pad register), it is hecessary to provide temporary storage. This storage is provided
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by the B register. The contents of the B register can be fed through the B multiplexer
into the B input of the ALU.

2.1.2.1 Data Paths, Multiplexers, and Registers

Since the A input to the ALU is from BUS RD<15:0>, it can supply operands from
the scratchpad registers, the PS5 word, or the processor extension. Further, since any
combination of these registers can be gated onto the BUS RD during execution of any
microinstruction, it is possible to OR the contents of several registers onto the BUS RD
lines, as shown by the dotted OR gates in Figure 2.1.

The B input comes from the B multiplexer (B MUX) which receives its input from
either the B constants or the B register. The B register, in turn, receives its input
from the D multiplexer which has four possible inputs. Therefore, the B input to the
ALU comes from a variety of sources with two levels of multiplexing. These various
inputs are discussed in the following paragraphs.

The four inputs to the D multiplexer are: Unibus data lines BUS D <15:0> {which
permits the processor to receive operands from other devices In the system), the BUS
RD <15:0> lines, the output of the D register {which permits the result of a previous
arithmetic operation to be used as an operand), and the right shifted output of the D
register.

The D multiplexer output can be stored in the B register which in turn can be
ted to the ALU by means of the 8 multipiexer. It should be noted that the BUS RO
signal can be fed through the D multiplexer into the B register. This data path is of
special interest in the machine instruction for the register-to-register cperations
where the B input of the ALU must come from the scratch pad register. For example,
if both desired operands are stored in the scratch pad register, the first operand
passes through the O multiplexer into the B register tor storage. Then the second
operand can be fed to the A input of the ALU while the first operand is fed to the B
input by means of the B multiplexer.

The B constants, which are applied through the B multiplexer to the ALU,
provide elementary values (such as 1 and 2 for incrementing or decrementing
scratchpad registers). They also provide other vaiues such as the switch register
address, more complex constants such as trap vectors or masks for manipulating
instruction offsets, and the conditional constants which are a function of machine status
and jumper selection. Thus, they are not truly ‘constant’,

The B input to the ALU can be either the B constants value or one of four
possible functions of the B register:

B register: the contents of the register are applied directly to the ALU.
B extend: the B register contents are gated so that B<7> (MSB of the low-

order byte) provides sign extension for the high-order byte. Note
that in this case the value in the high-order byte is either all 1s or
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all Os depending upon B<7> of the B register. The low-order byte of
the B register is applied directly to the ALU.

Byte duplication: either the low-order byte or the high-order byte may be
duplicated. Therefore, the B input of the ALU equals either B <15:8>
concatenated with B <15:8> or B <7.0> concatenated with B <7:0>.

Byte swapping: the high-order and low-order bytes are exchanged.
Hence, the B input of the ALU equals B <7:0> concatenated with B
<15:8>,

2.1.2.2 Arithmetic Logic Unit

The arithmetic logic unit (ALU) is the heart of the data path logic. It performs
16 Boolean operations and 16 arithmetic operations on two 16-bit words, The ALU is
controiled by six input signals. One signal (ALUM H) selects either the logic or
arithmetic mode of operation, Four signals (ALUSO through ALUS3) select the desired
function. The sixth signal is the output of the carry (CIN} logic. Basically, the ALU
receives two 16-bit words as inputs (AIN and BIN} and performs the operation
selected by the six contro! signals. The output of the ALU is used for Unibus
addresses and dafa, and internal processor registers such as the scratch pad register
or the processor status register. The output of the ALU is stored in the D register
and/or the BA register for use in subsequent microinstructions,

Operation of the ALU is also determined by the carry-in (CIN logic) and carry-
out (COUT MUX) signals. The carry-in signal does not come directly from the
microprogrammed word, but is a function of the microprogrammed word and the
conditions (usually the instruction register) that are enabled at specific locations in the
microprogram flow.

The PS(C) signal is the carry bit from the processor status register. The signal
selected by the COUT MUX is ciocked into an extension of the D register which is
called D(C). This storage extension is used in rotate/shift operations and In certain
arithmetic operations,
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2.1.2.3 Decoding

The address and data decoding logic is a combinationa! logic network that
decodss the output of both the D and BA registers. When the D register output is
decoded, the decoder senses whether or not the output (for both byte and word
segments) is zero (D <15:0> = 0). The BA (bus address) register is decoded to
determine if a ‘processor address’ has occurred, or if the address Is less than specified
values. 1t should be noted that the decoding logic decodes the BA register and not the
Unibus address. A ‘processor address’ is the Unibus address of the internal registers
of the processor. If the decoded address is the address of the PS register (Unibus
address 1777786) or the console switch register (177570}, then either PS5 ADRS H or SR
ADRS H is true. If the decoded address is less than the specified value when using the
macro stack pointer, then a stack overflow viplation may occur and BOVFL signal is
true. Stack limit errors are either yellow zone (warning) or red zone (fatal)
indications,

2.1.2.4 PS Register

The processor status (PS) register is an 8-bit register that stores information of
the macro processor; it includes the current priority of the processor (bits <7:5%), the
‘result of the previous operation {condition codes bits N,Z,V,C), and an indicator for
detecting the execution of an instruction to be trapped during program debugging (T
bit). The status register is located between the two primary data paths: D MUX <15:0>
and BUS RD <15:0>, The register is loaded tfrom the D MUX. The condition codes
control logic provides other inputs to the N,ZV, and C bits. The register output is
either gated directly onto the Unibus (in cases where the processor has addressed the
PS register as an absolute Unibus address) or is gated onto the BUS RD <15:0> line for
use by the processor data paths. This latter case is used, for example, by the
condition code instructions which alter the contents ot the processor status register.

2.1.25 Register REG

The 16 internal processor registers are referred to as the "scratch pad
register”. Eight of these are macro programmable general registers which include the
program counter (PC) and stack pointer (SP). In the KD11-A processor, the additional
eight registers (not accessible to the program) are used tor a variety of functions.
Such functions inciude: intermediate address (TEMP), source and destination data
(SOURCE, DEST), a copy of the instruction register, (IR}, the last interrupt vecior
address (VECT), registers for console operation (TEMPC,ADRSC), and a stack pointer
for operation of the KT11-D Memory Management Option (SP USER).

In summation, the data path logic is the fundamenfal gection of the processor
and performs data storage, modification, and routing functions. The other two sections
of the processor (interface and control) exist primarily to support the data path logic.
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2.1.3 Control Logic

The final section of Figure 2.1 is the microprogram controt logic which provides
the required control signais for the data path logic and the interface logic. The
primary element of the control logic is the read-only memory (ROM) which provides the
various microinstructions. The bits in each microinstruction (U WORD), in turn, control
the basic machine operation. Other elements within the contraol section include address
and address modification logic that receives inputs from the ROM, the instruction
register with associated decoding logic, various processor flags, and basic machine
timing and flag control logic. The format of the microinstruction is shown in Figure 2.2,
See Appendix A for a more complete description of the microinstruction format.

When a macro instruction is fetched from an external data storage location, the
instruction enters the processor from the Unibus, passes through the D MUX, and is
loaded into the instruction register under control of the microprogram. The output of
the instruction register is decoded by combinational logic {IR DECODE) to provide
microbranching (basic microbranch code, BUBC) for several branch conditions and the
discrete auxiliary signals required by condition code and ALU control logic. The logic
associated with the instruction register and condition codes will be discussed first
because of its interaction with the data paths section. We will then proceed to the
discussion of the basic microcontrol unit.

2.1.3.1 Condition Codes Input

The condition codes are used to store information about the results of each
instruction so that this information can be used by subsequent instructions. The
information recorded in the condition code bits (NLV,C) of the processor status
register. differ for each instruction type and often differ for the partot the instruction .
being executed. Furthermore, the information to be recorded can‘vary for different
classes of instructions, The condition codes fogic is combinational logic that alters the
condition codes during the latter part of an instruction cycle. During this time,
condition codes are combinations of data register contents, overfiow situations, etc,
The decoded output of the IR DECODE logic and the select processor status (SPS) code
of the microinstruction determine which conditions are to be presented as the data
input to the processor status register. In addition, the SPS$ code determines when the
processor status register should be lpaded directly from the D MUX.

2.1.3.2 ALU Control

The ALU control combinational logic receives the DAD (discrete alteration of
data) code from the microinstruction as a function of the IR decode logic and combines
it with the explicit ALU control through the SALU field of the microinstruction. In
general, the DAD code directly aiters operation of the ALU; however, during the latter
part of an instruction, where common instruction flow paths exist for several
instructions, the DAD code is combined with the instruction register to alter operation
of the ALU.
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2.1.3.3 Flag Control

The flag control logic is closely related to the IR decode logic because certain
instructions require specific flags such as WAIT and HALT. Flip-tlops within the flag
controt logic interact directly with the microbranch fogic to provide the required
branch conditions in the microprogram flow to provide tlag service.

2.1.3.4 U Branch Control

The next control store address (next machine state) is dependent on a number
of previous conditions. The purpose of the microinstruction branch control (U BRANCH
CONTROL) logic and the branch microtest (BUT) multiplexer is to select the next proper
machine state. The microbranch control provides some of the inputs to the branch
microtest (BUT) decoding logic by combining the diverse instruction decoding of the
instruction register and encoding it into two, three, four, or five bits of a microaddress
alteration, called Basic MicroBranch Codes for specific BUTs (BUBC (BUT XX)). For
most of the complicated branches, such as the first instruction branch or some of the
subsequent source or destination instruction branches, these codes are fairly
extensive. On the other hand, they may be fairly simple, consisting of only three hits
or, in some cases, three bits of another BUT encoded with one special condition. This
is particularly true with the INSTR 2 BUBC and the (BYTE and INSTR 2) BUBC.

2.1.35 BUT MUX

The branch microtest multiplexer (BUT MUX) selects sets of address alterations
to alter data into the microprogram pointer (UPP) which points to the next ROM
address. The BUT MUX provides a 5-bit output with the number of possible inputs on
the lowest order bits being greater than the number of inputs that can be selected for
the higher order bits. This corresponds to the fact that tew of the branches involve
all five or six bits of address alteration. There are a number of address aiterations
that involve only one bit, usually the fowest order bit.

The microbranch control logic provides wide branch encoding situations for
instruction situations (INSTR1, INSTR 2, and INSTR 3). A 5-bit input is possible for the
BUBC signal. In other cases, the instruction register itself may be used for a single
BUBC bit code when a single bit chooses one of two different microaddresses. The
flag control logic also provided certain inputs which aiter only one bit of the
microaddress. .

The actual selection of which input (wide or narrow branch, branch o©n
instruction, branch on flag) is to be used is determined by the microprogram branch
field (UBF) of the microinstruction. The UBF field directly selects which inputs of the
multiplexers are applied to the microaddress alteration fogic (the OR gate on the block
diagram). The UBF field is five bits wide and the 37g branch conditions are specified
in Appendix A.
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2.1.3.6 U Word Control ROM and U Word Reg

The heart of the control logic is the microinstruction control ROM which stores
256 56-bit words, sach of which represents a different machine state of the
processor. The ROM provides a wired OR output to enable easy expansion of the
Processor as required by the writable control store option.

results in a faster Processor, this implementation increases the complexity of the
hardware and makes the processor somewhat more difficult to understand.

Each microinstruction from the ROM consists of a control portion and a next
address portion, At the beginning of the current machine state, a ROM output
microinstruction is clocked into the U WORD register, The bits in the control portion of

the microinstruction select addresses and multiplexers and enable clocking gates (these -

gates enable clock pulses toward the end of the machine state). The bits in the
address portion of the microinstruction access the ROM to obtain the next ROM word,
At this point, the address is fixed in the microinstruction register and alteration for a
BUT has not occurred.

The delay in using the buffer (U WORD register) is fixed by the settling time of
the flip-flops {approximateiy 15-20 ns). This is significantly better than the 60-90 ns
required for addressing the ROM, For this reascn, the buffer takes the delayed output
of the ROM, clocks it at the beginning of the machine state, and makes it almost
immediately available {in that machine state) to the rest of the processor (data path,
interface, and the microprogram control itself),

The clock for the U WORD register is taken directly from the basic processor
clocking and is related to the clock length selection bits in the microinstruction control,
The clock is a function of a machine cycle and is the tast pulse edge of the previous

The outputs of the U WORD register are diverse and are used throughout the
processor. Qutputs control the basic processor clock, microcontrol branching, and
elements of the interface and data path, These outputs are indicated by the labels on

L awe
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2.1.3.7 Microaddress Alteration

Each microinstruction contains the address of the next microinstruction to be
used by the processor. This address is referred to as the MicroProgram Field (UPF) of
the ROM. If this address were always used unchanged, little attention would have to
be given to it here. However, alterations to this address are made for branching
purposes. Therefore, there must be a method of modifying and storing this address soO
that the next specified word can be fetched while the current microinstruction
executes. As shown on the block diagram, the hardware used to perform these
tunctions consists of the OR gates on the UPF output (BUS U <B:0>), the output of the
BUT MUX, and the UPP register. The base address of the UPF can be altered by the
BUT MUX inputs resuiting in a ditferent next ROM word address in the UPP register.

In discussing the addresses in the microaddress loop, it is important to realize
that an altered next address has been stored in the UPP register and that alterations
tor the subsequent next address are fed to the OR gate. Both of these addresses are
clocked simultaneously; therefore, the address fed through the OR gate is clocked into
the UPP and the address that had been stored in the UPP is clocked out.
Consequently, in any given microinstruction, the control portion of the U WORD is
performing manipulations while the UPP address portion of that word is addressing the
next ROM word. The last UPP contents address of the above present U WORD are
stored in the Past MicroProgram Pointer (PUPP) for diagnostic purposes.

Another address in the address loop is the output of the ROM which has been
solected by the next address in the UPP register. This address does not appear
immediately in the machine cycle (as is the case for the UPP next address) because
ROM access time is greater than flip-flop settling time. However, it is present about
midway through the U WORD state, This ROM output address, which appears on BUS
<8:0>, is a subsequent next address and is applied through the OR gate to the UPP
register. The next microinstruction is becoming available across the entire ROM and is
to be clocked in after the current machine state ends. It the subsequent next address
is fixed (i.e, no branches are required), then there is no real difference between the
address and control portion of the ROM/U WORD interface. If a microbranch is to
oceur, it must occur at this point before the subsequent next address is clocked into
the fixed UPP register. The branch requires & subsequent next address with some Os
in it. It also requires the BUT MUX logic to input alterations to this address. Both of
these occurrences require that the current microinstruction has enabled appropriate
control bits in the address and control sections. Note that the microbranch test in a
current word cannot alter the next word. However, it can alter the following word (the
subsequent next word).

Consider, for example, the portion of microcode for the MOV instruction
beginning at microinstruction MOVOO ( see page 4 of the Fiow Diagrams in the KD11
Processor Engineering Drawings or Appendix D, page 69, of this document). MOVOO is
executed on any MOV or MOVB instruction with destination mode one, i.e. of the form
MOV(B) src, @Rn. Since the destination mode is one, the BA register is set to R[DF].
Further action, however, depends on (1) whether the instruction is MOV or MOVB and, -
independently, (2) whether the source mode is zero or not. TO determine this, a
special microbranch, the BUT 22, is invoked, The instruction register is examined: if
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the source mode is zero, a 1 is ORed into the BUT MUX; independently, if the
instruction is MOVB, a 2 is ORed into the BUT MUX. As MOVOO and its BUT 22 are
being executed, microinstruction MOVO7 is being fetched unconditionally, MOVO7 is
then ciocked into the U WORD register and executed. In the MOVOO sequence, it is
essentially a noop; it is necessary, however, so the needed four-way branch can occur.
The UPF field of MOVO7 contains the address of MOV16, which is divisible by four { the
address is 200g, as it happens); as MOVO7 is clocked into the U WORD register, the
UPF field is ORed with the BUT MUX and clocked into the UPP register, Once MOVO7
completes, the desired four-way branch is taken to either MOV16, MOV17, MOV14, or
MOV13 ( locations 200g, 2018, 202g, or 203g). The reader is encouraged to trace
several examples in the standard ROM microcode; as he gains familiarity with it, the
trickiness of the technique will diminish, but its subtie charm wiil persist,

2.1.3.8 JAMUPP Logic

JAMUPP logic directly sets or clears the UPP register flip-flops to establish the
required address. This method differs from the normal NOT/OR inputs which are
clocked into the UPP register flip-flops.

2.1.3.9 PUPP Register

previous microprogram pointer and displays its contents on the maintenance console.
Note that the previous pointer indicates the current microinstruction address.

