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" MICROPROGRAMMING THE PDP-11's
. J.F.0'Loughlin

INTRODUCTION:

k‘iThe reCent_microprbgramming of ﬁhree PDP-ll;machines’prOQiaes a'uniqﬁe'*
opportunity to review the effects of microprogramming on a fixed archiﬁecfur¢ T}
A'machinef Three separéte design groups were involved (PDP;ll/OS, PDP-11/40,
-and PD§-11/45) each with gpecific design goals., Central to‘each of these 5
.~ efforts was the absolute requirement for common (or subset) software,
common peripheral% and a background of common corporate fesourcés and
"hardware. Comparisons are made to the original non-microprogrammed PDPell/ZO
rmachine. | N
A tdtalvhardware devélopment and implementation viewpoint is attempted,_{;;
Microprdgramming may reduce the size of a machine, alter its data paths or
increase its speed; it can also alfér the techniques of project documehtatibh
and development. The microprogramming impact is placed in perspective; it
is a major element in the design of the new machines but it is not the only -
element. The continued development of denser integrated circuits is
»important; so also is the altering application of the maching which in turn
affects design goal. The minicomputer is not theoretical; it is pragmatick
- both in application and design. This paper is so presented. The choices
made for the PDP-11's mayAbe right for them, but . may have other meanings
in another or future design.

PDP-11 ARCHITECTURE:

The fixed architecture under consideration is that of the PDP-11; three
salient features should be noted: the UNIBUSR; the Instruction Set with
cwltiple address modes and registers; and the System Stack for subroutines o

and interrupts.

R kegistered Trademark of Digital Equipment Corporation



The UNIBUS providés the interconnection between components of»fhei

5 computing machine in Figure 1. This interconnection with its atteﬁdagt -
épacificatidné provides both a physical and 1§gica1‘discipiine,am6ng' ':~
components. Ph&sically the UNIBUS provides signaISZCOnsistiné‘of:F}j
aata;,address; data control; bus ownership coﬁtrol; and powef on¥off
contrdl. The data transfers are asynchronous with interlocking control_

‘ sigﬁals; four types‘of transfers can be initiated by a bﬁs master de§ice~
(DATA IN, DATA IN PAUSE, DATA OUT and BYTE DATA OUT). Note that ‘bus
rastership is fequired for data transfer and can be provided for any
element on the UNIBUS , not just the processor. The processbr, héwever,
does have a slightly greater than equalkrole on the UNIBUS', it contains
the logic that arbitrates the bus ownership. Two classes of non-processor‘
ownership are provided: Non-Processor Request (Direct Memory Access)
which ocecurs throughout processor operations; and Bﬁs Requeét (usually -
effecting Interrupts) which occurs only at instruction completion and
depends upon peripheral request priority versus program priority.

The discipline of the UNIBUS specification requires some logic cost
within each'system component; this cost, however, is well returned in the
generality of the component interfaces. Specialized I/O instructions are
not needed as I/O device registers (control and storage) occupy normal UNIBUS «
address space, Direct Memory Access transfers occur directly between the
participating devices (disk and memory, for example) without processor inter--
action, Subsets of‘UNIBUS control are allowed; some devices are only
master (processor registers) or slave (memory); others devices only acquire
bug controlbfor INTERRUPT operations, This flexibility accommodates the heed
for minimum lbgic and cost in some peripherals and allows power and speed in
others. The various new processor accommodates the UNIBUS‘ specifications in
¢iiferent ways - each meets the specification but implementation and speed may

dif‘er.
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The Instruction Set of the PDP-11 machines is relatively strong and =
diverse. Over 400 instructions exist with their major characteristics asim

- foilows: 'mﬁltiple address modes; multiple general purpose registers;'dOubleif

' and siﬁgle,operand instructions, byte or word operation, proéeSSor statué W

. ﬁor&, and a predilecfion’for sfack operations, Figure 2 indicates éhe dpubié éﬁﬂﬁ
'»singie operand instructiqns in reference to the address modes and‘generaiJ :

registers. Instructions can involve Register tobRegister, Register to Meméry, ‘ §5

