
Chapter 5

The DEC PDP-8

Introduction 1

The PDP-8 is a single-address, 12-bit-word computer of the second

generation. It is designed for task environments with minimum

arithmetic computing and small Mp requirements. For example,

it can be used to control laboratory devices, such as gas chromoto-

graphs or sampling oscilloscopes. Together with special T's, it is

programmed to be a laboratory instrument, such as a pulse height

analyzer or a spectrum analyzer. These applications are typical

of the laboratory and process control requirements for which the

machine was designed. As another example, it can serve as a

message concentrator by controlling telephone lines to which

typewriters and Teletypes are attached. The computer occasion-

ally stands alone as a small-scale general-purpose computer. Most

recently it was introduced as a small-scale general-purpose time-

sharing system, based on work at Carnegie-Mellon University and

DEC. It is used as a KT(display) when it has a P(display; '338);

this C is discussed in Chap. 25. The PDP-8 has achieved a produc-

tion status formerly reserved for IBM computers; about 5,000 have

been constructed.

PDP-8 differs from the character-oriented 8-bit computer in

Chap. 10; it is not unlike the 16-bit computers, such as the IBM

1800 in Chap. 33. The PDP-8 is typical of several 12-bit computers:

the early CDC-160 series (1960), CDC-6600 Peripheral and Con-

trol Processor (Chap. 39), the SDS-92, M.I.T. Lincoln Laboratory's

Laboratory Instrument Computer LINC (1963), Washington Uni-

versity's Programmed Console (1967), and the SCC 650 (1966).

The PDP-5 (transistor, 1963), PDP-8 (1965), PDP-8/S (serial,

1966) and PDP-8/I (integrated circuit, 1968), PDP-8/L (integrated

circuit, 1968) constitute a series of computers based on evolving

technology. All of these have identical ISP's. Their PMS structures

are nearly identical, and all components other than Pc and Mp
are compatible throughout the series. The LINC-8-338 PMS struc-

ture is presented in Fig. 1. A cost performance tradeoff took place

in the PDP-8 (parallel-by-word arithmetic) and PDP-8/S (serial-

by-bit arithmetic) implementations. A PDP-8/S is one-fifteenth of

a PDP-8 at one-half the cost. The performance factors can be

attributed to 8/1.5 or 5.3 for Mp speed and a factor of about 3

for logical organization, even though the same 2-megahertz logic

clock is used in both cases. The PDP-8 is about 6.7 times a PDP-5.

1-The initials in the title stand for Digital Equipment Corporation Pro-

grammed Data Processor.

The ISP of the PDP-8 Pc is about the most trivial in the book.

It has only a few data operators, namely, <—,+, —
(negate), -j,

A, / 2, X 2, (optional) X, /, and normalize. It operates on words,

integers, and boolean vectors. However, there are microcoded

instructions, which allow compound instructions to be formed in

a single instruction.

The computer is straightforward and illustrates the levels dis-

cussed in Chap. 1. We can easily look at it from the "top down."

The C in PMS notation is

C('PDP-8; technology:transistors; 12 b/w;

descendants:'PDP-8/S, 'PDP-8/I, 'PDP-8/L;

antecedents: 'PDP-5;

Mp(core; #0:7; 4096 w; tc:1.5 /is/w);

Pc(Mps(2
~ 4 w);

instruction length:l|2 w
address/instruction : 1 ;

operations on data/od:(<— , +, —\, A, —(negate), X 2,

/2, +1)

optional operations:(X, /, normalize);

data-types:word, integer, boolean vector;

operations for data access:4);

P(display; '338);

P(c; 'LINC);

S('I/0 Bus; 1 Pc; 64 K);

Ms(disk, 'DECtape, magnetic tape);

T(paper tape, card, analog, cathode-ray tube))

ISP

The ISP is presented in Appendix 1 of this chapter (including the

optional Extended Arithmetic Element/EAE). The 2 12-word Mp
is divided into 32 fixed-length pages of 128 words each. Address

calculation is based on references to the first page, Page„0, or to

the current page of the Program Counter/PC. The effective-

address calculation procedure provides for both direct and indirect

reference to either the current page or the first page. This scheme

allows a 7-bit address to specify local page addresses.