2.1.3.10 BUPP & SR Match

The output of the UPP register is also fed to the BUPP & SR MATCH logic which
is used for maintenance purposes. This logic compares the contents of the UPP
register (UPP <8:05) with the low-order bits of the switch register (SR <8:0>) and
generates a match signal when UPP <8:0> equals SR <8:0>. This match signal can be
used as a sync signal to trigger an oscilloscope or can be usad to stop the clock (halt
the machine), For example, to obtain a strobe sighal upon entering ROM address 234,
this address would first be set in the switch register on the programmer’s console.
When the contents of the UPP register matched the switch register value, the clocking
pulse ending that machine state would be enabled as a strobe signal. Because the UPP
register contains the next ROM address, the pulse would occur at the end of the
machine state just prior to the state of the address in the switch Eegister.
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21.3.11 Clock Control

The clock logic and related timing signals are basic to any processor. The clock
signals that are generated are either used directly or are gated with enabling signals.
These enabling signals are derived directly from either the microinstruction or from
machine states (flags, flip-flops, Unibus states, etc.). Data transfers and processor
initializations within the processor itself are synchronous; they occur at specific times
within machine states. Three different clock cycles are provided by the logic: 140 ns,
200 ns, and 300 ns. This synchronous operation is designed for continuous running of
the processor as the ROM sequences one microinstruction after another. The
processor should, however, be considered as a combination of both synchronous
operation and asynchronous operation. The asynchronous nature of the processor is
due to the fact that, upon certain conditions, the clock is turned off and waits for a
restart. An obvious turn-off situation is during Unibus data or bus ownership
operations which are specified as asynchronous functions.

There are three functional elaments that comprise the processor clock logic: the
clock pulse generator, the clock control, and the clock enable gates.

2.1.3.12 Clock Pulse Generator

The clock pulse generator produces the system clock pulses when triggered by
the clock control logic. These clock pulses are used throughout the processor and are
combined with the enabie signals of the ROM to act upon the three major segments of
the processor (interface, data path, and microprogram control). There are three cycle
lengthes generated by the clock pulse logic: CLL (140 ns) cycle which generates a P1
pulse; CL2 (200 ns) cycle which generates 2 P2 pulse; and CL3 (300 ns) cycle which
essentially combines the CL1 and CL2 cycles and consists of P2 and P3 pulses. The
primary purpose of the CL3 cycle is to allow a seratch pad register to be used as the
A-input in an ALU funtion and then loaded from the result of this ALU function. The
specific cycle length (CLL, CL2, or CL3) for a microinstruction is determined by the
clock control bits (CLK field).

2.1.3.13 Clock Control

The clock control logic consists of a clock (CLK) and an idie (IDLE) flip-tiop. The
CLK flip-tlop provides a pulse, while the IDLE tlip-fiop drives the RUN console light and
indicates when the processor is actively processing microinstructions.

2.1.3.14 Clock Enable Gates

The clock enable gates receive the pulses generated by the clock pulse
generator. During each machine state, microcontrol bits control the passage of these
clock pulses to specific registers. When it is desired to clock a register, the
microcontrol word has the appropriate bit enabled and the clock pulse passes through
the enable gate to the clock input of the specified register.



16-Jan-76 Hardware Description Page 17

The flag control logic recognizes a variety of asynchronous conditions and
changes the sequence of processor operations in response to these conditions, The
logic consists of discrete flip-flops and combinational logic that determines sequencing
of trap elements, trap instructions, and error traps. When any of these conditions
occur, the processor enters a trap service sequence of microprogram states and the
logic generates a trap vector that is used to transfer system control to a specific trap
service program,

2.1.4 Interface of Extension to the Basic PDP-11/40

A basic constraint in the design of the PDP-11/40 extension was the set of
processor signals that is readily available. All the inputs to the microinstruction
register are available as well as the inputs and outputs of the microinstruction address
register so that the extension can supply its own 56 bit microinstruction to control the
basic data paths and registers. Additional registers and data paths are controlled by
additional bits on the microinstruction, In fact, the extension supplies another 24 bits
to control its functions to make a microinstruction of 80 bits, Besides the
microinstruction lines, there are two data busses: the DMUX bus which supplies data
from the processor and the Bus RD which supplies data to the processor. In a normal
PDP-11/40, these lines provide an interface to the EIS/FIS options. The writable
control store pre-empts these physical and logical positions. In addition, some twelve
additional wires must be added to the backplane.

2.2 The Extensions to the PDP-1 1/40

As shown in Figure 2.1, central to the PDP-11/40F is the writable control store.
It consists of 80 1024-bit bipolar random access bipofar memory integrated circuits
(Fairchild’s 93415), The memory has a dual mode organization: when supplying
microinstructions it is a 1024 x 80 bit memory; when data is being written into or read
from it it is organized as a 5120 x 16 bit memory. In the 1024 x 80 bit mode, the
writable random access memory (RAM) feeds both the 56 bit microinstruction buffer
(U<B6:0>) in the basic processor and the 24 bit extended microinstruction buffer
contained in the extension. The address multiplexor (UPP MUX) selects the
microinstruction address from the processor (EUPP<8:0>) as weli as three additional
address bits in the XUPF register (added to expand the control address space from
512 words to 2048 words). In the 5120 x 16 bit mode, the UPP MUX selects the stack
output for the address of the 16 bit word to be written or read. In a write operation,
the data comes from the DMUX bus; in a read Operation, the data goes to the BUS RD
to the D register. Although upon examination of the flow chart, other paths and
destinations seem possible, the tight timing considerations make the D register the only
source and destination of RAM data.

Since the RAM consists of active elements, the writable control store loses its
contents whenever power is removed. In order to have some basic code to be able to
read, write and execute the code in the microinstruction RAM, a 32 word non-volatile
programmable-read-only—memory (PROM) is included in the extension.
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The stack, a 16 word x 16 bit memory, is either used as a push-pop stack for
data or, in the case of reading or writing the RAM, as an address. The push/pop
operation is under direct contro} of the microprogrammer, The data input is selected
by the EMUX to be either the DMUX bus or the output of the SMUX. The stack output
can be placed via the SMUX, shifter, and mask unit either on the BUS RD, or on the
EUBC lines to modify the microinstruction address of the next microcycle. Directing the
SMUX to select the EMIT field {the high order 16 bits of the XU Buffer) and writing the
output of the SMUX onto the stack and then placing the output of the stack on the
EUBC lines implements microsubroutine return addresses.

The shifter, operating on the output of the SMUX, implements a O to 15 position
right rotate. The right/left mask unit allows the programmer to specify how many bits
from the left and how many bits from the right will be masked off (made zero). The
combination of the shifter and right/lett mask allows the extraction of any contiguous
n-bit field located anywhere in the result. The result can be placed either on the BUS
RD as data or on the EUBC bus for multi-way branching.

2.2.1 The Extended Micro Instruction

The logical bit position assignments have been ¢changed from the original DEC
numbering scheme to improve the ease of programming. In particutar, the next
microinstruction address field (UPF) has been moved from U<7:0> to XU<65:48>. This
field concatenated with the extended address field makes a new 11 bit address field

XUPF<10:0> = XU<58:48>

The first 266 words of the contro! store address space is the original ROM of
the PDP-11/80. The next 32 words are the extension PROM. The next 736 words are
not implemented and the upper 1024 words are the RAM control store.

The DEST/MSC field supplies a B bit operand which is decoded into a number of
operations described in Appendix A. It can specify that the high order 16 bits of the
microinstruction, the EMIT field, be treated as a 16 bit data word. When this happens,
the logical functions of the high order 16 bits are disabled. The data path is from the
¥U Buffer through the SMUX and then either through the EMUX to the stack or through
the mask/shifter to the BUS RD or the EUBC lines. The path to be taken depends on
the particular DEST/MSC code.

When the EMIT fisld is not being used, the low order 12 bits (XU<76:64>) are
divided into three 4-bit fields: one to specify the left mask limit, one to specify the
right mask limit, and one to specify the shift count.

XU<76> is the carry propagate control. When it is on, it applies the. output of
the COUT MUX from the last time it was enabled to the carry input of the ALY, and, st
the end of the instruction, stores the new value of the COUT MUX. This function is
particularly useful for multiple precision arithmetic.
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XU<77> is the stack push/pop enable. When the value is a one and a write into
stack operation occurs, the pointer is first decremented, then the word is written. In a
read operation, the pointer is incremented at the end of the instruction.

The carry out multiplexer (XU<79:78>) aliows direct control of the ALU carry out
multiplexor.

2.2.2 RAM READ-WRITE Operations

The timing on a READ/WRITE operation on the RAM is such that the
microinstruction following the instruction with the RAM operation must be located in
the extension PROM unit. This is primarily because the PROM address lines do not go
through the UPPMUX. It also means that the PROM cannot be read as data. The
address for read/write RAM operations is on the top of the stack. The address
contained on the stack is a byte address to be consistent with other POP-11 addresses
even though RAM can only be accessed as 16-bit words. The 1024 word x 80 bit
memory is divided up to provide a 5120 x 16 bit memory that has contiguous
addresses. This is accomplished by taking STACK<14,2:1> and using the results as a
group select. Thus the first 4096 words contain the low order 64 bits of each
microinstruction and the next 1024 words contain the high order 16 bits from each
microinstruction. STACK<12:3> specify which of the 1024 microinstructions is being
addressed. '

As soon as the microinstruction is decoded for a RAM operation, and the PROM is
deselected, the UPPMUX selects the stack as the address source. On a write operation,
the data is written after a delay of 100 nanoseconds from the start of the instruction.
On a read, the data is presented to the BUS RD after the specified shifting and masking
occur, and the D register is clocked at P2 time. At P2 time, the PROM is selected and
the UPPMUX switches back to the UPP lines. Since P2 time marks the beginning of the
read cycle for the next instruction, all RAM operation instructions must be CL3 cycles,

2.2.3 Entry into the Writable Control Store
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2.2.4 Unibus Control

The data for UNIBUS write operations is contained in the D register and the
address is contained in the BA register. Data from READ operations goes through the
DMUX. One of the consequences of this is that UNIBUS data cannot be read diractly
into the D register. Normal operation is to set C1 BUS, CO BUS and BG BUS for the
appropriate operations and set CLKOFF. The system will automatically delay bus
operations until the bus is free. The clock is turned on at the end of the Unibus cycle
or when CLKOFF is executed, whichever occurs last. MSYN is turned off at the next Pl
or P3 cycle so the instruction following a CLKOFF operation should be either a P1 or
P3 cycle.

Turning the clock off can also be used to await the end of the peripheral cycle
on the UNIBUS (C1 BUS, CO BUS, BG BUS = 010). The clocking of non-processor
requests (NPR’s) and interrupts are influenced by the microprogram. In particular,
NPR's are clocked either by MSYN, BGRUS, SETCLK when the clock is off waiting for
the end of a peripheral cycle, or clocking the instruction register. Break Requests, i.e.
bus requests at priority levels 7, 6, 5, or 4, are strobed on BUT26, MSYN, and CLK IR.
If you’re in a long sequence of microinstructions without UNIBUS tratfic, care must be
taken to allow NPRs to occur. Break Requests are normally not as important and
would require interrupt handing microcode in the writable control store or a return to
the basic 11/40 microcode.
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Table 2.1

PDP-11/40E Functional Components

Component

Description

Input

Output

ADDRESS Display

Arithmetic Logic
Unit (ALU)

Arithmetic Logic
Unit Contro!
(ALU CONTROL)

Indicator lights located
on the KY11-D Program-
mer’s Console,

Four 74181 IC chips
and one 74182 IC chip
provide a 16-bit arith-
metic logic unit with a
lookahead carry.

Dependent on mode
selected, can perform
up to 16 logic functions
and up to 16 arithmetic
functions. (See ALU
TABLE, print
D-BD-KD!1-A-BD.)

One 8233 IC (dual
2-line to 1-line multi-
plexer) and combina-
tional logic.

Generates contro) signals
that are used to specify
the ALU function.

Data:

Control:

Contents of the Bus Address
(BA) Register.

AIN-16-bit wide
input from buffered
BUS RD bus

BIN-16-bit wide
input from B MUX

CIN—carry insert to
LSB of ALU from
CIN logic

SALUM, SALU
(03:00) 5-bit
wide control that
specifies ALU
function.

ALU control signals from:
microword bits, IR decode
logic, and external control
(KE11-E).

Displays contents of the BA
Register on console ADDRESS
display.

Data:  Provides 16-bit
output to either the
D Register or to the
BA Register through
the BA MUX.

Status: COUT 7, COUT 15,
ALU 15 to input of
COUT multiplexer.

Five control signals, SALUM,
SALU (03:00) that select the
ALU function to be performed,
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Table 2.1 (Cont)
PDP-11/40E Functional Components

Component

Description

Input

Qutput

B Constants

B Muitiplexer (B MUX)

Combinational logic net-
work providing elemental
values for incrementation
and decrementation. Also
provides more complex
constants such as trap vec-
tors and masks.

Eight 74153 multiplexer
IC chips.

Provides the means of
selecting the data input
to the B input (BIN) of
the ALUL

Constants generated are a
function of the following
inputs:

SBC (03:00) from the
microword.

STPM (04:02) from the
trap sensing logic.

Control of the high and low
bytes are independent sig-
nals from the microword.

Any one of the following
inputs can be sclected:

a. BC(15:00)(B con-
stants)

b.  B{(15:00) (direct)
c. B (15:08,15:08)

(duplicate upper byte
of B Register)

d. B(07:00,07:00)
(duplicate lower byte
of B Register)

e. B (07:00, 15:08)

(swap bytes of B Register)

£ B(15:08=7,07:00)

(sign extend lower byte

of B Register)

Selected constants applied to
the B MUX.

Provides 16-bit wide input
to the B input of the ALU.
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Table 2,1 (Cont)

PDP-11/40E Funct ional Compoments

Component

Description

input

Output

B Register

Bus Address
Multiplexer
(BA MUX)

Bus Address Register
(BA Register)

Four 74174 IC chips
provide a 16-bit tem-
porary storage register
for the B input of the
ALU.

Four 8233 multiplexer
IC chips. The BA MUX
loads the BA Register.

Four 74174 IC chips
that form a 16-bit
lemporary storage
register.

Input is loaded from the output
of the D MUX and is therefore
dependent on the D MUX selec-
tion.

Receives 16-bit wide input from
either the Register Data bus (BUS
RD) or the output of the ALU.

A single microword control sig-
nal selects one of the two possible
inputs. A high signal selects the
AlLU.

Receives a 16-bit wide input
from the BA MUX_

Provides a data input to the
B MUX. This input (which is
the B Register output) is pat-
titioned into a high (15:08)
and low (07:00) byte.

A 16-bit wide output that is
loaded into the Bus Address
(BA) Register.

Transmits a 16-bit address to
the Unibus. This address is
applied through bus drivers
to bus address lines BUS BA
(17:00). The address is also
applicd 1o the address display
and is decoded for processor
address response.
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Tahle 2.1

(Cont)

PDP-H/&OE Functional Components

Component

Description

Input

Output

Bus Register Data
(BUS RD)

Branch Microtest
Decode
(BUT DECODE)

Branch Microtest
Multiplexer
(BUT MUX)

Four 74H04 IC chips
that provide 16 inver-
ters to establish proper
input polarity for'the A
Input (AIN) of the ALU.

Network of combina-
tional logic circuits that
decodes the Microbranch
Field (UBF) in each
microword and generates
auxiliary control signals.

Six multiplexer IC chips:

a. three 16-line to 1-
line type 74150
multiplexers

b.  two 8-line to 1-line
type 74151 multi-
plexers

c. one dual 4-line to
i-line type 74153
multiplexer

Receives input from three
sources by means of a
wired-OR bus:

Scratch Pad Register
data (16 bits)

Processor Status
Register (8 bits)

External options
(16 bits)

UBF (04:00) from the
microword.

Any one of the following are
selected by microword UBF

(04:00) field:
a. IR Register bits
b.  branch microbranch

control signals

IR decode signals

machine status and
flags

Qutput provides 16-bit data
to either the A input {AIN)
of the ALU or to the bus
address (BA) multiplexer.

Control signals, especially to
the flag control logic.

Control signals that allow modi-
fication of the microprogram
field, UPF (07:00), prior to
clocking the address into the
UPP of the Microword Buffer
(U WORD).
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Table 2,1 (Cont)
PDP-11/40E Functional Components

Component

Description

Input

Output

Buffered Microprogram
Pointer and Switch
Register MATCH (BUPP
& SR MATCH)

Clock Control

Clock Pulse Generator

Nine exclusive-OR gates
connected as an equiva-
lence detector.

Compares the contents of
the Microprogram Pointer
Register (UPP) with the
Switch Register (SR) to
generate a MATCH signal.

The MATCH signal can be
used to stop the clock during
maintenance operation or to
generate a scope synchronizing
signal.

Comparing the two registers
permits stopping operation
or monitoring operation at
a specilic ROM word.

- Network of combinational

logic circuits and delay line
controls the CLK and IDLE
flip-flops.

Three delay lines selected
by combinational logic
Circuits to generate the
clock pulses specified by
the current microword.

BUPP (08:00) and SR (08:00)

CLKOFF from the microword
as well as various restart and
continue signals,

Pulse signal from clock con-
trol and the clock length sig-
nals CLKLO and CLKL] from
the microword.

