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ABSTRACT

This report describes an interface betweenJan
IMP-16 microcomputer and a PDP-11 compatible two-port
memory. The advantages of a two-port memory for interw
processor communication and the role of the interface in
" such a scheme,are discussed. Next, operation of the ihter«
face's circuitry and its interaction with the microcomputer
and two-port memory are explained. A multiprocessor system
consisting of an IMP-16 microcomputer and a PDP-11 mini-
-computer is'developed and several programs which demonstrate
techniques for passing information between the processors
are described. Finally, the use of this interface in a

microprocessor development system is outllined.
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CHAPTER 1~
INTRODUCTION

Many applications of distributed computing require
an array of microprocessors connected to a central computer
which receives information from the microproccessors and, in
turn, feeds them programs or data such as process-control
setpoints. Since the larger computer can ha&e software such
as a disk operating system, 1t can also serve for program
translation and for debugging fhe,microprocessor subsystem.
A system using dual-port memories for interprocessor com~-
munication is shown in Figure 1.

There are several forms which a multiprocessor
system may take, each using‘a different method of data
transfer (Korn, 1974). One method employs bﬁs switches to
connect the address and data lines of an array of processors
to an array of memory.and peripheral units, with the switch
positions set under program control. A second method uses
dual direct-memory access to trahsfer blocks of words from ’
the memory Qf one computer to that of another‘through‘
special hardware interfaces connected between pairs of
computers. A third method uses so called bus windows
which allows each computer to access another's memory,

1
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transferring one word at a‘time through direct-memory-
access~type hardware.

Perhaps the best method uses multiport memories as
links between the processors. A multiport memory is a
memory unit wﬁioh can-be connected to several eomputers,
and will g?ant each requeet for accees in turn, according
to a priority arrangement. In this system, programming is
quite simpie, since each processor can access the common
memory as fhough it were its own. Data and Iinstructions
can be in one area of the two-port memory for the micro-
processor ﬁo use, while the microprocessor can return data
to the minicomputer by placing it in another area.

Two-port memory based multiprocessor systems are
inexpensive and efficient. The extfa memory is needed by
the mic%eprocessor anyway ., and with modern integrated logic
. the added multiport hardware is inexpensive and readilly
~available. Each processor can use 1ts own memory bank
wiﬁhout interfering with the other processors' simultaneous
accessing of other memories? Which can produce efficient

multiprocessor operation.



CHAPTER 2
PROBLEM STATEMENT

The problem described in this report was to design
an interface between a PDP-11 nminicomputer and an IMP-16
microprocessor, which would permit reliable and efficient
multiprocessing. The key elements of the system had al-
ready beén purchased, so that many of the design require-
ments were pre~determinéd. Some attention had to be paid
to the software Whiéh would be governling interprocessor'
communicatlon, as well as the minicomputer‘s system

software.

Design Requirements

*The proposed multiprdcessor system conslsts of a
PDP-11 minicompﬁter'with 16K words of resident memory, two
disk drives and a graﬁhics display, an IMP-16 microcomputer
Wifh~4K of resident memory, a Cambridge Memories 16K two=port
memory with fixed priority, and the two-port memory inter-
face. Because both computers and the two-port memory . had
already been purchased, the interface had to be designed
to meet their signal requirements. Since the two-port -
memory makes up almost_one—half of the PDP-11l's memory,

the interface should not monopolize 1t any more than

b
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absolutely necessary. The interface shoﬁld not unduly de-
crease the operating speed of thé IMP-16 either, as it is
~already a fairly slow cOmputef}- The interface should allow
the IMP-16 to use its own memory as well as the dual-port
memory. - Finally, some way had to be found to properly
initiate IMP-16 execution of its programs once they havé

been loaded into the two-port memory.