A 2 15-word Mp is available on the PDP-8, but addressing

greater than 2 12 words is comparatively inefficient. In the extended

range, two 3-bit registers, the Program Field and Data Field

Begisters, select which of the eight 2 12-word blocks are being

actively addressed as program and data.

There is an array of eight registers, called the Auto„index

registers, which resides in Page^O. This array (Auto„index[0:

11]<0:7>:= M[108:178]<0:11>) possesses the useful property that

whenever an indirect reference is made to it, a 1 is first added
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to its contents. (That is, there is a side effect to referencing.) Thus,

address integers in the register can select the next member of a

vector or string for accessing.

The instruction-set-execution definition can also be presented

as a decoding diagram or tree (Fig. 2). Here, each block represents

an encoding of bits in the instruction word. A decoding diagram

allows one more descriptive dimension than the conventional,

linear ISP description, revealing the assignment of bits to the

instruction. Figure 2 still requires ISP descriptions for Mp, Mps,
the instruction execution, the effective-address calculation, and

the interpreter. Diagrams such as Fig. 2 are useful in the ISP

design to determine which instruction numbers are to be assigned

to names and operations and instructions which are free to be

assigned (or encoded).

There are eight basic instructions encoded by 3 bits, that is

op<0:2> := i<0:2>, where instruction/i<0:ll>. Each of the first six

instructions (where < op < 6) have the 4 address operand deter-

mination modes (thus yielding essentially 24 instructions). The first

six instructions are:

data transmission: deposit and clear-accumulator/dca

two's complement add to the accumula-

tor/tad

Principle oddressable

instructions
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binary arithmetic:

binary boolean:

program control:

two's complement add to the accumu-

lator/tad

and to the accumulator/and

jump/set program counter/jmp

jump to subroutine/jms

index memory and skip if results are

zero/isz

Note that the add instruction, tad, is used for both data trans-

mission and arithmetic.

The subroutine-calling instruction, jms, provides a method for

transferring a link to the beginning (or head) of the subroutine.

In this way arguments can be accessed indirectly, and a return

is executed by a jump indirect instruction to the location storing

the returned address. This straightforward subroutine-call mecha-

nism, although inexpensive to implement, requires reentrant and

recursive subroutine calls to be interpreted by software, rather

than by hardware. A stack, as in the DEC 338 (Chap. 25), would

be nicer.

The input„output instruction/iot (:
= op = 6) uses the re-

maining 9 bits of the instruction to specify instructions to input/

output devices. The 6 io„select bits select 1 of 64 devices. The

3 bits, io„pl_bit, io_p2„bit, io„p4_bit, command the selected

device by conditionally providing three pulses in sequence. The

instructions to a typical io device are:

io„plJ>it -+ (IO„skip„flag[io select] -> (PC <- PC + 1))

testing a condition of an IO device output to a device input

from a device

io„p4„bit
—> (Output„data[io select] <— AC)

io^p2„bit -» (AC <— Input^data[io select])

There are three microcoded instruction groups selected by

op 7. The instruction decoding diagram (Fig. 2) and the ISP

description (Appendix 1 of this chapter) show the microinstruc-

tions which can be combined in a single instruction. These instruc-

tions are: operate group 1
(:
= (op = 7) A -, i<3» for operating on

the processor state; operate group 2 (:= (op = 7) A (i<3,ll> =

102 )) for testing the processor state; and the extended arithmetic

element group (:= ((op
= 1) A (i<3,ll> = 11 2))) for multiply,

divide, etc. Within each instruction the remaining bits, <4:10) or

<4:11), are extended instruction (or opcode) bits; that is, the bits

are microcoded to select instructions. In this way an instruction

is actually programmed (or microcoded). For example, the instruc-

tion set„link —»L <—1 is formed by coding the two microinstruc-

tions, clear link, next, complement link.

opr„ 1 —> (i<5>
—* L <— 0; next

i<7>^L< jL)

Thus, in operate group 1, the instructions clear link, complement

link, and set link are formed by coding instruction<5,7) = 10, 01,

and 11, respectively. The operate group 2 instruction is used for

testing the condition of the Pc state. This instruction uses bits 5,

6, and 8 to code tests for the accumulator. The AC skip conditions

are coded (0
~

7) as never, always, =0, =^=0, <0, >0, <0, and >0.