UPP MATCH signals

Control signals to the clock
pulse generator,

Timing pulses P1, P2, and
P3. The RECLK signal which
provides for continuous
microword operation,
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Table 2,1 (Cont)
PDP-11/40E Functional Components

Input

Component Description Output
Clock Enable Gates Combinational logic net- Timing pulse P1,P2, or P3 Various clock signals. (CLK
work that routes clock from the clock pulse generator. IR, CLK D, CLK BA, etc.).
outputs to the INTERFACE,
DATA PATHS, and MICRO- | Various clock enable signals:
CONTROL portions of the CLKIR, CLKBA, CLKB, CLKD,
processor, WRI1I, WRL bits from the current
microword.
D Multiplexer (D MUX) Eight 74153 multiplexer A.2-bit microcontrol field The D MUX distributes §6-bit
IC chips. selects one of the following data word to:
four inputs:
a.  BUSRD (including a.  Instruction Register
the Scratch Pad
Register) b.  Scratch Pad Register
b. D Register ¢. B Register
¢. D Register shifted d.  PS Register
right
e.  DATA display
d.  Unibus data
f. Internal data bus (D MUX)
for basic machine and
options
D Register Four 74174 1C chips Output of ALU, Provides a 16-bit output to the

form a 16-bit temporary
storage register.

D Muttiplexer (D MUX) and to
the Unibus data lines [BUS D
(15:00)]
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Table 2.1 (Cont)
PDP-]I/&OE Functional Components

Component

Description

Input

Qutput

DATA Display

Decoding
(ADRS & DATA)

Drivers

Instruction Register
(INSTR REG)

Four 7380 IC chips that
invert the output of the
D MUX for display on
the console.

Combinational logic net-
work that decodes the Bus

Address Register and gencrates

internal control signals for

addressing processor registers.
Sensing is provided for stack
overflow situations and zero

data in the D Register.

Three 74H04 driver IC
chips provide 18 buffer
gates transmitting the
UPP address to the PUPP
Register and to an expan-
sion ROM.

Four 74175 1C chips
forming a 16-bit storage
register that holds the
instruction,

16-bit output of the D MUX.

18-bit inputs from Bus Address

{BA) Register and the D Register.

Microprogram Pointer (UPP)
output of UPP Register.

Output of D MUX clocked
the instruction fetch sequence.

16-bit data to the console DATA
indicators.

Processor status (PS) Address

Stack Limit Register (SLR)
address (KJ11-A Option)

Scratch Pad Register (REG)
address

Switch Register (SR) address
BOVFL STOP and BOVFL
signals D Register zero data.

Basic Microprogram Pointer
{BUPP) for application to
PUPP repister.

Expansion Microprogram
Pointer (EUPP) for an expan.
sion ROM (KE[1-E, KE11-F).

Output applicd to IR decode
logic where it is decoded and
used to control the micro-
program sequence. Some bits
used directly for microbranching
and Scratch Pad Register selec-
tion.
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Table 2.1 (Cont)
PDP-'I'I/40E Functional Components

Component

Description

Input

Output

Instruction Register
(IR) Decode

JAM Microprogram
Pointer (JAMUPP)

Processor Status (PS)
Register

Large network of com-
binational logic circuits
that decodes the Instruc-
tion Register instruction
and generates appropriate
contro} signals to perform
the specified function.

Sequential logic network
consisting of flip-flops,
one-shots, and decoders.
This logic permits jamming
an address into the UPP

to modify the microprogram
if certain conditions are
present.

Four 7474 1C chips
providing eight storage
flip-flops to hold the
processor status word.
This word contains
condition codes and
Processor priority.

16-bit instruction from the
Instruction Register.

Internal control signals dependent
on existing condition. Conditions
causing JAMUPP are:

a,  buserrors

b.  stack overflow (red zone)

€. auto restart (PWR UP)

d.  console switches (INIT)

Input may be either from D
MUX (07:00) or may be from
condition code logic.

Generates control signals that are
a function of: the operation code,
instruction format, and specified
register.

Primary control signals are sent
to the: ALU, microbranch
control logic, and the BUT MUX,

Set and clear signals 1o UPP por-
tion of the U WORD. Timing
signals to load newly selected
ROM word into the Microword
Buffer (U WORD).

Qutput may be gated onto
Unibus on lines BUS D (07:00)
or may be gated for processor
use on lines BUS RD (07:00).
Individual bits used from
branch instruction decode and
for microbranching.
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Table 2.1

(Cont)

PDP-11 /40E Functional Components

Component

Description

Input

Output

Past Microprogramming
Pointer (PUPP) Register

Register (REG)
(Scratch Pad Register)

Register Address
{REG ADRS) Input

Two 74174 IC chips
providing a 9-bit
storage register for
keeping a history of
the previous UPP
address, which is the
present microword
address.

Four 3101 IC chips
providinga 16 x 16
read/write facility.
Basically, this repre-
sents the 16 gencral-
PUIPOSE Processor
registers (referred to
as the Scratch Pud
Register).

Combinational logic
network used as an
address multiplexer to
sclect one of the 16
general-purpose Scratch
Pad Registers for reading
or writing.

Loaded with the contents of
the UPP Register at each sys-
tem clock.

Data:  16-bit input from
the D MUX

Control:  4-bit address
input from REG
ADRS input
logic

2-bit read/write
control from
microword

There are four possible sets of
inputs. One of the four is selected
by the microword signals:

a. IR (02:00) - 3-bit destina-
tion field from instruction
register

b. IR (08:06) — 3-bit source
field from instruction repis-
ter.

Register contents display on
KM11-A Maintenance Console
option when used during
maintenance operation.

Provides 16-bit data word to BUS
RD buffer for transfer to onc of
the following:

a. AIN of ALU

b.  BA Multiplexer

c. D Multiplexer

Provides address selection to the
register (REG).
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Table 2,1 (Cont)

PDP-11/40E Functional Components

Component

Description

Input

Output

Register Address
(REG ADRS)
Input {Cont)

Microbranch Control
{UBRANCH CONTROL)

Large network of com-
binational logic circuits
that provide data signals
for modifying the base
ROM address.

c.  RIF(03:00) — 4-bit field
from microword directly

d. BA(03:00) — 4-bit field
from Bus Address Register

Microword signals are:

SRD — Sciects Register
Destination, IR (02:00)

SRS — Selects Register
Source, IR (08:06)

SRI — Selects Register
Immediate, RIF (03:00)

SRBA — Selects Register
Bus Address, BA (03:00)

Instruction Register bits
IR decode signals
Machine status (i.e., switches,

Unibus, control flip-flaps,
etc.).

Data signals to the BUT MUX.
These signals are used to modify
the basic ROM address as a func-
tion of BUT MUX selection from
the microword.




LE

Table 2.1 {Cont)

PDP-11/40E Functional Components

Component

Description

Input

Output

Microword Control
(ROM)

Microword WORD
Repgister
(U WORD)

A read-only memory
storing the KD11-A
microprogram. The ROM
stores 256 56-bit words,

Fourteen ROM IC chips
providing storage for the
256 words. Euach chip
stores 4 bits of the 56-bit
word.

A 56-bit storage register
consisting of type 74174
and 74174 1C chips. This
register is used to bulfer
the output of the ROM
which provides the signals
defining the operation of
the KD11-A data path
and control,

Contents of UPP Register
selects the next control

word to be retrieved from
the ROM.

Output of the NOT/OR gate
that receives inputs from the
ROM, the BUT MUX, and the
EUBC for U (08:00); output
of the ROM directly for

U (59:09).

56-bit microword divided into
address bits BUS U (08:00),
and control bits BUS U (56:09).

UPP (08:00) are the nine low-
order bits of the U word which
are used to select the next U
word.

U WORD for U (56:09) have a
variety of mnemonics related
to their control functions.
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Table 2,1 (Cont)

PDP-11/40E Functional Components

Component

Description

Input

Output

Microprogram Pointer
(UPP) Register

Five 74H74 IC chips
forming an 8-bit address
register. The UPP register
points to the address of
the next microword to
be read.

Address of ROM location to
be read during current machine
cycle. The address loaded is

a function of:

a.  UPF(07:00) of ROM
word presently being
addressed by the UPP
Register.

b.  Basic Microbranch
Control (BUBC)
signals for microaddress
modification (basic
machine).

c.  Expansion Microbranch
Control (EUBC) signals
for microaddress modi-
fication (optional
expansion).

UPP (08:00) — sclects one of
256 control words stored in
the ROM.

It is the address portion of the
U WORD Buffer noted above,

T
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Table 2,1 (Cont)
PDP-11/40E Functional Components

Component

Description

Input

Output

CPFF

EMUX

EUBC Drivers

Mask

PRCM Controel Store

RAM Control Store

One 74874 D flip-flop
that stores a carry bit

across multi-word arith-

metic operations.

Four 74158 multiplexer
chips supply input to
the stack and the RAM.

Four 7412 chips supply
input to the EUBC,

Four IM5600 PRMM chips
supply a 16-bit mask
for field extraction,

Four IM5600 PROM chips
supply microwords to
the XU word buffer.

80 93415 RAM chips sup-
ply microwords to both
the XU word buffer and
to the SMUX,

Upon control of the CP
bit of the XU word, is
clocked from the COUT
MUX output.

Upon control of the

DEST field of the

XU word, is clocked

from either the DMUX
or the SMUX output.

Open control of the
DEST and MSC fields
of the XU word, the
16-bit Mask and the
16-bit Shift outputs
are received,

The RML and IML fields
of the XU word.

Address received from
the UPP lines.

11-bit address re-
ceived from the UPP
MUX. 16-bit data
received from the
EMUX,

Upon control of the CP
bit of the XU word,
supplies the ALU CIN,

Supplies 16~bit data
to both the stack and
the RAM,

Supplies an T1-bit
value to the EUBC.

Supplies a 16-bit mask
to the RD BUS and EUBC
drivers.

An 80-bit microinstruc-
tion is stored in the
XU word register and
the U word register,

80-bit data is distrib-
uted to both the XU
word buffer and to the
SMUX,
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Table 2.1

{Cont)

PDP-11/40E Functional Components

Component

Description

Input

Output

RD BUS Drivers

Shifter

SMUX

Stack

Stack Pointer

Six 7412 chips supply
input to the RD Bus.

Four 8243 and four
74158 chips comprise
a barrel shift unit.

16 74151 multiplexer
chips select the

source of the extension
output,

Four 745189 RAM chips
provide 16 words of
working memory.

One 74191 chip pro-
vides an address for
the Stack,

Upont control of the
DEST and MSC fields
of the XU word, the
16~-bit Mask and the
16-bit Shift out-
puts are received,

Upon control of the SC
field of the XU word,
receives the 16-bit data
from the SMUX output.

Under control of the
DEST and MSC fields
of the XU word, 16-
bit input is selected
from the Stack, the
Stack Pointer, the
EMIT field of the XU
word, and the five
16-bit fields of the
80-bit RAM output.

Under control of the
DEST and MSC fields
of the XU word, a 4-
bit address is re-
ceived from the Stack
Pointer and 16-bit
data is received from
the EMUX,

Under control of the
DEST and MSC fields
of the XU word, the
4-bit SC field of
the XU word is re-
ceived,

Supplies a 16-bit out-
put to the RD BUS lines.

Supplies 16-bit data,
properly rotated, to
the EUBC and RD BUS
drivers.

The selected 16-bit value
is sent to both the Shifter
and to the EMUX,

16-bit output is provided
to both the SMUX and to the
UFPP MUX,

Four~-bit output is supplied
to the Stack address lines.
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Table 2,1

(Cont)

PDP-]]/&UE Functional Components

Component

Description

Input

Output

UPP MUX

XU Word Register

Three 74157 multiplexer
chips select the proper
RAM address.

Four 74174 chips hold
the 24-bit XU word as
it is executed,

Ten-bit input is received
from both the Stack and
from the UPP lines.

24-bit input from both
the PROM and RAM control
stores and 3-bit input
from the EUBC Drivers
are received.

Ten~bit address output is
supplied to the RAM,

Three-bit output to the
SMUX, and various control
lines are supplied.
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3. MICR0O/40 Assembler

3.1 Introduction

MICRO/40 is an assembler for the PDP-11/40t developed at Carnegie-Melion
University. It was written in SAIL on the PDP-10 and hence runs as a cross-assembler
on the PDP-10, :

3.1.1 Reserved Symbois

Since MICRO/40 is meant to be used with a particuiar microprocessor in mind, all
of the registers and fields have predeclared names. All symbols in MICRO/40 are
global and names cannot be redefined. The predeclared symbols fall into several
classes.

Registers: R, D, S, TOS, B, Df2, DSHIFT, C, BA, IR, SF, DF, EUBC, SP,
UNIBUS, RAM, PS :

Operators: PLUS, + MINUS, -, SHIFT, 1, «(Ascii 137), NOT, ~(5), ~{32),
~(176); OR, v(37), AND, A(4), XOR, #(26) '

Pseudo Operators: FINIS, START, END, SET, TES, CLKOFF, NOOP, TABLE, PRELOAD,
LOWLIM, C,, N.ZV, NLZV.C.

Fields: ALU, BUS, CLK, CLKB, CLKBA, CLKD, CLKIR, CP, DAD, DEST,
EMIT, LML, MSC, PPE, RIF, RML, SBAM, SBC, SBM, SC, SCOM,
SDM, SPS, SRX, UBF, WR, XUPF

3.1.2 Input Format

It is important for the user of MICRO/40 to remember that it is an assembler and
has many of the limitations of an assembler. For the most part, each line of input will
cause only one word of microcode to be generated. There are a two exceptions to
this rule (TABLE and PRELOAD) They will be discussed in the section on pseudo
cperators.

A line is defined as the characters between line-teeds. Each line is read and
processed individually. No distinction is made between lower case and upper case
letters. Anything following an exclamation point on a line is considered a comment and
it is ignored. Any line that ends with a hyphen (-) will have the next line concatenated
onto it, even if this hyphen is within a comment. (The hyphen is the line continuation
symbol.) Thus the following five examples are equivalent:
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ClK = 2; RIF = 7; WR = 3; SRX = 1; SDM = 2
CLK = 2; RIF = 7; WR = 3; SRX = 1; SDM = 2;! D register to R[7]

CLK = 2; RIF = 7; -
WR = 3; SRX = 1; SDM = 2 ! ) register to R[7]

CLK = 2; RIf = 7; .1Pl is a sufficient clock time -
WR = 3; SRX = 1; SDM = 2;

R[7]D

3.1.3 Identifiers

An identifier is a sequence of characters starting with an alphabetic and
tollowed by an arbitrary number of alphabetics (A-Z, a-z), digits {0-9), a dot {.), or a
slash (/).

3.1.4 Numbers

All numeric constants on input are considered to be octal (base 8) unless the
number contains an eight, a nine, or a decimal point. Thus 102" is equal to '66.” and
‘11’ is equal to ‘9". The one exception to the rule of octal input is in field selection.
See the subsection on Field Selection in the section on Assignment Statement for more
information.

3.1.5 Labels

A label is ‘an identifier followed by a colon. A line may have an arbitrary
number of labels on it, and they may appear anywhere on the line. '

3.1.6 Macros

Macros are defined by giving an identifier followed by := and any string not
containing a dollar sign (8) or an exclamation point (!) and are followed by a dollar sign.
Macros take no parameters and do strict text substitution. After a macro is expanded,
the text is checked once again to see if any other macros are referenced. No delimiter
is placed at the end of the expanded text, so it's possible to concatenate strings across
the macro expansion,
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3.1.7 When are /s needed

Semi-colons are normally used to separate statements within each line of
microcode. The only time that they must be present is at the end of an assignment
statement which is not the last statement on a line.

3.1.8 Using Common Source Files

It is often the case that the same source code should be included in more than
one assembly. This is especially true for macros. (The file DEFS.MIC[N20CMUOQOQ)/A is
one such file that contains a number of "standard" macros.) In order to facilitate this
the Reguire statement can be used. If the first symbol on an input line is REQUIRE
(Macros cannot be used to generate this symbol), then the rest of the line is taken to
be the name of a source file to replace the REQUIRE statement. After the REQUIREd
file has been read, the input resumes in the original file. REQUIREs can be nested up
to a depth of 12. It is not legal to have SETs and NSETs open across files.

3.2 Field Assignments

The simplest use of MICRO/40 is to turn on selected bits in each microinstruction
by assigning values to each of the fields in the microword.

The syntax for this is
<field name> = <value> {;}

where the semi-colon is optional. The field names and the extended
microinstruction bits they are associated with are as follows:

ALU '28:24 DEST 63:62 SBM 19:16
BUS 38:36 EMIT 79:64 sC 75:72
CtK 47:45 LML 67:64 SCOM 79:78
CLKB 41 MSC 61:09 SOM 15:14
CLKBA 39 PPE 77 SPS 31:29
CLKD 40 RIF 3:0 SRX 7:4
CLKIR 44 RML 71:68 - UBF 12:8
CP 76 SBAM 13 WR 43:42
DAD 35:32 sSBC 23:20 XUPF 58:48

As each field name is encountered, that field is cleared of anything that might be
stored in it, and the new value is stored. No checking is done to prevent the field
from being stored into twice. The fields are processed from left to right for each
microinstruction.