:Memory fo Register, or Memory to’Memory operations. Of speéial‘vaiqe is»the
iaclusion Qf the Progrém Counter (PC) and the processor Stéck’Pointér‘(SP),‘

within the General Registers; this allows relative énd systemkstack‘ordered‘

' instructions; Most instructions provide fbr word or byte operation»with'the
processor monitoring byte operations and odd address utilization. Bus efrbrs:
(odd address, stack limit or non-existent memory) result in specific tta§ ‘f?¥
re:ponses.‘ A portion of a Processor Status word provides for a number:of
Branch Instruction conditions by storing characteristics of the last instruc-
tions data; the word also contains program priority to deterﬁine bus ownérship,f ,
upon peripheral bus reqﬁest.

A system stack accommodates both subroutine response and processor interrupt_?
response; processor trap instructions also utilize this stack. The specifié
sequence of operation for the Jump to Subroutine, Return from Subroutine and
‘Interrupt response are noted in Figure 3. The Subroutine instructions use of
the linkage register (RX) provides for arguments or addresses of arguments; thé*
use the system stack (SP) allows nesting of subroutines and interrupts. The’
Interrupt response indicates the transfer of both the Program Counter (PC) and
the Processor Status (PS) word to the system stack. The new PC and PS comes
from the peripheral transmitted vector address and allows a change in program

operation and the priority of program operation.
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 VICROPROGRAMMING :

’Microprogramming as a éoncept for machine implementation’was nbtedlinil§5i' :
‘by:?roféssor Wilkes.‘ Initial impiementations were upon the 1arger‘hachiﬁeg ,/fE;
v:with a Qariety bf cdntrql store devices., At Digital, the medium sizédVPDPé9 
machine used aimagnetic E core implementation for itS~controlﬁstore., Widéf ‘“
sﬁraad use of microprégramming in the minicomputer field came only aftef“
"Large Scale Integrated (LSI) circuits provided Read Only Memory (ROM) and the g
related Programmable Read Only Memory (PROM). These devices ailoﬁba difect,
practical application of the economical advantages 6f iSI withouf the design
time andvcost requirements of custom LSI. Only the ROM pattern needs tb be
- custom, the basic integrated circuit layout is standard and uniform, Theée'
devices provided the starting point for microprogramming the PDP-ll machines,  L'

Given the means fqr economical microprogramming, should PDP-ll's_be done
that way? The PDP-11 machines are strong yet complex, with this compleXity ;,*
 providing the threshold for consideration of a microprogramming design.’ The
Iﬁstructioﬁ Register operation code is not sPeéifically laid out for micro-
programming,but generalities exist in the format for the address modes. The
asynchronous nature of the UNIBUS data and ownership transfers appears neither
for nor against microprogramming; however, the separation and generalization
of UNIBUS‘ elements with defined interfaces is very characteristic of the micfo-
programming design concept,  The need for optional, incremental expansion lends

itself to microprogramming,
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DESCTGN GOALS:

”TheVdesign goais for the machine provide a necessary‘feférence fé; iﬁterprefgtid@;
‘ifof(ihe existing designsjand,thé microprogramkapplicatiOn~fo thoéé“deSiéné}x the;hyff
that(microﬁrogramming is nof" “noted as a:goal,/it'is~én‘uﬁépecifiediteéhniqﬁ;;:i?

The PDPfll/ZO primary desigﬁ goal was fdr a faultjfree‘implémentationTofgéi::i(‘)'
rlasting architecture. The implementation utilized off-the-shelf,compoqeﬁts, > 'w,Z/i
: No major use was made ﬁf LSI or MSI components. ‘ | il

The PDP-11/40 is the follow-on machine for the PDP-11/20. Its major goals
are improved priqe (less than a PDP-11/20) and performance (Register to o
Register'§perationskin less than a microsecond) with optional, incrémental |
expénsion. | :

The PDPf11/05 is a minimum logic implementation with the belief thatvsuch 
an implementation is low cost. Some original effort was directed at a éingle“’:
.module board design of é PDP-11 subset or a non-PDP-11 maéhine. Softwaré apdl
peripheral costs, however, require a PDP-11 maéhine and the present two board
machine resulted with low cost,and consequentially low speed,the’criteria.