If all the nonredundant and useful variations in the two operate

groups were available as separate instructions in the manner of

the first seven (dca, tad, etc.), there would be approximately

7 + 12(opr„l) + 10(opr„2) + 6(EAE) = 35 instructions in the

PDP-8.

The optional Extended Arithmetic Element/EAE includes

additional Multiplier Quotient/MQ and Shift Counter/SC regis-

ters and provides the hardwired operations multiply, divide, logi-

cal shift left, arithmetic shift, and normalize. The EAE is defined

on the last page of Appendix 1,

The interrupt scheme

External conditions in the input/output devices can request that

Pc be interrupted. Interrupts are allowed if (Interrupt„state = 1).

A request to interrupt clears Interrupt^state (Interrupt„state

«— 0), and Pc behaves as though a jump to subroutine instruction,

jms 0, had been given. A special iot instruction (instruction =

6001 8)
followed by a jump to subroutine indirect to instruction

(instruction = 5200g )
returns Pc to the interruptable state with

Interrupt^state
= 1. The program time to save M(processor

state/ps) is 6 Mp accesses (9 microseconds), and the time to restore

Mps is 9 Mp accesses (13.5 microseconds).

Only one interrupt level is provided in the hardware. If multi-

ple priority levels are desired, programmed polling is required.

Most io devices have to interrupt because they do not have a

program-controlled enable switch for the interrupt. For multiple

devices approximately 3 cycles (4.5 [is) are required to poll each

interrupter.

PMS structure

The PMS structure of the LINC-8-338 consisting of a Pc('LINC),

Pc('PDP-8), and P.display('338) is shown in Fig. 1. The PDP-8 is

just a single Pc. The Pc('LINC) is a very capable Pc with more
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instructions than the main Pc. It is available in the structure to

interpret programs written for the C('LINC), a computer devel-

oped by M.I.T.'s Lincoln Laboratory as a laboratory instrument

computer for biomedical and laboratory applications. Because of

the rather limited ISP in Pc, one would hardly expect to find all

the components present in Fig. 1 in an actual configuration.

The S between the Mp and the Pc allows eight Mp's. This S

is actually S('Memory Bus; 8 Mp; 1 Pc; (P requests); time-multi-

plexed; 1.5 fis/w). Thus the switch makes Mp logically equivalent

to a single Mp(32768 w). There are two other L's which are con-

nected to the Pc, excluding the Tconsole. They are L('I/0 Bus)

and L('Data Break; Direct Memory Access). These links become

switches when we consider the physical structure. Associated with

each device is a switch, and the bus links all the devices; the

L('I/0 Bus) is really an S('I/0 Bus). Each time a K connects to

it, the S is included in the K. A simplified PMS diagram (Fig. 3)

shows the structure and the logical-physical transformation. Thus,

the I/O Bus is

S('I/0 Bus; duplex; bus; time-multiplexed, 1 Pc; 64 K; Pc

controlled, K requests; t:4.5 jus/w)

The S('I/0 Bus) is the same for the PDP-5, 8, 8/S, 8/1, and 8/L.

Hence, any K can be used on any of the above C's. The I/O Bus

is the link to the K's for Pc-controlled data transfers. Each word

transferred is designated by a Pc instruction. However, the I/O

Bus allows a K to request Pc's attention via the interrupt request

signal. The Pc polls the K's to find the requesting K if multiple

interrupt requests occur. A detailed structure of the Pc-Mp

(Fig. 4) shows these L('I/0 Bus, 'Data Break) connections to the

registers and control in the notation used by DEC. This diagram

is essentially a functional block diagram.