With two exceptions the <value> is expected tb be a constant. Only the EMIT
and XUPF fields can get other values.
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The EMIT field may store the value of a label, the address of some element in a
table, or “" If the choice is a label, then the 11-bit address of the microinstruction
that contains that label will be put into the EMIT field. For a table reference the
15-bit address used to access the particular table item is put into the EMIT field. For
"", the 11-bit address of the current microinstruction goes into the EMIT field. A table

The XUPF field holds the base address of the next microinstruction. If no
assignment is made to the XUPF field, then a default assignment of the next
microinstruction is made. It is important to remember in this context, that the XUPF
field is the goto to the next microinstruction. There is no program counter for picking
up the next microinstruction. A constant assigned to the XUPF field will generate a
goto to that absolute location, It is usually the case that whenever the user makes an
explicit assignment to the XUPF field, it is to a label, :

3.3 Pseudo Operators

A number of pseudo operators have been implemented in order to relieve the
programmer of some of the more mundane tasks,

3.3.1 CLKOFF

Since a field assignment clears any bits that might be in a field before storing
into it, it would be difficult to turn on the low order bit of the CLK field. The CLKOFF
Pseudo op has the effect of turning on the low order bit so that at the end of the
current microinstruction, the microprocessor clock will be turned off,

3.3.2 NooP

This Pseudo-op generates a nyll microinstruction; it is nesded since a blank line
does not generate an instruction,

3.3.3 TABLE <table name> <gize>

This pseudo op makes part of the RAM a scratch pad memory. The entries in
the table are considered to be 16 bits wide and are stored 4 entries to a microword.
(The ftifth word is really available, but it s difficult to generate the bit pattern for
addressing it at run time.) The table is treated as a zero origin array, For example,

which is 11 in decimal. Four entries are used per microword, and it all fits.) It is
important to use the [J's whenever a reference to a table is made,
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3.3.4 PRELOAD <table name> <value list>

This pseudo op is very much like the TABLE pseudo op. The sole difference is
that the items in <value list> are preloaded into the table. <value list> consists of a list
of compile time constants optionally separated by commas. Since table entries are
considered compile time constants, the user can put the addresses of table entries into
a table.

3.3.5 FINIS

Finis indicates the end of the input; any remaining text in the file will be ignored.
It their is no FINIS in the file, then a continuable error will be generated.

3.3.6 . = <value>

The syntax for assigning to " is very much like that for Fields. <value> must lie
in the range 2000 to 3777. The function of this pseudo operator is to force MICRO/40
to locate the associated microinstruction at some particular word in the RAM. The
assignment to ' may occur anywhere on the input line as in the assignment to Fields.

Lines that have no explicit address are assigned addresses by MICRO/40.
MICRO/40 handles the XUPF fieid to make sure that the YUPF field of any instruction
which is supposed to precede any particular instruction points to the correct location.

3,3.7 LOWLIM = <value>

This pseudo op sets the lowest address o which microcode will be assembled.
<yvalue> must lie between 2000 and 3777. The default value of LOWLIM is 2000 and is-
used if this operation is not specified.

3.3.8 SET... TES

A PDP11/40 has no program counter for the microcode. In order to do
conditional microbranching, the UBF tield causes certain bits in the next address (of the
succeeding instruction) to be ORed in, In the 11/40E, one of the extensions enables
values out of the EMIT fieid or values from the Stack to be ORed into that same
addrass. It is important that the addresses to which the microbranches expect to g0
be the same, except in those bits that might be turned on. It would be possible (by
using ".=<value>") to put these instructions where they could be used, but the
SET..TES combination usually obviates the need for explicit space allocation,

The syntax is to have SET on a line by itself, the weontrolled" microinstructions ,
and then TES on a line by itself. MICRO/40 counts the number of controlied
microinstructions, finds contiguous words in the RAM on a 2" word boundry and puts
the controlled microinstructions there. ‘
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It is illegal to assigh a word controlled by a SET.. TES group to a specific
location through the use of the .=<value> construct. The default goto is to the
instruction following the the SET ... TES.

3.3.9 START...END

It is often desired to do more than one microinstruction on a fork of a branch.
To do this, the user may utilize the START .. END constryct, Inside the SET ... TES, put
START on a line by itself. The first instruction will be assembled into the block of
instructions associated with the SET .. TES. The following instruction will not be in
that same block, but the goto of that first instruction will be to the second instruction
as expected. The remaining instructions in the compound are treated similarly. The
last instruction of the compound has a default goto to the instruction after the
SET .. TES,

It is lega! to nest SET.. TES groups. Because of the way the hardware is
constructed, it does not make sense to have a second SET start while in & top level
instruction of the first SET. A SET pseudo-op may appear anytime after the first
instruction in the START .. END pair.

3.3.10 C.,,N.Z.\V., N.ZV.C.

These pseudo operators set the SPS field so that the carry bit; the negative,
Zero, and overflow bits; or the negative, zero, overflow, and carry bits of the
Processor Status Word will reflect the current conditions. The CLK field is also
modified to insure proper timing.

3.4 The Assignment Statement

3.4.1 Syntax

The basic form for the Assignment Statement is <register list> « <expression>
<register list> is a list of registers separated by commas.

<expression> is of the form

<A-op> | <A-op> or <B-op> | <A-op> or not <B-op> | minus 1 |
<A-op> plus <A-op> and not <B-op> |

(<A-0p> or <B-op>) plus <A-op> and not <B-op> |

<A-0p> minus <B-0p> minus 1 | <A-op> and not <B-op> minus 1 |
<A-op> plus <A-op> and <B-op> | <A-op> plus <B-op> |

(<A-op> or not <B-op>) plus <A-op> and <B-op> |

<A-0p> and <B-0p> minus | |

<A-0p> plus <A-op> | (<A-op> or <B-op>) plus <A-op> |

{(<A-op> or not <B-op>) plus <A-pp> |
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<A-op> minus 1 | <A-op> plus 1 | (<A-0op> or <B-op>) plus 1 | O |
<A-op> plus <A-op> and not <B-op> plus 1 |

(<A-op> or <B-op>) plus <A-op> and not <B-op> plus 1 |
<A-op> minus <B-op> | <A-0p> and not <B-op> |

<A-op> plus <A-op> and <B-op> plus 1 |

(<A-op> or not <B-op>) plus <A-op> and <B-op> plus 1 |
<A-op> and <B-op> | <A-op> plus <A-op> plus 1 |
(<A-op> or <B-op>) plus <A-0p> plus 1|

(<A-op> or not <B-op>) plus <A-op> plus 1 | not <A-op> |
not (<A-op> or <B-op>) |

not <A-op> and <B-op> | not (<A-op> and <B-0p>) |

not <B-op> | <A-op> xor <B-op> !

<A-op> and not <B-op?> | not <A-op> or <B-op> |

not {<A-op> xor <B-op>) |

<B-op> | <A-op> and <B-0p> | <A-op> or not <B-op> |
<A-op> or <B-op> |

UNIBUS | D ] D/2

<A-op> may be anything that can be placed on the RD lines. One possible
<A-op> is a general register of the form R[<number>}, R[SF], R[OF], or R[BA] The
other standard <A-op> is PS, the processor status word. In addition, the extension can
gate the current top of stack, TOS {or S, if the stack is to be popped); the extension
stack pointer, SP; the emit field of the form <octal constant>, <label>, or <table
address>; or a 16-bit word from the RAM of the form RAM[TOS] or RAMIS]. If multiple
occurrences of an <A-op> are needed, they should all be identically specified within
the assignment statement. This somewhat arbitrary list of possible expressions is @&
direct consequence of using the 74181 integrated circuit to implement the ALU.
<p-op>’s can be optionally followed by <field specifier>, <shift factor>, or <field
specifier><shift factor> A <tield specifier> is of the form el or "<I>". A <shift
factor> is of the form "SHIFT n". "V, "r" and "n" are decimal (not octal 1!} constants.

In any <expression> the following equivalences hold:
PLUS & +
MINUS e -
SHIFT & T

If one uses SOS and thinks in terms of the Stanford character set then the
following equivalences hold:
orev="8
and e A =178
xor & @ = 71
not4+~-=?49--?7.9~-?3

<B-op> ié of the form B (meaning the B-register) or B.<high selector><low
selector> where <high selector> is one of H, E, L or C and <low selector> is one of L, H
or C. B can also be one of the B-constants: 0, 1, 2, 177570, 17, 77, 250 or 4.
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3.4.2 Semantics

The crucial piece of information to remember when writing assignment
statements is that each action that is desired must be specified explicitly. The user
might hope that

R(71-R[7]+ 2
would increase the value of R{7] by 2 and as a side effect leave the new value in the
D register. Unfortunately, MICRO/40 is not that intelligent. It is necessary to write

DeR[71 + 2; R[7}D
to accomplish the statement. Note that

R[7]«D; DeR[7] + 2
is identical in its affects to writing the statements in the other order.

The clock field has a bit set if hecessary to accomplish the clocking of a register
in <register list>. For the previous example, a P3 clock cycle would be generated since
both the D-register (which takes a P2 pulse) and one of the general-registers (which
get clocked on either a P1 or P3 pulse) are being clocked. A P3 tlock cycle generates
both a P2 and P3 pulse.

Whenever the symbol S is used on the left hand side of an assignment
statement, the stack is pushed before the value is stored, When, TOS is used, the new
value is written over the current top of stack. On the right hand side of an assignment
statement, S results in the value being read out of the stack and the stack being
Popped. TOS results in the value of the top of stack being read out.

Values that are coming onto the RD lines from the extension or into the EUBC
lines may be shifted or masked. The default mask is for the entire word to be put out
and the default shift is zero. Values that are only masked are shifted (by MICRO/40)
to the right so that they are right justified. Values that are only shifted are rotated to
the left by the number of bits specified. Values that are both masked and shifted act
as if the shift count is applied after the field has been right justified. It is ilfegal to
specify a shift-mask combination that resuits in the final vaiue not being contiguous,
All shift and mask amounts are specified in decimal, For example, "De5<]1:3>12;"
would place into the D register 9 of the bits, shifted I to the right, from the result of
popping the top value off the stack.

3.5 Examples
The following are some macros that are defined in DEFS.MIC[N200MU0O] and
have been found to be of gensral use,

! standard definitions for micro == 11 October 1974

! rev: 19 November 1974
! rev: 7 December 1974
! rev: 11 June 1975

!

ro:=r{0J8; rl := r[118  r2:=r[2}8 r3:= r(3]8

r4 = r[8318; 5 ;= r(518; r6:=r[6]8 r7:= r(718

ri0 :=r[1018; ril ;= rl113% r12 := ¢[12]8 r13 = r{13)8
rig :=r[1418; rl5 := rl15]8 r16 :=r[16]8 r17 :m r(1718
rsp:=r[6)8; rpc = ri718 rdf ;= r{df18; rsf ;= rlst]8
temp := r{10)8; rsrc = r{1138; rdst := r{12]8
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rir 1= r[1318; vect := r[14]8; temc := r{i518

spus = r[16]8; adrsc := r[17]8; rba := r[bal8
dati := bus=18§; dato := bus=DH§
datip = bus=38; datob := bus=78

pl = clk=2§; p2:= cth=48%; p3 := clk=63
exit 1= xupf = 168 !returnto rom
begin := beg: .=2000;8

goto := xupt =8 case = eubce8; popst = des$
but := ubt =8; skipzero := ubf = 12§ ! skipond =0
return := eubces$; endproc := %upt=08

smod := 11:98; dmod = 5:38; prop = cp=18
! end of macros
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The following examples assume that the prior macros have been defined.

3.5.1 Add the numbersfrom lto 10

entry: D«0; BR[0}-D
De10; R{0]-D
L: DeR[0]+B; B«D;
D«177777+8; BeD; skipzero
noop
set
goto L
noop
tes
<whatever comes next>

It is not difficult to optimize the above code, but it was written for clarity. An

optimized version could be

entry: D«0; R[0]«D ! clear R[0], our accumulator
B«10 ) clock B from the EMIT field
set
LOOP: De177777+B; BeD; skipzero 1 decrement B; note A op B format
<whatever comes next>; goto NEXT 1 since B was zero, break the loop
tes ,
DeR[01+8; R[0}+D; goto LOOP : ! add B to R{0]

NEXT: <second instruction atter loop>
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3.5.2 360 instruction decoder

IC :=R[10]8$
BASE := R[11] 8
IREG := R[12] §

DECODE: BA«IC; dati
D«IC+2; IC«D; clkoff
S,IREG~unibus
case TO8<156:12>
B«BASE
setf
goto BRSTAT
start
BA«T0S<7:4>12 + B; dati
De2+B; B+D; cikoff
R[OJeunibus; BA«T0S<7:4>12+B dati

end
goto LONGRR
goto REALRR

goto BYTRX
goto WDRX
goto LONGRX
goto REALRX

goto RSS18
goto RSG19
goto ILLEGAL
goto ILLEGAL

gote ILLEGAL

goto LOGSS

goto ILLEGAL

goto DECSS
tes

! 360 instruction counter
! base of register
Vinstruction register

! tetch 1st hatfword of instruction
!increment 360 instruction counter
! get 1st halfword to IREG, STACK
! decode 1st hex digit of IREG

! Branch and Status Op-codes
! tixed-point RR in a little detail
! fetch 1st half of R1

! fetch 2nd halfword of R1

!long real RR op-codas
I real RR op-codss

! byte RX branching
! word RX

! long RX

!real RX

! further decode if necessary
! further decode if necessary

!logical SS

! decimai §S

Page 47
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3.6 Using MICRO

3.6.1 Running MICRO
To assemble a MICRO/40 routine, type R MICRO to the TOPS-10 monitor. It will
prompt with a “¢". MICRO/40 accepts the standard DEC command string format.

<object file><list file>«<source file>f<switch>f<switch>

If there is no comma before the left-arrow, then no listing file will be generated.
I no file is specified before the comma, then the object file will not be generated. If
MICRO/40 is run at CMU, whenever an object file is created, MACX11 is run
automatically to generate an .0BJ file from the P11 file that MICRO/40 writes. The
default extensions are P11 for the <object file>, .LST for the <list tile> and .MIC for
the <source file>. ' '

The legal switches are DIAGNOSTICS, SIMULATE, and NOMACX11. {Unique
abbreviations are accepted.) SIMULATE causes the simulator to be invoked after the
assembly is complete. DIAGNOSTICS writes out special <object file>s that can be
linked in with the hardware diagnostics for the PDP11/40E. NOMACX11 suppresses
the running of that program.

3.6.2 Errors

Errors are either continuable or non-continuable. Non-continuable errors are
indicated by having MICRO/40 output the text line in which it found the error followed
by the error message, a <crlf>, and finally a ?. These errors are such that any attempt
to continue would cause MICRO/40 to bomb out.

Continuable errors have the ? replaced with an 1. (The entire user-error
interface is the one provided by SAIL in which MICRO/40 is written.) A carriage-return
to the error prompt will cause the assembler to continue. A bare line-feed will cause
MICRO/40 to continue automatically, This means that error messages will be typed
out, but the assembier will not stop.

If E is typed as a response to the error prompt, then LINED will be entered
(pointing to the error line if the file has line numbers on it),
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4. Microprecessor Simulator

4.1 Summary

The 11/40E simulator allows interactive testing on the PDP-10 of programs
written in MICRO/40. It provides facilities for tracing execution, setting breakpoints,
examining and changing the contents of registers during execution, and timing sections
of the program,

The simulator is invoked through the MICRO/40 assembier by use of the S
switch in the command line. After assembling the program, the assembler will call the
simulator, putting it in communication with the user.

When the simulator is first entered, it goes into command mode -- indicated by
its prompting with ">". 1t also goes into command mode whenever execution is halted
(because of errors, breakpoints, etc.). The commands listed below are always legal,
regardless of why command mode is entered or what commands have been given
previously. If a command is given which conflicts with a previous command the
simulator obeys the more recent command.

The simulator leaves command mode and begins execution of the program as an
effect of the G or S command. It can return to command mode for any of several
reasons, including the encountering of certain errors, the actions implied by some of
the commands listed below, and the receipt of a halt command from the console {at any
time during execution, the user may type Hor h which will cause the simulator to halt
after the current microinstruction),

4.2 Commands

Commands are written one per line in the format given below. The simulator
performs a very simple scan looking for "=" and “" which delimit the strings
representing names, numbers, etc. Some of these strings are processed by the
simulator, but most are sent back to the assembler which makes it possible to have
anything which the assemblar would interpret as a register name (say), including
macros defined in the program, appear in a command line where a register name is
needed,

In the commands below, four possibilities, <number>, <name>, <register>, and
<label>, are shown for the strings. <number> means an integer in the range -32768 to
65535 (numbers greater than 32767 make sense if the 16 bit words are assumed not
to contain a sign bit) and which are assumed to be written in octal unless they contain
an 8, 9, or trailing decimal point in which case they are assumed to be decimal,
<name> means anything that will be recognized by the assembler as the name of a
register or label. <register> and <label> are similar except the simulator has some
expectation about what the string should represent. Whenever a <label> appears, a
<number> representing the instruction address may appear instead,
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In showing the syntax of the command lines, two meta symbols have been used.
Things enclosed in “(]" are optional (they may appear one Or zero times). Things
enclosed in "[}" may appear zero or more times.