The PDP-11/45 is a state‘of the art machine specifically designed to pfovidé
raw computational power. Both MOS and Bipolar semiconductor memory are
provided with a separate Floating Point Processor. Cost wasbnot an originally
specified item with multilayer logic boards and high speed Schottky logic
always considered necessary.

MICROPROGRAMMING DESIGN TOOLS:

A major microprogramming design tool is the computer driven Read/Write'Contfol
Store of Figure 4. A bipolar sciatch-pad type memory interfaces to the
processor breadboérd; the word width and depth is that of the control store
for each machine. The processor breadboard provides the micro address and
control for the read only interface to the breadboard. Inﬁut and change for’
tne control store comes through the UNIBUS interface to the PDP-11/20 system.

This system is supported by Teletype, Paper tape and software.
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'Tr7o types'ofVSOftware~are provideds on-line debugging Programs;and documenté4‘ ‘

tion programs,  Thern§line debugging program allows examination and modification:

of the.breadboard control store. Input commands‘and déta are Cﬁécked;,paﬁér ;;j?f

‘:tape outpﬁt‘is proﬁided for generating Progrémming Re;d~0n1§'Memories‘(whiéhf ﬂ  ;
‘then’can bg used as mésters) and for generation of machine and IC documeﬁtation;¥Q 
’Maéhine documentation is generated on a PDP-lO,‘Systém 40 machine. Prograﬁs> ; 1 
.’ allow:the convefsion of the PDP-ll papertape to a standard ROM (256’w6rd$’X;‘
‘ 4 Bits)'formatg the:generation to complete microflowifor ﬁachine documeﬁtatibn; T
and’the ability to edit for engineering changes,

A design todl enhanced by microprogramming was absimqlator of‘the’PDP-lljgs“'J
separate Floating Point Processor. With the data path and control strongly
characterized by the microprogram flow diagrams, each register could bé' g
assignedfa‘program;memory location and each’micfotransfer_directly simulated.‘lk

IMPLEMENTATIONS :

PDP-11/20 - The block diagram of Figure 5 indicates the simple nature of
this original PDP-11 implementation. - The Adder has latch registefs on each
input with a separate output register for Bus Address storage. The Scratch
Pad generai registers receive their inputs from the Adder output and provides
output to gach Adder input. A figure eight data path exists between the
UNIBUS 4 the Adder, and the Scratch Pad. |

Control for the data path comes from combinational logic decoding shift
~registers containing machine states. Four types of state information areb
utilized; major machine state (Fetch, Execute, etc.); instruction states
within the major machine states (ISR1l, ISR2, etc.); bus control states within
‘instruction states (BSR1, BSR2, etc); and the Instruction Register decode,
Usually four to six gate levels exist between thé shift registers and the

control signal to the data path.



t '?DP-il/ﬁo - The b1oék diagfém of Figufe'Gyairéctly concérns‘itséif'with‘  :
> épe§&, generality ana some e¢onomy. Reglster to Register transfers that |
frequlre the loadlng of both Arlthmetlc Logic Unit (ALU) 1nputs w1th Scratch ; v
Pad Memory information and UNIBUS - data are accommodated by dlrect paths.~ ¥{}7
The need for a UNIBUS'iaddress to quickly initiate buS‘operation isf  ?ﬁ
'accommodated By diréct path to the Bus Address Register from the ALﬁ Autbnfl
 ’an5 the Scratch Pad Memory. The location of the~Scrat¢hyPad Memory'bétwééq i'
an outgoing data Eus'(DMUX) and an ingoing data bus (BUS D) allows‘theli‘ :
further addition of cher memory or processing elementé; ﬁhis important"
genarality allows expahsion. The data struction while more cbmplicated than
“the PDP-11/20 stiil is economically tuned to data interaction with.core H
mer:iory on the UNIBUS-,: |

| Direct microcontrol is exerted upon the Data Path for ;he'multiplexbré’ ]
and Scratch Pad Memory selection; a siﬁglé logic gate level is‘requiréd o