The S('I/0 Bus) in Fig. 1 is only an abstract representation of

T. console -

Mp(#0: core)— S—
j

L Pc L('l/0 Bus)
|-.S-K-

L I L('Data Break) L

Mp(#I)— S 1

'

: L
j—

S-K-

Mp(#7)—5 I

St'Memory Bus)

Fig. 3. DEC PDP-8 PMS diagram (simplified).

the structure. Since it is a bus structure, the S can be expanded
into L's and simple S's as shown in Fig. 3. The termination of the

L in Pc is given in Fig. 3. The corresponding logic at a K is given

in Fig. 5 in terms of logic design elements (AND's and OR's).

(Fig. 5 also shows the S('I/0 Bus) structure of Figs. 1 and 3). The

operation of S('I/0 Bus) shown in Fig. 5 starts when Pc sends

a signal to select (or address) a particular K, using the IO„select

<0:5> signals to form a 6-bit code to which K responds. Each

K is hardwired to respond to a unique code. The local control,

K[j], select signal is then used to form three local commands when

ANDed with the three iot command lines from Pc, io_plwbit,

io„p2„bit, and io„p4„bit. Twelve data bits are transmitted either

to or from Pc, indirectly under K's control. This is accomplished

by using the AND-OR gates in K for data input to Pc, and the

AND gate for data input to K. The data lines are connected to AC
as shown in Fig. 4. A single skip input is used so that Pc can

test a status bit in K. A K communicates to Pc via the interrupt

request line. Any K wanting attention simply ORs its request signal

into the interrupt request signal. Program polling in Pc then selects

the specific interrupter. Normally, the K signal causing an inter-

rupt is also connected to the skip input.

The L('Data Break; Direct Memory Access) provides a direct

access path for a P or K to Mp via Pc. The number of access ports

to memory can be expanded to eight by using the S('DM01 Data

Multiplexer). The S is requested from a P or K. The P or K supplies

an Mp address, a read or write access request, and then either

accepts or supplies data for the Mp accessed word. In the config-

uration (Fig. 1), P('LINC) and P('338) are connected to S('DMOl)
and make requests to Mp for both their instructions and data in

the same way as the Pc. The global control of these processor

programs is via the S('I/0 Bus). The Pc issues start and stop com-

mands, initializes their state, and examines their final state when

a program in the other P halts or requires assistance.

When a K is connected to L('Data Break) or to S('DM01 Data

Multiplexer), the K only accesses Mp for data. The most complex
function these K's carry out is the transfer of a complete block

of data between the Mp and an Ms or a T, for example,

K('DECtape, disk). A special mode, the three-cycle data break,

is controlled by Pc so that a K may request the next word from

a queue in Mp. In this mode the next word is taken from the queue

(block) in Mp, and a counter is reduced each time K makes a

request. With this scheme, a word transfer takes three Mp cycles:

one to add one to the block count, one to add one to the address

pointer, and one to transmit the word.

The DECtape was derived from M.I.T.'s Lincoln Laboratory

LINCtape unit. Data are explicitly addressed by blocks (variable
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Fig. 6. DEC PDP-8 hierarchy of descriptions.

Abstract representations

Figure 6 also lists some of the methods used to represent the

physical computer abstractly at the different description levels.

As mentioned previously, only a small part of the PDP-8 descrip-

tion tree is represented here. The many documents, schematics,

diagrams, etc., which constitute the complete representation of

even this small computer include logic diagrams, wiring lists,

circuit schematics and printed-circuit board layout masks, pro-

duction description diagrams, production parts lists, testing speci-

fications, programs for testing and diagnosing faults, and manuals

for modification, production, maintenance, and use. As the discus-

sion continues down the abstract description tree, the reader will

observe that the tree conveniently represents the constituent ob-

jects of each level and their interconnection at the next highest

level. Each level in the abstract-description tree will be described

in order.