G[<tabel>]

Go. Continue execution of the program, If a label is given,
execution begins at that location; if not, execution begins where it
was last interrupted. Giving a G command without a label before
any instruction has been executed causes execution to begin at
Iocation 2000 {(octal).

= <register> {, <register>}

Get. Print the contents of the registers. Values are printed in
octal.

T <name> {, <name>}

Trace. Registers are traced by printing the register’s name, as
typed to the T command, and its new contents after each change.
Instructions are traced by printing the label, as typed to the T
command, each time that instruction is executed. Registers and
instructions with more than one name can be traced under only one
name at a time. If an attempt is made to trace one under two
different names, only the last name given will be used. There is a
limit to the total number of registers and instructions which may be
traced simultaneously, but this limit is targe and untikely to cause
any problems.

B <name> {, <name>}

Break. The B command is a variant of the T command which causes
a break (i.e., causes a hait and a return to command mode) after
" printing the trace information. The instruction broken on {or in
which a register being broken on is changed) will be completed
before the break occurs. Since this is a variant of the T command
the same restrictions about names and number of registers or
instructions broken on apply. In addition, it is not possible to both
trace and break on a register or instruction simultaneously. If both
B and T commands have been issued for the same register or
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instruction, the last command issued wil be the one obeyed (and if
different names were given, the last given will be used).

« <register> = <number>

Set. Set the contents of the register to the given value. The
change is made immediately, causing the old contents to be lost.

R [<name> {, <name>}]

Remove. Stop tracing or breaking on the registers and instructions
listed. If no names are given, all tracing and breaking will be
stopped. It is not necessary that the same names be given for the
registers and instructions that were given in the T or B commands
to be removed -- the simulator responds to the registers and
instructions, not their names.

S [<label>] [, <number>]

Step. Step through the program. If a label is given, the stepping
begins at that location; if not, stepping begins where the program
was last haelted. If no label is given and no instructions have been
executed, stepping begins at location 2000. If a number is given,
the program is stepped that many times then haited, If no number
is given, 1 Is assumed, While stepping, the addrese (not the label)
of each instruction will be printed out before the instruction is
executed. ‘

Clock. Print the total simulated time and the time since the last C
command. The time is in nanoseconds, printed in decimal. The time-
for each instruction s computed by:

TuwTe+Tm+Tr

where

Te = execute time
Tm = memory access time
Tr = regenerate time.



16-Jan-76
E

L <tile>

B

PDP-11/40E Microprogramming Reference Manual Page B2

Execute time is: if the instruction is a Pl, 140 nsec; if the
instruction is a P2, 200 nsec; if the instruction is a P3, 300 nsec.
Memory access time is: if the instruction performs a CLKOFF and it
is less than BOO nsec since the memory access began, sutficient
time to make the difference 500 nsec, otherwise 0. Regenerate
time is: if the instruction performs a CLKOFF and the time between
the last two memory accesses is less than 900 nsec, sufficient time
to make the difterence 900 nsec, otherwise 0.

Exit. Return control to the assembler,

Load. Load the 11/40 core from the tile named. Each line of the
file will contain the data to be loaded into one 16 bit word in the
format:

[<number> :] <number>

The second number is the datum to be ioaded. The first number, if
present, is the word address in core to be loaded; this number must
be even (it is a word address) and in the range O to 1022, for a
total of 1024 bytes of simulated core. If no address is provided,
the address loaded is the last address plus 2; if no address is
provided for the first line of the file, that word is loaded into
location 0. Loading terminates on end of file. <tile> may be any file
or device specification acceptable to Sail, inctuding TTY:. If input is
through TTY:, everything typed after giving the command is treated
as input and should be in the above formatl; end of file (tZ on TTY2)
terminates input and returns to command mode.

DDT. Call DDT. This command works only if DDT has been loaded
and the user is one of the system maintainers.
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4.3 Inconsistencies

The simulator doesn’t attempt to model the entire processor. Omitted are some
things related to particular pieces of hardware (the console, peripherals, and memory
management) and the functions which are useful only in emulating a PDP-11,

The omissions are:

1. BUS=2 and BUS=6 are noops.

2. All DAD except DAD=10 (and the corresponding part of DAD=11) are
noops.

3. The SBC which test conditions always return zero for the condition.

4. All UBF except UBF=12 and UBF=17 always return zero.
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S. Programming Techniques

Since the 11/40E microprocessor is more difficult to program and use than a
conventional macroprocessor, the arguments by Dijkstra in ["A Constructive Approach
to the Problem of Program Correctness", BIT, Jul 68] apply even more strongly. The
programmer must not turn out sloppy code and then hope to debug it; he must rather
design his algorithm carefully and then code it with a solid understanding of both his
algorithm and the machine. There are two particular reasons for this caveat:

1 the 11/40F is a much more complex machine than that seen by the
machine language programmer On a conventional processor. It will
try to execute any bit pattern and will detect very few nonsensical
microinstructions.  The variety of actions that may occur from
program errors is frightening. Just as the subspace of meaningful
programs is sparse in the space of valid assembly programs, $O the
subspace of meaningful microinstructions is sparse in the space of
valid microinstructions.  Many program errors will act in
unpredictable ways that may vary from day to day, depending on the
relative speeds of microprocessor components.

2 debugging aids on the 11/80E are very rare. A microroutine that
does jam or hang will not trap to a diagnostic routine that can save
the microprocessor state.

Having given this warning, we attempt to outline some programming styles we
wish to encourage and some of the more subtle ‘teatures’ of the machine that need to
be remembered when coding.

5.1 Timing

An 11/40E microinstruction takes one of three cycle times between 140 nsec
and 300 nsec. While the MICRO/40 assembler attempts to set the proper timing for
each microinstruction, the programmer should be aware of the timing requirements of
sach operation in his microinstruction, so that he can judge the performance of
alternative microcode sequences.

The shortest cycle is called ‘p1” and ends with a pulse, cailed the ‘pl pulse’, 140
nsec after the start of the microinstruction, This duration is sufficient for most
transfers that don’t involve the ALU or pushing the extension stack pointer.

The second cycle time is called 'p2’ and ends with the ‘p2 pulse’ at 200 nsec.
This duration is required for the ALU output to become stable and for the extension
stack pointer to be incremented prior to a push onto the stack. It is also required for
simple transfers over a long distance, e.g. moving a general register to the stack.

The longest cycle is called ‘p3 and contains both a ‘p2 pulse’ at 200 nsec and a
final ‘p3 pulse’ at 300 nsec. This timing is used when the D register must be clocked
from the ALU, then sent up the DMUX bus.
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All the standard registers on the DMUX bus, B, IR, PS, and R[0:17], may be
joaded only on a pl or p3 pulse. Hence a transfer from the EMIT field of the
extension to a register, which is too long for a pl cycls, must take the full 300 nsec of

a p3 cycle.

5.2 B Constants

In the standard 11/40 microprocessor, the only constants available to the
programmer were a handful of constants essential to PDP-11 emulation. The extended
11/40FE provides the programmer with arbitrary constants via the EMIT field, but these
constants must be A inputs to the ALU. Careful use of the B-constants can expedite
many microroutines that wouid otherwise have to copy one operand to the B register
before using the ALU. '

5.3 Unibus Control

As in the PDP-11 architecture, memory and peripheral registers are accessed in
a uniform fashion. For the microprogrammer, however, this accessing is more explicit;
the details of bus control and timing combine to present an increased opportunity for
both efficiency and error. As background for this subsection, see the description of
Unibus conventions in [Digital 73).

In order to read a Unibus device, the bus address must be clocked to the BA
register as, or before, the DATI bus control code is asserted. The microprocessor will
correctly handle the relative timing of the address and DATI assertions and will
properly wait if the bus is already busy. Succeeding microinstructions may continue
processing, provided they do not modify the BA register or assert a second bus
control code. Prior to the compietion of the Unibus access, the microprocessor should
pause via the CLKOFF construct. Upon completion of the access, the data will be
present on the Unibus and the clock will be restarted. This Unibus data can then be
gated through the DMUX to the microprocessor registers. MSYN is dropped only upon
a pl or p3 cycle following this CLKOFF, so the instruction after the CLKOFF should be
a pl or p3, and should pull the data off the Unibus immediately. A second Unibus
request can then be made, but the cycle time of the mamory may limit the actual rate
at which they are performed. The ability to overlap processing with Unibus access
provides the microprogrammer with a great opportunity for efficiency. With some
care, he can keep the microprocessor totally Unibus-bound while doing some
processing in addition to Unibus control.

Writing onto the Unibus is done similarly. As before, the bus address must be
clocked to the BA register. The datum to be written must also be clocked to the D
register and the DATO bus control code must be asserted, As with the DATI access,
processing may be overlapped with Unibus access, but now both the BA register and
the D register must be kept constant. This makes the overlap feature less valuable
than with DATI access. As before the instruction foliowing the CLKOFF should be pl
or p3 so that MSYN may be dropped. :
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The DATIP Unibus cycie is used to implement a read-modify-write cycle on the
Unibus. Programming is as for a DATL a normal DATO follows. Examples of the three
cycles discussed above are shown below:

pop: BA«R[6]; DATI ! pop the stack to r2
DeR[6]+2; R[6]«D; CLKOFF
R[2]«UNIBUS

a. DATI] Exampls

push:  D,BAR[6]-2; R[6]«D ! push r2
DeR[2); DATO; CLKOFF
<. {pl or p3)>

b. DATO Example

incr: BA<R[6]; DATIP; CLKOFF Vincrement the
R[10]«UNIBUS ! top of stack
D«R[10]+1; DATO; CLKOFF
<.. (pl or p3p

c. DATIP-DATO Example

Unibus control for byte addressing is similar to that for whole words. For
reading a byte, the DATI bus control is used as for words, The whole word returns
and can be brought through the DMUX lines. To select the proper byte, the address
must be tested; if even, the byte is in the lower half of the word -- if odd then it's in
the upper half. The B register is useful for aligning the byte. Either the
EUBC«TOS5<0> construct, where the address is in the TOS, or the BUT 35 (see the ROM
microcode) are useful for detecting an odd address.

~ On writes, the DATOB bus control is used. Programming is similar to that with
DATO with words, but the datum being written must be in the proper byte of the D
register. Thus, if the address may be either even or odd, the datum must be
duplicated in both bytes of the D register. The B register facilitates this,

Finally, whenever an odd address is clocked into the BA register or whenever
the DATOB bus control is asserted, two conditions must be met: The IR must contain a
valid byte instruction (!) and bit O of the DAD field must be set. Otherwise, a jam wili
occur and flow of control will be jost.
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5.4 Flow of Control

5.4.1 Introduction

Understanding the flow of control mechanisms on the 11/40E requires review of
the basic fetch/execute cycle. Whenever a microinstruction is clocked from the control
store to the microinstruction buffer, the XUPF field is modified by ORing in the eleven
bits of the EUBC and the six bits of the BUT lines. This modified XUPF is used
immediately as the address of the next microinstruction; fetch of this next
microinstruction overlaps the execution of the current microinstruction. Since control
store access time is shorter than any microinstruction execution time, this scheme
eliminates any delay due to microinstruction fetch. It does, however, make it
impossible for a microinstruction to influence the address of its successor. Instead,
microbranching is performed by setting the EUBC/BUT lines so that the address of the
successor of the next microinstruction is altered.

Several points can now be made. First, the delayed branching of this mechanism
is unnatural for most programmers and requires great care. Even when the
programmer understands it, the feature makes a microprogram difficult to modify due
to the interdependence of the microinstructions in a branching sequence. Second,
since the branching is always due to ORing bits into the XUPF field, care must be taken
to leave the proper bits of the base address clear for this ORing to have the right
effect. This is accomplished in MICRO/40 via the SET..TES construct, which places a
set of 2Tn microinstructions in contiguous locations whose addresses begin at a
multiple of 2tn. Finally, it should be noted that the mechanism offers a very wide
branch with the same speed as a two-way branch.

5.4.2 BUT

The 11/40E provides two mechanisms for setting the bits to be ORed into the
XUPF. The first is provided by the standard 11/40 and is called BUT, for Branch Micro
Test. This mechanism consists of about thirty different tests invoked by the different
codes in the UBF field of the microinstruction. These tests detect processor conditions
and set the appropriate bits on the BUT lines. Unfortunately, most of the conditions
detected are specifically oriented toward PDP-11 emulation, especially instruction
register and console conditions, Two of these deserve notice, however. The BUT 12
tests the D register and ORs a one into the BUT lines if the D register is identically
zero. If the microinstruction is pl or p2, then the value of the D register at the
beginning of the instruction is tested. If, however, the timing is p3, then the value
clocked into the D register at p2 is tested. The second important test is BUT 16, which
detects any conditions that would cause an interrupt at the next POP-1} instruction
fetch (e.g. an IfO interrupt or the hait switch), and ORs in a one if such a condition is
detected. This BUT is normally used just prior to the last microinstruction executed in
the RAM. The last microinstruction has an XUPF field of 16. Control is then passed to
either 16 for the next PDP-11 instruction fetch or to 17 for the hendling of the
interrupt,
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5.4.3 EUBCe-...

The second branching mechanism centers on the field extraction unit of the
extension. Any value that can be brought down the RD bus from the extension can
instead be brought down the EUBC lines. In particular, an arbitrary contiguous field
can be pulled from the word at the top of the extension stack; the EMIT field can also
be brought down,

5.4.4 if statements

The simplest use of these mechanisms is to implement a simple if statement. We
begin with two uses of the BUT 12, showing the timing quirk mentioned above.

D«R[0]

D«R[1} BUT 12
Be«D

set ‘
<,> ! rO non-zero
<> 'rO=0

5

——

a. Example of BUT 12 if on p2

DeR[0]

DeR[1]}; B«D; BUT 12

NOOP

set
<.> !rl non-zero
<.> 'rl1 =0

t

[

b. Example of BUT 12 if on p3

TOS«R[0]
EUBC+TOS<15>
NOOP
set
<.> ! rO non-negative
W ' rO negative

A

te

t:)

¢. Example of EUBC«.. if
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5.4.5 case statements

‘Multiway branches are vital to efficient emulation, yet they offer little
conceptual difficulty over that of the if construct. Refer to Appendix B for examples
of case constructs based on BUTs, especially for op-code and address-mode decoding.
Refer also to Appendix A for examples of address-mode decoding using the EUBCe...
mechanism of the extension. We present here a three-way case construct, which
branches differently for positive, negative, and zero values of R{0)}.

DR[O} TOS«D
BUT 12; EUBC+T0S<15>1T1

NOOP

set
<.> ! positive (non-neg; non-zero)
<> ! zero (non-neg;  zero)
<> ! negative { neg; non-zero)
<. ! impossible {( neg;  zero)

tes

d. Example of FORTRAN II style if construct

5.4.6 Subroutine Call/Return

Conventional recursive subroutines are easily implemented in the 11/40E. Upon
call, the return address is pushed onto the extension stack and the XUPF field is set to
the subroutine address. Just prior to return, this stack is popped onto the EUBC. The
tinal instruction has a clear XUPF field so that the popped value can form the effective
address of the next micreinstruction,

caller: Seretadd; goto subr
retadd: <..>

subr: <.>

<.>; EUBC+S
<..»; XUPF=0

e. Sketch of Call/Return Mechanism

In experience at CMU, parameter passing has been ad hog, but the style of
call/return shown above has been a very valuable model.
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5.4.7 Emulator Fiow of Contral

The most important exception to the conventional subroutine linkage occurs in
emulator writing, either in extending the PDP-11 instruction set or in emulating foreign
instruction sets. The technique is simple: keep a copy of the instruction being
emulated at the top of the extension stack. Then direct the flow of control from
instruction fetch to operand fetch to execution routines by pulling various fields from
the top of stack onto the EUBC.