' for clocking signals. Only a small portion of the microcontrol word is usea
indirectly through decoding, these fields relate to constant generation or
alteration of Arithmetic Logic Unit response as a function of Instrucﬁion
Register decode. The minimum loop time (140 nanoseconds) for microword
control (address, microdata output, buffer loading) matches the time for

the most cirtical data path transfer (Scratch Pad Memory to the B Register'
&t the ALU input). Different microtiming cycles are also provided for
arithmetic operation through the ALU (200 nanoseconds} and for compiete

data cycles from the Scratch Pad Memory, through the ALU and back to the
Scratch Pad Memory (300 nanoseconds)., The microword is buffered so that’
next word look-up can occur during present word operation. The next micro-
wcrd base address is provided completely by the present microword; branching
information inputs to‘the NOR gates prior to the microword buffer. This
branching input location requires that branch conditions be specified by

the microword, one microword before the branch.



PDP-il/OS - The block diagramrof Figure 7 reflectsyeconomies iﬁ the number
of ‘data paths and data registers. Opérations performed directly'in thekPDP-ll/éO'
and PDP-11/45 often require two or more cycles.‘ The Scratch Pad Memory/' B
must pass data through the Arithmetié Logic Unit (ALU) and output multiplexor
to load the B Register on the ALU inputs. Byte operations‘for data justificatibn;
require several rotate operations instead of a single swap operation, The. |
UNIBUS interface is similar to that of the PDP-11/20. A séparate‘Bus Addressi
Register is provided, but data outputs require the holding of data through
the ALU and its input registers. The emphasis is on economy with‘time being
the major sacrifice.

The microcontrol of the PDP-11/05 continues these economies. The micro-
worrd is used directly from the Read Only Memory% no buffer register is
provided for the data protion of the microword. The microword access time
~is accommodated with the data operation time in the total microcycle time
"-(300 microseconds). Fewer data path elements result in fewer microcontrol
bits.

PDP-11/45 - The block diagram of Figure 8 is complex with multiple inter-
connections’and multiple registers for speed. Two copies of the Scratch Pad
‘Memory allow direct and simultaneous input to the Arithmetic Logic Unit (ALU)
for register to register, double operand instructions. Other duplicate registers
are also provided for the Instruction Register, the Program Counter and the
data registers, B Register and B Register A on the ALU input.

Multiplexors allow the direct transfer of data usually requiring multiple -
data cycles in other machines; hardware is exchanged for time. Some of the
multiplexors receive and transfer data to the semiconductor memory bus with
most of the data path optimized to the cycle time of these high speed memories,

The extra logic elements in the data paths would require excessive time

were it not for the use of Schottky integrated circuits. These high speed

gates reduce throughput delay time, but require the use of multilayer circuit
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toard with internal ground planes, restricted signal length; and terminatprg
on some signal lines. | |

The microcontrol section of the PDP-ll/éS processor utilizes a buffér .
register on the Read Only Memory (ROM) for speed. The micrébranching net-
work alters the base microaddress before the buffer'register;'becaﬁse_of multiple
timing states the b:anch is called within the word preceding the brapch.‘pThe
CONTROL BUFFER and the ADRS BUFFER are clocked at different times within a

single microword timing state,

SUMMARY CHARTS are provided for the details of implementation and the

‘effects of microprogramming on the various machine designs:

PROCESSOR STATE COMPLEXITY ~ (Figure 9) indicates the number of
control states and data storage required within each processor.

PROCESSOR IC COMPLEXITY - (Figure 10) indicates the number and

types of Integrated Circuit (IC) packages used in the processor.
The availability of Medium Scale Integration (MSI) devices puts
into perspective the contribution of the microprogramming control
of the Large Scale Integration (LSI) devices.