The PMS level

The simplified PMS structure in Fig. 3 has been reduced from

Fig. 1. The computer is small enough so that the physical delinea-

tion of the PMS components, such as K's and S's, is less pro-

nounced than in larger systems. In fact, in the case of the

S('Memory Bus, 'I/O Bus), the S's are actually within the K and

Mp, as shown in Fig. 5. The implementation of these switches

within the K and Mp was shown in Fig. 5. In Fig. 7 we present

a more conventional functional diagram and the equivalent PMS

diagram of the computer, with Pc decomposed into K, processor

state (Mps), and D. The functional diagram has the same compo-
nents of the characteristic elementary computer model, namely,

K, D, M, and T(input, output). These figures give a somewhat

general idea of what processes can occur in the computer, and

how information flows, but it is apparent that at least another

level is needed to describe the internal structure and behavior of

the Mp and Pc. We should look at these primitives (although still

together as a C) at the register-transfer level.

Programming level (ISP)

The ISP interpretation is given in Appendix 1 of this chapter and

is the specification of the programming machine. In addition, it

constrains the physical machine's behavior to have a particular

ISP. The ISP has been discussed earlier in the chapter.

Register-transfer level

The C can also be represented at the register-transfer level by

using PMS. Figure 4 (by DEC) shows the register-transfer level;
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Fig. 8. DEC PDP-8 register-transfer-level PMS diagram.

only registers, operations, and L's are important at this level. We
still lack information about the conditions under which operations

are evoked. Figure 8 is a PMS diagram of Pc-Mp registers. Here

we show considerably more detail (although we do not bother with

electrical pulse voltages and polarities) than in Fig. 4. We declare

the Pc state (including the temporary register) within Pc. The

figure also gives the permissible data operations, D, which are

permitted on the registers. It should be clear from this that the

logical design level for the registers and the operators can easily be

reached. The K logic design cannot be reached until we use the

programming level constraints (ISP), thus defining the conditions

for evoking the data operators.

The core memory. The Mp structure is given in Fig. 8. A more

detailed block diagram which shows the core stack with its twelve

64 X 64 1-bit core planes is needed. Such a diagram, though still

a functional block diagram, takes on some of the aspects of a

circuit diagram because a core memory is largely circuit-level

details. The Mp (Fig. 9) consists of the component units: the two

address decoders (which select 1 each of 64 outputs in the X and

Y axis directions of the coincident current memory); selection

switches (which transform a coincident logic address into a high-

current path to switch the magnetic cores); the 12 inhibit drivers

(which switch a high current or no current into a plane when

either a or 1 is rewritten); 12 sense amplifiers (which take the

induced low sense voltage from a selected core from a plane being

switched or not switched and transform it into a 1 or 0); and the

core stack, an array M[0:77778]<0:11>. Since this is the only time

the Mp is mentioned, Fig. 9 also includes the associated circuit-

level hardware needed in the core-memory operation, such as
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power supplies, timing, and logic signal level conversion amplifiers.

The timing signals are generated within Pc(K) and are shown

together with Pc's clock in Fig. 10.

The process of reading a word from memory is:

1 A 12-bit selection address is established on the MA<0:11>
address lines, which is 1 of 10000g (or 409610) unique num-

bers. The upper 6 bits, <0:5), select 1 of 64 groups of Y

addresses and the lower 6 bits, <6:11>, select 1 of 64 groups

of X addresses.

2 The read logic signal is made a 1.

3 A high-current path flows via the X and Y selection

switches. In each of the X and Y directions 64 x 12 cores

have selection current. Only one core in each plane is

selected since Ix = Iy
= Iswitching/2, and the current at

the selected intersection = Ix + Iy = Iswitching.

4 If a core is switched to (by having Iswitching amperes

through it), then a 1 was present and is read at the output
of the plane (bit) sense amplifiers. A sense amplifier receives

an input from a winding that threads every core of every
bit within a core plane [0:77778 ].