5.5 RD Bus Details

The RD bus has three potential sources: the general registers, the processor
status word, and the extension. Each of the three can independently gate a word onto
the RD bus. Usually two sources gated onto the RD bus would be an error. Suppose,
for example, we are to set the stack pointer (R{6]) to 400(octal), A naive programmer
might write:

D«400; R[6]<D

Now the MICRO/40 assembler will aliow this, but since R[6] is bsing clocked, its
old value will be gated onto the RD bus. Thus the new value of R[6] is its old value
with bit 8 set. To perform the intended task, the sequence would have to be split into
two instructions. This feature can, however, be used to produce a positive effect, as
when a table lookup is to be performed into a table of fixed location, indexed by a
register. The sequence is: - ,

BA«R[O]+R[0]; DEST=0; MSC=1; EMIT=tablebase; DAT}

Here tablebase is the word address of the fixed table and has enough zeroes in
its low-order part that rO+tablebase=rOvtablebase. The etfective value on the RD bus
is R{O]vtablebase, which gives the word address of the table entry, provided that
tablebase is properly chosen. The value clocked onto the BA register is double this
value, or the proper byte address. Were the QRing feature of the RD bus not used,
the sequence would be:

D<R[0}+R[0]; B<D :
BAe«tablebase+B; DATI ! where tablebase is now the byte address

This would add 300 nsec and an instruction to the sequence and destroy the old
contents of the B register.
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5.6 The Last Word

Whenever the XUPF field of a microinstruction butfer is less than 256, the
extension is turned off. Consequently, the last microinstruction executed in the RAM,
which exits to the ROM, may not use the extension hardware.
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Appendix A. Microinstruction Format

A.l The Word

U<56:09,07:00> = The location in the 11/40 56 bit microinstruction.
XU<79:00> = The location as rearranged in the 80 bit writable micreinstruction.
G<4:0><15:00> = The 5 groups for writing into the writable microinstruction from the PDP 11.

Name Description
Location
BUS<2:0>
U<47:45> Cl CO BG
XU<38:36> 0 0 O-
G2<6:4> 0 O 1-DATI .
0 1 0 -AWBBY «1 (await BUS BUSY)
0 1 1-DATIP
1 0 ©-
1 0 1-DATO
1 1 0O -restart on perif release
1 1 1-DATOB
CLKB Allows clocking DMUX <15:00> into the B REGISTER.
U<60> 0 - NO-OP
XU<g1> 1 - B REGISTER « DMUX output
G2<9> Timing: P1 v P3 :
CLKBA Allows clocking the BUS ADDRESS REGISTER.
U<ag> 0 - NO-OP :
XU<39> 1 - BA REGISTER « BAMUX output
Gz2<7> Timing: P1 v P2
CLKD Allows clocking the ALU into the D REGISTER
U<49> 0 - NC-OP
XU<40> 1 - D REGISTER « ALU output
Ge<8> Timing: P2
CLKIR Allows clocking the UNIBUS DATA into the INSTRUCTION REGISTER.
U<B3> 0 - NO-OP
XU<44> 1 - INSTRUCTION REGISTER « DMUX output
G2<l2> Timing: P1 v P3
CLKOFF
U<s4> 0 - NO-OP
XU<45> 1 - turn off processor clock
G2<13>

(See DAD table for exceptions.)



16-Jan-76

CLK<1:0>
U<56:55>
XU<47:46>
G2<156:14>

CP
XU<76>

Ga<12>

DAD<3:0>
U<44:41>
XU<35:32>
G2<3:0>

DEST<1:0>

XU<63:62>
G3<15:14>

EMIT fieid

XuU<79:64>
(G4<15:0>

Microinstruction Format Page 63

Processor clock length control

0 0-Pl 140 ns.

0 1-P1 140 ns.

1 0-P2 200 ns.

1 1 -P3 300 ns. {(also gives P2 pulse)

Carry Propagate into and out of ALU. (See also SCOM)
0 - NO-OP

1 - ALU CINOO « CPFF;

CPFF « COUTMUX [SCOM]

CPFF is the Carry Propagate flip - flop.

Discrete Alteration of Data (See also SALU.)
Aflows microprogram to alter operation of the data paths.

0 0 0 0 -NO-OP

. 1 - Allow odd adrs and DATOB for byte instr.
o1 1 - check stack overflow

1 0 0 - generate CARRY IN to the ALU.

1 1 . . - ALUcontrol f(IR) (can generate carry in to ALU}
CMP or INC or
ADC A PS(C) or
ROT{L) A PS(C)
- inhibit DATQ or DATOB
and CLOCKOFF for (BITVCMPVTST}

Above bit patterns occur in combinations with other DAD bits.

Destination (See also MSC, PPE and sections A.2 and A3.)
The stack is loaded at the end of a cycle.

0 0-OFF

0 1 - STACK « DMUX

1 0O - RD « Memory{Stack]

1 1 - Memory[Stack] « DMUX

The EMIT field is a 16 bit field that can either be used as a constant
or to implement some of the extended features of the 11/40E.

The use of the field is determined by the DEST and MSC codes.
When used as a constant the other functions are disabled.

(See sections A.2 and A.3. for EMIT field usage.)

(See also SCOM, PPE, CP, SC, RML, and LML.)
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LML<3:0>

XU<67:64>
GA4<3:0>

MSC<2:0>

XU<61:59>
G3<13:11>

PPE

XU<77>
G4<13>

RIF<3:0>
U<12:9>
XU<3:0>
(G0<3:0>

PDP-11/40E Microprogramming Reference Manual

Left Mask Limit {See also RML.)

Masks data for RD BUS or EUBC BUS,

LML and RML are anded with the SMUX output.
15 0

O 0 0 0 0000000000000001

C ¢ 0 1 0000000000000011

0 0 1 0 0000000000000111

1 1 1 0 Oltf111111111111
1 1 1 1 1113111ti1111111

Page 64

Mask-Shift Control (See also DEST, PPE and sections A.2 and A.3.)

Controls the state of the extension.

Push Pop Enable Allows stack operation,
(See also DEST, MSC, SC and section A.3.)
0 - PUSH/POP disabled

1 - PUSH/POP enabled

Register Immediate Field (See also SRI)
Addresses general registers when enabled by SRI

Console addresses for these registers are <777700:777717>.

Table of standard PDP-11 register designations:

0 - RO
1 -R1

0 -R2

1-R3

0 -R4

1-R5

0 - R[SP]

1 - R[PC]
0 - R[TEMP]

1 - R[SOURCE]
0 - R[DEST]

1 - RIIR}

0 - R[VECT]

1 - R[TEMPC]
0 - R[SP USER]
i - R[ADRSC])

bt ot ot ek et bk ke b D D SO O OO O
e, 00000 == O0000
—= = OO = =~ OO0 = = QO+ —0O0
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RML<3:0>

XU<71:68>
G4<7:4>

SALUM
U<37>
Xu<28>
Gl<12>

SALU<3:0>
L<36:33>
XU<27:24>
Gi<1l1:8>

Microinstruction Format

Right Mask Limit (See also LML.)

Masks data for RD BUS or EUBC BUS.
A 0 in the mask will mask out that bit.

¢
0
0

1

1

OO0

1
!

0
o
1

1
1

0

—

0

0
1

15 ° 0
1000000000000000
1100000000000000
1110000000000000

1111111111111110
1111111111111111

Page 65

NOTE: For intormation to pass through the masker, the mask
bit must be one in the masks created by both LML and RML.

Selects ALU Mode of operation, {See also SALU.)
0 - Arithmetic mode
1 - Logical mode

Selects ALU function (See also SALUM and DAD.)

Arithmetic mode (SALUM = Q)

3

it s ik pa s st e D OO OO O OO

2

- OO OO =~ 0000

1

—_ —_ OO~ 00O~ =~ 00—~ — OO0

0

—_— QO QO O~ O = QOO =0

CARRY IN =0

FeA

F«AvB

FeAv-B

Fe- 1{2's comp)
FeA + An-B
Fe{AvB} + An-B
FeA -B -1
FAnB -1
FeA + AnB

F-A + B
F~(Av-B) + AnB
F«AAB -1

FeA + A
F-(AVB) + A
Fe(Av-B) + A
Feh -1

CARRY IN = 1

FeA + 1

F+(AVB) + 1
Fe{Av-B} + 1

F<0

FeA + An-B+ 1
F(AvB) + An-B + 1
FeA - B

FeAn-B

FeA + AnB + 1

FFA +B+ 1
Fe(Av-8) + AAB + 1
FeAnB

FFA + A+ |
Fe(AVB) + A + |
Fe(Av-B)+ A + 1
FeA
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SALU<3:0> continued
Logical mode (SALUM = 1)

SBAM
Lic22>
XU<13>
GO<13>

SBC<3:0>
L<32:29>
XU<23:20>
Gl<7:4>

e e e NeNeNoRoReRol e Re R

==, O OO O = = OO0 0ON
o—-l-—-OOn—-»—-OOr—-n—-OOv—on—-OOh—
EF OO MO OO~ 0~ O—00

FenA
Fe-{AvB)
Fe-AnB
Fe0
Fe~(AnB)
Fe-B
FeAeB
Fe<A-B
FerAVB
Fer{AeB)
FeB
FeAnB
Feall 1's
FeAv-B
FeAvB
FeA

Selects input to BUS ADDRESS MUX,
0 - BAMUX « ALU
I - BAMUX « RD BUS

Page 66

Allows selection of constants to the ALU through the BMUX.

15 MM vector
16 MM const
17 STACK 04

OCTAL NAME VALUE

00 TRAPS 0 000 000 000 OTT TOO
01 CONST 1 0 000 000 000 000 001
02 CONST 2 0 000 000 000 000 010
03 CONST (1v2} 0 000 000 000 000 001
04 not used 0 000 000 000 000 000
05 not used 0 000 000 000 000 000
06 not used G 000 000 000 000 000
07 CONS INC 0 000 000 00C 000 00C
10 SR ADRS 1111111101111000
11 PWRUP 7 777 077 076 543 200
12 CC MASK 0 000 OO0 000 001 111
13 SOB MASK 0 000 000 000 111 111
14 SINCLK 0 000 000 000 050 000

0 000 000 010 101 000
0 000 000 000 000 OMO
0 000 00 000 000 100

USE
T =f{STPM<4:2>,
General use.

General use,
if word instr,, sets CINOO

C = EXAM(1) v DEP(1)
also displayed on a -cons time
out.

address selected by
jumpers W<7:2>,
Mask for condition code instrs.
Mask in SOB instr.
S=0 for SWITCHCOUNT if

SINCLK.

KT violation trap vector.
M=1 if SMO in MFP instr.
Preemptive stack pointer.

prog
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SBMH<1:0>
U<28:27>
XU<19:18>
G1<3:2>

SBML<1:0>
U<26:25>
XU<17:16>
Gl<1:0>

SC<3:0>

XU<75:72>
G4<11:8>

SCOM<1:0>

XU<79:78>
G4<15:14>

SDM<1:0>
U<24:23>
XU<15:1 4>
GO<15:14>

Microinstruction Format

Selects input to BMUX<15:8>, (See also SBML.)

0 - BMUX<15:8> « B REGISTER<15:8>

1 - BMUX<15:8> « B REGISTER<7>

0 - BMUX<15:8> « B REGISTER<7:0>

1 - BMUX<15:8> « CONSTANTS REGISTER<15:8>

—_ OO

Selects input to BMUX<7:0>. (See also SBMH.)

0 0 - BMUX<7:0> « B REGISTER<7:0>

0 1 - BMUX<7:0> « B REGISTER<7:0>

1 0 - BMUX<7:0> « B REGISTER<15:8>

1 1 - BMUX<7:0> « CONSTANTS REGISTER<7:0>

The Shift Count field is either the rotate count to the right
or it is a value to be loaded into the stack pointer.
Word rotation works as follows:

0 - P ONM LKJ IHG FED CBA
1 - A PON MLK JIH GFE DCB
0 - B APO NML KJI HGF EDC
1 - C BAP ONM LKJ IHG FED

OO0
QO OO
—— O O

1 1 1 1-0NMLKJ HGFEDC BAP

Selects COUT MUX (See also CP)

O O - ALU CARRY QUT «15>

0 1 - ALU CARRY QUT <7>

1 0 -PS(C) - Bit O of processor status word
1 1-ALU<15>

- Selects DMUX

0 0 - DMUX « RD BUS

0 1 - DBMUX « UNIBUS DATA

1 0 -DMUX « D REGISTER

1 1 -DMUX « D REGISTER shifted right
with DMUX<15> « D<C> (carry).

Page 67
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SP5<2:0>
U<40:38>
XU<31:29>
G1<15:13>

SREBA
U<1a>
XU<5>
GO<5>

SRD
U<15>
XU<6>
GO<6>

SRI
U<13>
Xu<4>
GO<4>

SRS
U<16>
XU<7>
GO<7>

SRX
U<l6:13>
XU<7:4>
GO<7:4>

UBF<4:0>
U<21:17>
XU<12:8>
GO<12:8>
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Selects loading and clocking the PS word.
Timing: P1 v P3

0 - DMUX gated to PS input allowing program loading.
1 -CLK(PS)C

0 - CLK PS{N,Z,v)

1 - CLK PS(N,ZV,C)

0 - not used

1 - not used

0 - PS gated to BUS RD

0
0
0
0
1
1
1
1 1 - Load PS from DMUX

NOTE: (SPS=3) ANDed with CC instr also gates PS to BUS RD.
CC = Condition Code and is 0 000 000 010 1-- ~-- in
the instruction register.

Allows BA<3:0> to be used as a source of general register
address. (See note SRX.)

0 - NO-QP

1 - GENERAL REGISTER ADDRESS<3:0> « BA<3:0>

Allows IR<2:0> to be used as a source of general register
address. (See note SRX.)

0 - NO-OP

1 - GENERAL REGISTER ADDRESS<2:0> « IR<2:0>

Allows RIF<3:0> to be used as a source of general
register address. (See note SRX and RIF.)

0 - NO-OP

1 - GENERAL REGISTER ADDRESS<3:0> « RiF<3:0>

Allows IR<8:6> to be used as a source of general register
address, (See note SRX.)

0 - NO-OP

1 ~ GENFRAL REGISTER ADDRESS<2:0> « IR<B:6>

Mnemonic for the concatenation of SRBA, SRD, SRI and SRS.

Micro Branch Field. Allows microbranch condition to be
tested (BUT). A successful test ORs BUBC bits
into UPP<5:0>,

BUT MNEMONIC PRINT BUBC BITS
CONDITION
00 NO-OP

01 CBR1 : K6-7 - 1
' ~HALT SWITCH-
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UBF<4:0> continued

21

22

23
24

25

Microinstruction Format

BUT MNEMONIC PRINT
CONDITION

02 CBR2 ' K§-7
~HALT SWITCH

03 REG DEP Kl-7
REGISTER ADDRESS

04 REG EXAM K1-7
~REGISTER ADDRESS

05 BEGIN - Kb-6
~BEGIN : :

06 SWITCH K5-6
SWITCH

07 INTR K3-4
B INTR

10 HALT K3-7
HALT SWITCH

11 MM FAULT KT-3
-MM FAULT

12 D=0 Ki-7
D<15:00>=0

13 not used

14  not used

15 JSR v JMP K3-5
JSR

16 SERVICEC v FETCHC K3-7
SERVICE

17 IR0O3 _ K3-3

IR0O3

20 BYTEVSERVICEVFETCH K3-7

A} BYTE
B) SERVICE
C) FETCH
IRO3,(BYTE A SQURCE) K3-7
A) SMO A ~BYTE A IR0O3
B) BYTE A -SMO A IRO3
C) BYTE A SMO A [RO3
BYTE A SQURCE K3-7
A) SMO A ~BYTE
B) BYTE A -SMO

C) BYTE A SMO

not used

CBR v HALT K3-7
HALT SWITCH

BR,WAIT v FETCH K3-7

A) WAIT A -BR
B) WAIT A BR

Page 69

BUBC BITS
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UBF<4:0> continued

BUT MNEMONIC PRINT BUBC BITS
CONDITION

26 REQUESTS K3-7
A) HALT SWT A ~-CONSL
A-ERROR e 1

B) (BR v WAIT) A

-(HALT SWT A ~CONSL)

n ~ERROR “n-1-
C) ~(BR v WAIT) A

~(HALT SWT A -CONSL)

n -ERROR - =11

NOTE: ERROR = PERR v MM FAULT v
BERR v PS(T) A ~RTT
v OVFLW v PWRON
27 SERVICE B v FETCH OVLAP v FETCH B
K3-7
A) OVLAP A -SERVICE R 1
B) SERVICE -—-=]-
30 SWITCHES K5-6
- AY START A ~(DEP v CONT v
EXAM v LOAD ADRS) —ew =]~
B) DEP A ~(START v CONT v
EXAM v LOAD ADRS) -—= ]--
C) EXAM A ~(START v DEP v
CONT v LOAD ADRS) - 1-1
D) CONT A ~{START v DEP v
ExAM v LOAD ADRS) -—=11-
E) LOAD ADRS A ~{(START v DEP v
EXAM v CONT) --- 111
31 NOWR v BYTEWR v WORDWR
A) BYTE A ~(BIT v CMP v

TST) K3-7  em- - 1
B) (BIT v CMP v TST) A
-BYTE © K5-8 - -1-

32 not used
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UBF<4:0> continued

BUT MNEMONIC PRINT
CONDITION

33 OBV INSTR A4 K3-7
A} ODD BYTE
B) NEG A -ODD BYTE --- -- 1

C} All single operand odd

byte instr except NEG and
SWAB.

D) NEG odd byte

E) All doubfe operands (except
MOV and SUB) with SMO and
NOT odd byte.