PROGRAM CHARACTERISTICS ~ (Figure 11) compares the use of the

control store in each of the processors.

EXPANDABILITY:

All the processors can be expanded along the UNIBUS with peripherals and
through UNIBUS switches with other processors. The PDP-11/45 within its
own backplane provides a separate microprogrammed Floating Point Processor
in addition to the Semiconductor Memory Bus. Only the PDP-11/40 processor
provides for expansion of the microprogram directly in terms of words and
width, TFigure 12 notes the expansion of the microstore for an Expansion Instruction
Set, and - for a Flodting Point Instruction Set, The microword length is also extended |

in-cach case to provide control for the extended data path logic, This logic is
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>'aced across the DMUX outgoing bus,the BUS D in going bus noted in the Bleock '
Diagram of Figure 7; the microcontrol store is expanded by module interconnectihgdlkﬁ

cables on the wired-or ROM outputs. Within this expansion,’the’miérocontrol‘

bits for basic machine control which are unnecessary'to the option, are Omﬁitted;«frff

SUMMARY AND CONCLUSIONS:

Very real advantages eﬁisted for each maghine'in the design phase; ,Tﬁe';‘ '
precise order of the microcontrol provides for a direct, sbecified interfacé
to the data path. Machine operation can be almost completeiykdefined,bf théj‘f
flow diagram and data paths, Some initial data path and microlength cﬁangeé“
occur early in the design, but by the time the machine is breadboarded, the
changes usually concern the microword. Microwords are added, control bits
within the words are changed; the debug of the machines reflected this changes’
ancd the ease of making them. ‘

Product hardware also benefitted from microprogramming. Each machine .
directly used microcontrol to meets its design goals. The’PDP—11/05 consists
of two module boards only because of the LSI influence of‘the ROM's used for
microcontrol and decoding. The major advantage of the PDP-11/40 consists of
speed with direct control of the data path reducing machine cycle time. The
zajority of credit for fewer IC's in the PDP-11/40, however, must go to the
zeneral use of MSI and LSI integrated circuits independent of microcontrol,
Completely unique and dependent upon microprogramming is the PDP-11/40
expénsion possible for the Expansion Instruction.Set and the Floating Instruction
- Set. No other technique, except microprogramming, would allow these simple
single module expansions. The PDP-11/45 used microcontrol for speed and some
ecoriomy in control logic in addition to a segmentation of design. On any large
machine the ability to define segments of design, so as to applylmore people
effectively) is important. -

The only concern for microprogramming comes from production considerations.
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Prﬁﬁu;ti§n benefits derive from the lower’modulé counts and the ability to f"i 
:repiace modules in the PDP-11705 and PDP-11/40 machiﬁeskinipfodUCtibh‘andiiﬁ.
the field. Greater’effort'is then exerted at the module‘test aﬁdbrépéirFIevéi”;;,
(a lower level of productlon) rather than at the machlne’test level, } The ~‘
orcer of the microcode and of the machine also allows some 51mp11f1catlon 1n
:}ainiﬁg. |

The only resérvation on microprogramming comes‘from a producfion’aspecﬁ of‘ >
the initial reasdn for microprogramming., The advantages of standardized Lafge
Scale Integration (i.e. noncustomized) exist mostly at the de31gn and englneerlng
prototype level where the application of a pattern to a Programmable Read Only
Memory in an engineering atmosphere is immediate,and faster than changing logic 2
and its associated etch boérds. In the Production environment, however, the
micropattern in a ROM from a vendor is a custom design. No othervcustomer
can use the design, delivery becomes a matter of IC yield with the vendor
reluctant to have an inventory of your design. Careful long range purchasing
is necessary to insure that all ROM patterns are present at module build.
Some slippage can be accommodated by the use of Programmable Read Only Memory
but only at a cost in time and money. Given this production-vendor relafioﬁ-
ship, one of the often mentioned advantages of microcode dissipates: Ehgiheering

chargeswill not be made against microcode, except as a last resort.
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