All 12 cores of the selected

word are reset to 0. The sense time at which the sense

amplifier is observed is tms (memory strobe), and the strobe

in effect creates MB <— M[MA].

5 The read current is turned off.

Inhibit

On/off
control

From
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Clock

pulses

Reod

Write

Inhibit

Memory
strobe
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Fetch instruction memory Execution memory

EO)
c»cl«

{tms A liszvtodv and})—(
MB— m[ma]);

tad— (

AC—AC® MB))',

register— 2); MB—0; IR—
6 Stateuregister—O);(to FO)

Note: State diagram does not include

Data Break, Interrupt, and EAE.

Fig. 11. DEC PDP-8 Pc state diagram.

for the description. The State^register values 0, 1, and 2 corre-

spond to fetching, deferring (indirect addressing, i.e., fetching an

operand address), and executing (fetching or storing data, then

executing) the instruction. The state diagram does not describe

the Extended Arithmetic Element/EAE operation, the interrupt

state, and the data break states (these add 12 more states). The

initialization procedure, including the T.console state diagram, is

also not given. One should observe that when t2 occurs at the

beginning of the memory cycle, a new Statewregister value is

selected. The State„register value is always held for the remainder

of the cycle; i.e., only the sequences (FO —> Fl —» F2 —» F3 or

DO- Dl -» D2 -> D3 or EO -» El -> E2 -» E3) are permitted.

Figure 8 alludes to Pc(K), that is, the sequential network used

for controlling Pc. The inputs and the present state (including

clocks) determine the operations to be issued on the registers.

Logic design level (registers and data operations)

Proceeding from the register-transfer and ISP descriptions, the

next level of detail is the logic module. Typical of the level is the

1-bit logic module for an accumulator bit, AC<j), illustrated in

Fig. 12. The horizontal data inputs in the figure are to the logic

module from AC<j>, MB<j>, IO Bus<j>, and Data_switch<j>. The

vertical control signal inputs command the register operations (i.e.,

the transfers); they are labeled by their respective ISP operations

(for example, AC «- MB A AC, AC <- AC X 2 {rotate}). The

sequential network Pc(K) (Fig. 8) generates these control signal

inputs.

Logic design level (Pc control, Pc(K) sequential network)

The output signals from the Pc(K) (Fig. 8) can be generated in

a straightforward fashion by formulating the boolean expressions
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Bus to each bit of AC

-,AC<J>
MB<J>

AC<J>
carry
output

AC<J>'

carry
input

>-33-S

-iMB<J>'&
AC<J-1>

Doto^switch %X
<J>

10 Bus AC
input <J>"

110-
.AC<J-1> _

33-

AC-AC V

DatOuSwitch;

AC- AC a MB;

AC— 1;]
-AC-

"C-1;]
C-0;

AC—
"AC;

LAC-AC©MB;

AC- AC/2 {rotate }

AC—AC x 2 {rotate };
'AC— AC + 1 is formed by AC<12> corry input

AC— Carry (AC, MB)

-
:0-

=:@-

— R 0»^AC<J>

— S 1- AC<J>

AC
commands

Fig. 12. DEC PDP-8 AC<J> bit register-transfer logic diagram.

'AC— :« (

(tl A (IR = 111) A (-, MB<3> a ME

(tl A (IR = 111) A (MB<3> A -. ME

(tl A (IR = 111) a (MB<3> a MB<
(tl a (IR =011) a (Stote^register

(tl a (((State-register =0) a (IR

((State-register
« 2) a (IR

Logic egu
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-15volts



134 Part 2 The instruction-set processor: main-line computers Section 1 Processors with one address per instruction

APPENDIX 1 DEC PDP-8 ISP DESCRIPTION
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APPENDIX 1 DEC PDP-8 ISP DESCRIPTION (Continued)

Instruction Interpretation Process
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APPENDIX 1 DEC PDP-8 ISP DESCRIPTION (Continued)

KT and KMs State
Each K may have any or all of the following registers. There can be up to 64 optional K s.