F} All double operands {(except
MOV and SUB} with SMO and
NOT odd byte.

G) SUB A SMO A ~DMO A

- ODD BYTE

H) SUB A ~SMO A ~DMO

I} All odd byte double operands
{except MOV and SUB)

with SMO.

J) All odd byte double operands
{except MOV and SUB)

with -SMO.

K) (ROR/ROL/ASR/ASL) A ~DMO

L) ROR(B)/ROL(B)/ASR(B)/ASL(B) A

-DMO
M} SXT A ~DMOQ
N) SWAB A -DMO

34 INSTR 4
BUT 34 is identical to BUT 33
without regard to the odd byte
condition.

35 OBwvINSTR 3 K3-7

' A) ODD BYTE

B} Identical to *ed items
in BUT 37 A -0DD BYTE
C) SUB A ~SMO A DMO A
~-0DD BYTE

36 INSTR 3
BUT 36 is identical to BUT 35
without regard to the
ODD BYTE condition.
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BUBC BITS

1111

——e]e

—- =11

S

—- 1-1

—1]-
--- 111

-1 -1
“] -1-

-1 -11

T oae] 1--

--111-

--111-
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UBF<4:0> continued

BUT MNEMONIC PRINT BUBC BITS
CONDITION
37 INSTR 1
HALT -1- -1~
WAIT --11--
rRTL === 1 -
BPT -1-11-
[{o}) -1-11-
RESET -1~ 111
RTT -—-=-1
JSR/JMP (Rn) 1-1 =1
JSR/IMP (Rn}+ 1-1 -1-
JSR/IMP &@{(Rn)+ 1-1 -11
JSR/JMP -(Rn) 1-1 1--
JSR/JMP @-(Rn) 1-1 1-1
JSR/IMP x(Rn) 1-1 11-
JSR/IMP @x(Rn) 1-1 111
RTS 1w 1--
NOP --111-
cce -1 11-
SEC --1 111
SWAR RN -11 1--
BRANCH INSTR. {cond. not met} =] =--
BRANCH INSTR. {cond. met) --1 --1

* The following applies also to BUT 35 B
until a2 second * appears.

All single operand, SWAB A -Rn, ROTATEs,
SHIFTs, all double ops. (except MOVE) with SOURCE MODE 0.

xx xx (Rn) 11---1
xx xx (Rn)+ 11--1-
xx %% @(Rn)+ 11- -11
xx xx -(Rn) 11- 1~
xx xx @-(Rn) 11-1-1
xx xx x(Rn) 11- 11~

xx xx @x(Rn) 11-111
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UBF<4:0> continued

Microinstruction.Format

MNEMONIC
BUT 37 continued

MOV Rn, Rn
MOV Rn, (Rn)
MOV Rn, (Rn)+
MOV Rn, @(Rn)+
MOV Rn, -(Rn)
MOV Rn, &-(Rn)
MOV Rn, x{Rn)
MOV Rn, ex(Rn)
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BUBC BITS

11 ---
111 -~1
111 -1-
111 -11
111 1--
111 1-1
111 11-
111 11t

* Here ends the section relating to BUT 35.

ILLEGAL INSTR

MFPI, MTPI, MFPD, MTPD
SOB

SXT Rn

SUB Rn, Rn

NEG Rn

xx OR OR

-1 --

-11 11-
«11 -~
-11 -1-
----11
-—--1-1

All double operand (except MOV and SUB)
with Dest mode and Source mode = O:

Ali single operand (except MOV and SUB)

with Dest mode O:
xx xx OR

All double operand with Source mode not 0:

xx (Rn} xx
®% {(RnH+ xx
xx @(Rn)+ xx
xx -(Rn) xx
xx @-(Rn) xx
xx x(Rn) xx
aa @x(Rn) xx

ROR/ROL/ASR/ASL Rn

(ROR(B)/ROL(B)/
ASR{(B)/ASL(B)) Rn

—e]-
——— -
1-- =}
1-- -1-
1-- -11
1-- 1--
1-- 1-1
1-- 11-
t-- 111
—11-
- 111
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UPF<7:0> The 8 bit next address field.
U<7:0> Used to specify address of next microinstruction to be
XU<B5:48> executed but may be modified as a result of a branch test.
(G3<7:0> {See also UBF and XUPF))

NOTE: The UPF bits are complemented while XUPF bits are not.

UBC is MicroBranch Control,

The UPF field is ORed with BUBC from the BUT MUX (K3-2) in the processor
and the EUBC (K2-2,3) lines from the extension. This ailows conditional
microbranches,

WRH Allows writing DMUX<15:8> into the general registers.
U<b2> 0 - NO-OP
XU<43> 1 - GENERAL REGISTER<15:8> (as selected by SRX) « DMUX<15:8>
Gz<1i1> Timing: P1 v P3

WRL Allows writing DMUX<7:0> into the general registers.
u<si> 0 - NO-OP
XU<42> 1 - GENERAL REGISTER<7:0> (as selected by SRX) « DMUX<7:0>
G2<10 Timing: P1 v P3

XUPF<10:8> Extended UPF field. (See aiso UPF.)
XU<b8:b6> XUPF<9:8> are concatenated with EUPP<7:0> for the RAM address.
G3<10:8> o ‘
0 0 O - Enables Bootstrap PROM on first entering the extension
{(an automatic hardware feature).
It already in the extension this combination will cause
a branch back to the 11/40 ROM.
NOTE: The last microinstruction before returning to the
11/40 ROM cannot use the extended features.
{an AUTOMATIC hardware clear)

0 0 | - Enables bootstrap PROM. During a RAMread or RAMwrite
the PROM is only enabled after the P2 pulse of a P3 cycle.

0 1 0 -ilegal

0 1 1 -ilegal

1 . . - Enables reading of the 80 bit RAM.

1 0 0 - XUPF<9:8> concatenated with EUPP<7:0>

1 0 1 to address the 1K by 80 bit

1 1 0 microwords. (See section A2)

1 11
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A.2 Address Space

Addfessing U Memory
Using XUPF<18:8>,UPF<7:@> as address of next 88 bit U word to execute.

{All addresses are in Octal.)

e 80 Bits »1
e ——— +
! I 3777
I |
| ;
} |
1924 Words | RAM |
| |
| [
I |
; | 20808
e e +
I///////////////////////l
A A AN AV AV AV AV Y 3 3 B B 3 3 BV B B B B B A B
VAV AV VAV AV AV Y AV AV AV Y BV AV A AV AV Y BV RV RV AV i
AV Y VAV A OV N AV AV AV AV AN AV A Y AV A A A AV A
e e e e ——— +
| | 437
32 Words | PROM I
I I 4p9
Ty e T . +
W/ 77777 | { 377
A A A A AV I
256 Words W, 777771 ROM !
VAV AV Y VAV i
W/, 7 7777 i L%
o e —————————— +

le S6 Bite -+
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Using the contents of the stack to address a 16 bit word in the RAM.

Group 4 3 2 1 8 U Hord
e e + Stack<13:3>
| 77778 | 37776 L 37774 | 37772 | 37778 | 3777
| 77768 | 37766 1 37764 | 37762 | 37768 | 3776
f I | | | | .
J | ] | I | .
! ! i | I ! .
! 6BB22 { 28826 | 28B24 | 20822 | 20020 | 2882
| GBB1@ | 29816 | 28014 | 20812 | 28810 | 2081
| 69PBB | 20006 | 28004 | 20802 | 280888 | 2088
e e e e —————— +
t 57778 : 17776 ¢ 17774 ¢ 17772 + 17770 1 1777
1+ 2K 1 57760 : 17766 3 17764 3 17762 : 17768 : 1776
Chips ! 1 t 1 : ! .
Exist : : : : : H .
: 4B0RB B 4 2 3 2 : Y]

00 -group O
01 -groupl
10 -group 2
11-group3
00 -group 4
01 -illegal
10 ~illega
11 -illegal
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A.3 DEST/MSC Functions

Interaction of Dest (Destination) and MSC (Mask-Shift Control) fields. NOTE: Actions cccur from left
to right. The stack is loaded at the end of a cycle. Some timings are indicated.
DEST MSC Action

00 000 OFF

Cco Q01 RD « EMIT

00 010 EUBC « EMIT

00 011 Push Stack; STACK « EMIT (P2 or P3)
00 100 STACK « EMIT (Pl or P2 or P3)

00 101 RD « Stack Pointer

00 110 RD « Stack; Pop (if PPE=1)

Q0 itl EUBC « Stack; Pop (if PPE=])

01 0C0 Push (if PPE=1); Stack « DMUX (if PPE=1 P2 or P3 only)

01 001 Push; RD « EMIT; Stack « DMUX (P2 or P3)

0l 01D Push; EUBC « EMIT; Stack « DMUX (P2 or P3)

01 Otl Push; (P1 or P2 or P3)

01 160 Pop

0l 101 Push (if PPE=1); RD « Stack Pointer; Stack + DMUX (if PPE = 1 P2 or P3 only)
Cl 110 RD « Stack; Stack « DMUX

01 111 STACK POINTER « SC<3:0>

10 000  OFF
10 001  OFF

10 010  OFF

10 011 OFF

10 100 RD « Memory[Stack]; Pop (if PPE=1)
10 101 OFF

10 110 OFF

10 111 OFF

11 000 Memory[Stack] « DMUX; Pop (if PPE=])

11 001 RD « EMIT; Memory[Stack] « DMUX; Pop

11 010  EUBC « EMIT; Memory[Stack] « DMUX; Pop

11 011 OFF

11 100 OFF

11 101 RD « Stack Pointer; Memory[Stack] « DMUX; Pop (if PPE=~1})
11 110 RD « Stack; Memory{Stack] « DMUX; Pop (if PPE=])

11 11t EUBC « Stack; Memory[Stack] « DMUX; Pop (if PPE=1)

Push: (pushes with writes to stack can be P2 or P3 only)
Stack Pointer « Stack Pointer-1 (push) then
Action

Pop:
Action then
Stack Pointer « Stack Pointer+1 (pop)
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Appendix B. Standard ROM in MICRO/40

Thie is a transcription of the standard POP-11 emulator
in MICRO/48. The seguence and labels of the micro-
instructions closely follow the floucharts in the KD11-A
Processor Engineering Dranings.

This microcode is available on the CMU-1BA as
ROM2Z56. MIC [N2BBMUBB] and can be used as a starting
point when constructing a modified POP-11 instruction
set on the POP-11/48E microprocessor.

Original Yersion: Summer 1975 Rajan Modi
Revision 1: Autumn 1975 Guy Almes

reguire defs.mic (n288mube)

f/ir/ t= dad=148 ! alu function of ir

allow, odd t= dad=18 ! allow an odd address

check.ovflo = dad=£$§ | check stack overflow

ovfio/odd 1= dad=78

dato/datob t= dad=17; dato$

inhibit 1= dad=128 | inhibit dato/clkoff on TST or CMP
cikoff/ovliap = clik=B% I clkoff if overlap fetch

anwbby 1= bus=2% I await bus busy

disp.rir 1= sdm=8; srx=1l: rif=13% | set data to be displayed

disp.rpc 1= sdme=B: srx=l; rif=7%
disp.vect := sdm=B; srx=1; rif=148
disp.adrsc := sdm=8; srx=1; rif=178

disp.rdf t= sdm=B; srx=48
disp.d t= sdm=28
disp.bus t= sdm=18%

begin goto FETB2

set

| but 25 @ SERB7
start
SERBI: pl; disp.rir; clkoff
SER1B: p3; b,vecteunibus; but 7
SER11: pl: disp.vect; goto SERB4
end
SERBS: pl; disp.rir; goto TRPB3
FETB2: pl; baerpc; dati; clkoff; goto FET@3
SERB2: p3; disp.rir; but 26; goto SERES

tes

set I but 206 & MOV1S

FETB1: pl; baerpc; dati; clkoff; goto FET@3
FETB3: pl; b,ir,rircunibus; goto FETB4
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SERP1: p3; disp.rir; but 26; goto SERBS
MOVZ21: p2; deb.el; but 27; disp.d; goto MOVZE

tes
FET@4: p2: ba,derpc+2; but 373 dati | if oviap fetch
FETB5: pl; rpced '
set ! but 37 @ FETB4
FET8®7: pl; disp.rir; goto TRP8G
start
RTI88: p3; baersp; dersp+l; dati; rsped; clkoff
RTIBL: pl: rpceunibus
RTIB2: p3; baersp; dersp+l; dati; rsped; clkoff
RTIB3: pl; pseunibus; goto SERBZ
end
start
DOPB2: pl: berdf: but 31
DOPB3: p2; dersf; f/ir/; but 27
set I but 31 e DOPB2
DOP19: pl; rdfed; n.z.v.c.; clkoff/oviap; goto FETB1
DOP18: pl; rldfl.led; n.2.v.c.; clkoff/oviap; goto FETB1
DOP17: pl; n.z.v.c.; disp.d; clkoff/oviap; goto FETB1
tes
end
start
DOPBB: pl: bersf
O0PBl: p2; derdf-b; but 27; goto DOP1S
end
start
SSLB2: p2; derdf: f/ir/; but 31
SSLB3: pl; c.; disp.d; but 27; goto DOP1S
end .
start
S5L.28: pl; berdf; but 31
SSLBL: p2; deB-b; disp.d; but 27; goto OOP19
end
start
RSRBB: p3; derdf; c.; bedshift
RSRBl: p3: deb; rdfed; but 27
RSRBS: pl; n.z.v.; clkoff/oviap; disp.rdf; goto FET81
end .
start
RSRA2: pl; berdf
RSR23: p3; deb.tz; c.; bedshift
RSRB4: p2; deb.hh; ridf).led; but 27; goto RSRBS
end
start

NBRB®: pl: disp.rir; but 16
S0BB6: ply diep.rir; goto FETB2
end
start
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BRABB: p2; derpctb.el
BRABl: pl; rpced; but 16
BRAB2: p3; derpc+b.el; rpeed; goto FETBZ
end
start
MRKBB: p3: derir+ly; bed
MRKBl: p3; d,baerpc+b.el; dati; rpeed
MRK@2: p2; derpc+?
MRKB3: pl: rsped; clkoff
MRKB4: p3; der5; rSeunibus; but 16
MRKBS: pl; rpced; goto FETB2
end
noop | hole
SERBB: p3; disp.rir; but 26; goto SERBS
noop | hole
start
CCCAB: p3: derir and 17; bed
CCCBL: p3; denot b; bed; but 16
CCCB2: p3; deps and b; n.z.v.c.; psed; goto FETB2
end
start
SCCO: p3; derir and 17; bed; but 16
SCCR1: p3; deps or b; disp.d; goto FETB2
end
start
DOP15: pl; berd$; but 31
DOP16: p2; dersrcs f/ir/; but 27; goto DOP1S
end
start
DOP13: pl; bersrc :
DOP14: p2; derdf-bs but 27; goto DOPLS
end
CONBB: p3; baerpc; disp.d; goto CON12
SERB3: p3; disp.rir; but 28; goto SERBS
start
RTS88: p2: derdf
RTS81: pl: rpeed
RTSB2: p3; baersp; dersp+2; datis rsped; clkoff; but 16
RTSB3: pl; rdfeunibus; goto FETBZ2
end
noop ! hole
TRPB6: p3; declBl; vected; goto TRPBR
atart
RSTE@HB: pl; derd; disp.d
RSTBl: p3; disp.d; clkoff; but 2
RST22: pl: disp.d
set ! but 2 e RSTB1
RSTH3: pl: disp.d; goto CONBI
RST@4: pl: disp.d:; gote FET82
tes
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end
start :
SOBBA: p2; dersf-l
S0BA1: pl; rafed: but 12
S0BBZ: p2; derir and 77; bed
set I but 12 @ SORB1
start
SOBB3: p3; derpc-b; rpced;

Standard ROM in MICRO/48

SOBB4: p3s derpc-b; rpced; goto FETBZ
and :
SOBB5: pl; disp.d; but 16; goto SOBBG
tes
end
noop ! hole
SXTB@: p2; de-1; f/ir/; disp.d; but 27; goto DOP19
noop ! hole
start
SWBBB: pl; berdf
SWBBL1: p2; deb. lh; disp.d; but 27; goto DOPLS
end
noop | hole
KT: noop !?
start
SRC16: p2; deb.hh; disp.rir; but 36
SRC17: pl; b,rsrced; goto DOPIS
end
noop ! hole
start .
SRCBB: pl: baersf; dati; a!llow.odd
SRC1l4: pl; clkoff; disp.rir; but 35
SRC15: pl; b,rsrceunibus; goto DOP1S
end
start
SRCBY: p2; baersf; dati; allow.odd; dersf+cl3]
SRCB3: pl; rsfed; clkoff; but 35; goto SRC1S
end
start .
SRCB4: p3; baersf; dati; dersf+2; refed; clkoff
SRC12: pl; b,rsrceunibus
SRC13: pl; baersrc; dati; allow. odd; goto SRC14
end
SRCO2: p2; d,baersf-cl3); dati; allow.odd; goto SRC14
SRCBS: p3; d,baersf-2; dati; rsfed; cikoff; goto SRCI12
start
SRCB6: p3; derpc+?; rpced; cikoff
SRCB7: pl; b,rerceunibus
SRCB8: p2; baersf+b; dati; allow.odd; goto SRCl4
end
atart
SRCBY: p3; derpct+2; rpeed; clkoff
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SRC18: pl; b,rsrceunibus
SRC11l: p2: baersf+b; dati; clkoff; goto SRC12
end
TRPB7: p3; de«ciB); vected; goto TRPOS
start
JMPRB: p2; derdf; but 15
JMPB4: ply b, temped
get I but 15 @ JMPBB
start
JMP12: p2: detemp; but 16
JMP13: pl; rpced; goto FETB2
end
start
JSRPB: p3; d,baersp-1-1; rsped; check.ovflo
JSRB1: p2; dersf; datos clkoff
JSRBZ: p2: derpc
JSRO3: pl; rsfed; goto JMP12
end
tes
end
start .
JMPBLl: p3; derdf+2; rdfed
JMPB2: p2; derdf-2; but 15; goto JMPB4
end
start
JMPA5: p3; baerdf; derdf+2; datis rdfed; clkoff; but 15
JMP11: pl: b, tempeunibus: goto JMP12
end
JHMPB3: p3: derdf-2; rdfed; but 15; goto JMP@4
JMPBG: p3; d,baerdf-2; dati; rdfed; ctkoff; but 15; -
goto JMP11
start
JMP88: p3; derpc+?Z; rpeed; clkoff
JMPl4: pl; b, tempeunibus
JMP15: p2; derdf+b; but 15; goto JNMPB4
end
start
JMPB7: p3; derpc+ds rpced; clkoff
JHPB9: pl: b, tempeunibus
JMP1D: p2; d,baerdf+b; dati; clkoff; but 15; goto JMP11
end
start
MOV19: p2; dersrcs but 28
MOV28: pl; rdf,bed; n.z.v.c.; cikoff/oviap; goto FET81
end
start
DSTBB: pl; ba«rdf; datip; ovflo/odd
DST14: pl; disp.rir; clkoffs but 33
DST15: pl; b,rdsteunibus

' but 33 e DSTi4
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end

start
S5L86;
S5L18:
DOP12:

OCP29:
end
S5L84:
gtart
SSLB8:
S5L12:
SSL11:
SSLP9:

end
ssLe7:
DOPA7:
DOPB8:
start
DOPR4:
ODPBE:
end
DOPBS:
start
DOP23:
DOP22:
DOP21:
O0P11:

end
DOCP1D:

gtart
RSRBE:
RSRA7;
RSR19:
RSR11:

end

gtart
RSRE3;
RSR@9:

end
SX791:

S51_85:
start

DST1&:

D5ST17:
end

Standard ROM in MICRO/4B

pd;
pl;
pl:

pZ;

p2;
pl;
pl;
pZ;

derdst; f/ir/; dato/datob; disp.d
c.; disp.d
n.z.v.c.; clkoffy inhibit; disp.d;-

but 16

; disp.d: goto FET82

deB-b; dad=ll; dato; disp.d; goto DOP12

derdsty f/ir/

c.3 disp.d

bed; n.z.v.c.

deb. 12; datoby disp.d;~

dad=13; clkoff; but 16; goto DOP28

p2;
pes
p2s

p2;

p3;
P2y
ply
pls

pZ;
p2;

pZ;

noop

p2;

p23
pl;

i dersf;

deB-b; disp.d; goto SSL12
dersfy f/ir/{ dato/datob; goto DOP12
dersrcy f/ir/y dato/datob; goto DOP12

bersf
derdst-b; dato; goto DOP12

; bersrc; goto OOPBE

f/ir/
bed; ¢,
bed: n,zZ.v.C.

i deb, lz; datob; disp.d; dad=l13;-

clkoff; but 16; goto DOP28
dersrc; f/ir/y goto DOP22

deb; .3 bedshift

debs dato; disp.d

n.z.v.3 clkoff; disp.d; but 16
disp.d; goto FETB2

deb, 123 c.; bedshift
deb.hh; datob; disp.d: goto RSR18

de-1;
lhole
deb. 1h; dato; disp.d; goto DOP12

f/ir/; datq} disp.d; goto DOP12

debohhy disp.orir; but 34
b,rdsted: goto SSLAG

Page 83
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start
DSTB1:
0sT83:
end
start
DSTR4:
psT1Z2:
PSTI3:
end
DsST82:
DST95:
start
psST87: p3;
DSTP9: pl;
set

P23
pl;

baerdf: datip; ovflo/odd; derdf+c (3]
rdfed: clkoff; but 33; goto OST1S

p3;
pls
pls

baerdf; dati; derdf+2; rdfed; clkoff
b,rdsteunibus
bacrdst; datip; allow,odd; goto DSTl4

d,baerdf-c(3]; datip; ovflo/odd; goto DST@3
d,baerdf-2; dati; rdfed; clkoff

p2;
p3;
derpc+2; rpced; clkoff; but 17
b, rdsteunibus
| but 17 @ DSTB7
D5T18: p2; baerdf+b; datip; ovflo/odd; goto DSTL4
DST11: p2: baerdf+b; datiy clkoff; goto DST12
tes
end
DSTBE: p3; rpced; clkoffi-
but 17; goto DSTOS
but 28; goto MOVZO

baerpcy dati; derpc+d;

MOV18: pZ;
start
MOVBB: p2;
MOVB7: pls
set

dersfs

d,baerdf; ovflo/odd; but 22
rdfed
| but
MOV1E:
MOv17:
start
MOV14:
MOV15:
end
MOV13:

22 @ MOvVeD
p2; dersrcy dato
p2; dersf; dato

bersrc
deb. |Z;

pl;

p3; datob; rsrced

bersf; goto MOV1S

pls
tes
MOV22: M.z.v.C.3 disp.d; inhibit; clkoffy but 16;-

goto 00P28

p3;

end
MOvVel: ovflo/odd; but 22:-

goto MOV@7

: baerdf; derdf+ci3);

start

Moves:
MOV1i:
MOv12:
end
MOVE2:
MOvVas4:
start
MOvVe6:
MOV@E&:

set

: baerdfs
: b, rdsteunibus;
; bacrdst; allow.odd; goto MOV1G .

derdf+2; dati; rdfed; clkoff
but 22

d,baerdf-c[3]; ovflo/odd; but 22; goto Hove?

i d,baerdf-2; dati; rdfed; clkoff; goto MOVLl

derpc+2; rpceds clkoff; but 17
b, rdsteunibus; but 21
' but 17 @ MOVB6
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MOVBI: p2; baerdf+b; ovflo/odd; goto MOV1G
MOV1D: p2; baerdf+b; dati; clkotf; allow.odd; goto MOV11

tes
end
MOvVe5:

tes

set ' but 26

start
TRP&3:
TRPBZ:
end
CONBL:
start
SERPE:
SERR7:
SERPS:
end
FET®0:
tes

set ! but
SER®4:
start
TRPB3:
TRPBS:
TRP18:
TRP11:
TRP12:
TRP13:
TRP14:
TRP15:
TRP1G:
TRPZ8:
TRP21:
end
tes

set ! but
start
CONBS:
CON13:
CONBEB:

p3;

p3;
p2s

p3;
pl;
p2;
pl:

pl;

pl;

30

p3;
p3;
pl;

baerpe; dati; derpe+2; rpced; clkoff; but 17;-
goto MOVB8

@ SERD2

dec (B vected
baevect+Z; dati; clkoff; goto TRPBS

baerpe; disp.d; goto CON12
disp.rir; awbby; clkoff
disp.riri aubby; but 25
disp.rir; goto SERBY

bébrpc; dati; clkoff; goto FETB3

@ SER10
disp.rir; but 26; goto SER8S

baecvect+2; dati; clkoff
tempeunibus
d, baersp-b; check.ovflo; rsped

i deps; dato: clkoff

i d,baersp-b; check.ovfio; rsped
3 derpc; dato: clkoff

peetemp

psetemp; but 4

baevect; dati; clkoff; but 1
rpceunibus; but 3; goto CONBB

@ CON1B

disp.d
disp.d; but 6
disp.d; goto CONB4
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CONB8&: p3;
CONBI: p3:
CON1B: p3;
CON11: p3;
end ‘
start
EXMBPB:
EXMB7:
EXMB8:
end
start
STABB:
STARL:
end
LADD3:
start
DEPPB: pl:
DEPP1: p3:
DEPBZ: p3;
set

pZ;
pl;
p;

pls
pls

pl:

PDP-11/4@E Microprogramming Reference Manual

temced; but 12

detemc+l; temced; goto CONB8
disp.rpc; but 38

deadrscy; goto CONBS

del77578: dati; digp.d; clkoff
beunibus
deb; disp.d; goto CONBS

rpced; but 18
disp.rpc; goto FETB2

de8; disp.d; goto CONBS

bacadrsc

disp.d; but 3
d,bacadrsc+cl7]; adrsced
| but 3 @ DEPB1

DEPPB3: p3; d,bacadrsc+cl[7]; adrsced; goto DEP@4
DEPB4: p2: bae«l77578; dati; disp.adrsc; clkoff

tes
DEPBS: pl:
DEPPG: pl:
DEPB7: p3;
DEPB8: pl:
gset

DEPBS:
DEP10Os

tes
end
start
EXMB8:
EXMB1:
EXtB2:

set

beunibus

ba+adrsc

debs; alliow.odd; disp.d; but 3

disp.d

! but 3 e DEP&7 _

pl; dato; disp.d; clkoff; goto CONBS
pl: rbaed; goto CONES

ba«adrsc

i disp.d; but &4
s d,bacadrsc+c(7]; adrsced

| but 4 e EXMBL

EXMB4: p3; disp.adrsc; al low. 0dd; but 4
EXMP3: p3; d,bacadrsc+cl?]; adrsced; goto EXMB4

tes
EXMB5:
end
CNTB8:
start
LADRS:
LADBL:
LADBZ:
end

p2s
pls
p2;

XX
p2;

tes

derba; goto CONBS
disp.rpc; goto SERB2
ba«177578;: dati: disp.bus; clkoff

adrsceunibus; but 5
d,bacadrsc; disp.d; goto STABS
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CON12: p3; deps: awbby: but 26
CONBZ2: p3; psed; awbby; clkoff
set | but 24 @ CON12
CON83: p2; derB; disp.d; goto CONB4
noop; goto @ lhole
CONBS: p3; disp.d; but B; goto CONDS
CONB7: p2; deb; sbme=l7; sbcelé; disp.d; goto CONB8
tes
finis
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Appendix C.

The Bootstrap PROM

Proposed PROM Code ~-- 2 December 1374
-- rev 1 May 1875
-~ rev 9 June 1975

The use of a single opcode, 828887, for selection of

a) 1t uses the only opcode with no address bits,
b) It reduces the delay in getting to 2888 in norma! cases,
| and ¢} 1t leaves more of the PROM open for utility goto's.

]
i
b
!
i
I PROM functions offers three advantages:
]
]
]
|
I

require defs.mic

low! im=2408
. =240808; toseps
case tos</>
d«7 xor b
set

! push ps onto stack for addr space check
| test bit 7 to detect whether user or Hydra

| derir xor 088887

toserir: goto 2808

skipzero
tes
der2
set

toseriry goto 2881
toserl; skipzero

tes

denot r@
get

start

de-RAM[tosl; but 1B

rBed;
end
RAM[tos] «d;
tes

rdram: deramisl; goto
wrram: ramlsled; goto

eubcetos; goto
retsub: eubces; goto
exxit: goto @

exitt: but 1B8; eubcelB; goto exxit

goto 16

goto exitt

retsub
retsub
exxit
exxit

execute user instruction
in Hydra; detect load/store

execute Hydra instruction
load/store, since ir=088887

assume a RAM wurite

rZ2 8 RAM read

r2=0 RAM urite

read from the RAM
urite from the RAM
provide two kinds of return

| provide an exxit to the ROM

.=24D2; goto 2082 ! provide some .=48x; goto’s for RAM readers

.=2403; goto 2883
.=2404; goto 20D4
.=2485; goto 2885
,=24P6; goto 2806
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.=2487; goto 2887
«=2418; goto 2018
.=2411; goto 2811
=2412; goto 2012
.=2413; goto 2813
.=2414; goto 20814
.=2415; goto 2815
.=241b; goto 2016
.=2417; goto 2817
finis
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Appendix D, Vector Instruction Set

The following microcode implements a set of four vector
imstructions: ‘Yector Move', ‘Vector Compare’, ‘Broadcast’, and
‘Checksum’. FEach is interruptable and has both a word and a byte
varient. The instruction is two words long. The first word must
have a free ‘DF' field; the indicated register provides a count
register, which is decremented for each item processed until it
reaches zero. The second word is of the form ‘becBsBd’, where ‘b’ =1
iff ‘item’=byte; ‘c’ indicates the op-code; and ‘g’ and ‘d’ specify
the source and destination registers, respectively.

Vector Move replaces the code seguencei

|oop: MOV (B) (S)+, (D) +
DEC K
BNE | oop
: Yector Compare replaces the code sequence:
foopt DEC K
CHP (B) (S)1+, D)+
BNE out
ST K
BNE loop
out: .

Broadcast replaces the code seguence:

loop: MOV (B) S, (D} +
DEC K
BNE oop
Checksum repiaces the code seguence:
loop: ADD {S)+,0
ADC D
DEC K
BNE toop

This microcode ie not naive; understanding it requires thorough
attention to the detaiis of BUT 35, byte handling, and flow of
contro! constructs. Note that the first instruction to be executed
is an invocation of macro ‘Vector’; this macro would be invoked in
the instruction decoding microcode of the RAM. Note also that the
macro’'s of "DEFS.MICINZBBMUBB]" and a macro ‘Illegal’, uhich disposes
of iliegal opcodes, are used..

I Interruptible Yector Instruction Set —-- 28.1X.75

!

Yector := baerpcy dati; props goto Vect$
nextsrc:= bacrsf; dersf+cl3): refed; dad=1: dati®
opcode i= . case tos<l&4:12>8
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oddbyte: =
decount: =
Writed =

Yector [nstruction Sst Page 91

but 35; case tos<15>168
decount-1; counted$
dato; clkoff$

N.z.v.c.; prop; shc=18; opcode: goto P8

writeb i = datob; clkoff; dad=1$%

nextdst: s baecrdf; derdf+cl3]; rdfed; dad=18%
count = r[11]8

cmpare = n.z.v.c.; skipzero; goto vecS$
cksum =

VecB: p3; derdf; skipzero; clkoff

ir, toseunibus

set ! initial zero count
counted; opcode
vecl: derpec+2; rpced; goto vecB
tes
set ! catch interrupt requests
vec?: noop
derpc-2; rpced; goto vect
tes
set | opcode decoding
[llegal
[liegal
start
nextsrc
dacount; skipzero; clkoff
beunibus; oddbyte
sat ! check for zero count
vec3: nextdst; but 1B; case vec?2
nextdst; case vecl
tes
+=2867; deb  ; writew; opcode; goto @ !
-=2167; deb. 11} writeb; opcode; goto 8 !

»=2177; debohh; writabs
end | Block Transfer

start
nexterc
oddbyte; clkoff
temp, beunibus

.=2487; nextdst; dati; goto vecé
+=»2567; deb.cl; temped; goto 2467
+=2577; deb.ch; temped:; goto 2467

opcode; goto 8 !

! complete the instruction

! proceed
I suspend

the instruction

{ 88 - undefined
! B8]l - undefined

| B2 - Block Transfer

! count B
| count = B

word

even byte

odd byte

! 83 - Compare

! word
! even byte

! odd byte
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vecd: decount; clkoff; oddbyte
beunibus; skipzero

. w2B67; detemp-b 1 cmpare ! word

.=2767; detemp-b.cl; cmpare ! even byte
=2777; detemp-b.ch; cmpare . ! odd byte
set | check exhausted count
vech: but 16 ' count B
goto vecl ! exit: count = B
tes
set .| check for disagreement on compare
goto vecl ! exit: mismatch
goto vecZ; opcode P continue
tes

end ! Compare

Page 32

atart { 84 -~ Broadcast

decount: skipzero
bersf; case tos<l5>16; goto vec3
end ! Broadcast

start b 85 - Checksum

nextsrc
decount; skipzero: clkoff
beunibus; oddbyte

set | make note of count exhaustion
case vecZ; but 16 ! count &
case vecl ! count = @
tes
.=2267; derdf+b i rldfl «d; cksum | word
.=2367; derdf+b.cly ridfl, led; cksum I even byte
. =2377; derdf+b.ch; rldfl.)led; cksum ! odd byte
end | checksum
[liegal ! 6 -~ undefined
[llegal | 87 - undefined
teg ! opcode decode

vech: . =2007; derdf; prop; rdfed
p3; irerir ! restore old ir
decount; but 1B I update the count
rdfed 3§ goto 1B ! return to the ROM