Requirements'for‘Multinrt Operation

The heart of this multiprocessor system is the
two-port memory. This memory must have the capability of.
switching between ports, connecting one or the other to
its internal circuitry. In the event that both processors
request memory accéss simultaneously, a priority arbitra-
tion scheme must decide Which one . 1is serviced first. Al-
though some two-port memqries have_software selectible
pricrity, the Cambridge Membry’s unit has a fixed schéme
which gilves one particular port priority over the other.
Even though this fixed scheme is less flexibie, it is
adequate in many cases, ‘such és when one computer is sub-
servient to another. In our system the IMP-16 will probably
be accessing the two-port memofy more often and more |

urgently, so it will be given prority.
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The two computers must be able to signal task com-
pletion and requests for service to each other. There are
several ways to keep each proceesor informed of what the
other is doing, including hardware interruption, status
flag sensing, and memory mallbox sensing. The interruptien
scheme requires the addition of expensi#e—hardware inter-
rupt interfaces to the multiprocessing system, although it
may- be required whenlmllti—task software is usedf ‘Flag
sensing alsovrequiree additional interfaces, butrthey are
less expensiVe. The least expensive scheme, which is also
quite fast, is the mailbox approach, where one or two loca-
tions in the two-port memory afe feserved,fer transferring
status information between processors. No extra hardware
is required, as each computer simply sets bit patterns in
the naiibox to indicate task.completion er to request
service. .The requirements of low cest and simple software

suggested the use of this scheme 1n our system.

- Processor Bus Descriptions

Since the design of the interface is so dependent
on the bus characteristics of the IMP-16 and the dual-
nort memory, a description of these buses 1s in order.
The block diagram in Figure 2 shows how the system is

interconnected. The two data buses serve ag the sole
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Figure 2. Block Diagram of the System
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means of communicatlion between the IMP-16 and the two-
port memory. Therefore, an understanding of'theirlsignal'
characteristics is essential.

The IMP-16 is a 16;bit microprocessor with a multi-
plexed, synchronous data bus for communicating with mémory
and peripheral units. The data bus contains clock and
strobe signals supplied by thé IMP-16 which keep other de-
vices synchronigzed With it. It also contains a set of
Sixteén bi-directional data lines which are used to trans-=
fer both addresses and data between the IMP-16 and its
peripherals and memory.

An IMP-16 bus cycle consists of three phases, in-

cluding an initial address specification phase, an inter-

‘mediate-waiting:phase, and a final data transmission phase°
Threé cgntrolllinesa the Intérface Addreés Strobe (IADS),
the Interface Write Data Strobe (IWDS), and the Interface.
Read Data Strobe (IRDS), specify the current bus phase to
all devices conﬁected to the bus, as shown in Figure 3.

The IADS line is asserted during phase one, and indicates
‘that address information is on the bus. The IWDS line is
asserted during the second and third phases and may, if
data 1s to_be written to a peripheral, indicate that data
is present on the bus. The IRDS line is assérted during

the third phase and indicates that data is on the bus.
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10
Together with the clock signals mentioned above,lthese
signals completely define bus operation. The IMP-16 Users
Manual (National Semiconductor, 1974) contains a detailed
desdription'of IMP-16 operation.

The PDP-11 is a 16-bit minicomputer with an asyn-
‘chronous data bus, (UNIBUS ®), which connects all memory
and input/output devices to the central processor. The
UNIBUS has separate address and data lines, as well as
control lines indicating what type of data transfer is
taking place. Two control signals, Master Synchronlzation
(MSYN) and Siave Synchronization (SSYN) maintain proper
interlocking between devices connected to the bus.

Bus tfansadbions begin with a maéter device placing
addreés information and possibly data on the UNIBUS, as
shown'iﬁ.Figure L, After a iBO nanosecanﬁ delay, MSYN is
asserted. When the addressed slave device has accepted the
data, or placed its own on the bus, 1t asserts SSYN.
Receipt of SSYN tells the master device to accept data,
when necessary, and clear MSYN. When the slave device
notices that MSYN has been cleéred, it clears SSYN, thus
ending the bus cycle. The PDP-11 Peripherals Handboock
(Qiéiﬁai Equipment Corporation, 1975) contains a more

detailed description of Unibus operation,
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CHAPTER 3
INTERFACE DESIGN

Interface operation i1s mainly determined by the
requirements of the IMP-16 and the’two—port memory. FEach
requires a specific sequence of eléctrical signals between
it and the Interface to work properly.

The PDP-11 system uses monostable‘multivibrators
and delay lines to establish UNIBUS timing. Since these
devices are asynchronous rather than clocked, this allows
maximum bus speed. .Several designs of this type were tried,
~but the interface must be resynchronized with the IMP-16 at -
the end of the memory cycle, so no advantage is gained.
Furthermore, use of crystal-controlled clock signals
generated by.the IMP-16 results in better noise immunity
and temperature independence. Figﬁres 5 and 6 describé‘the

interface.

Memory Read Operation

All memory transactions begin with the IMP-16
placing address information on-the bus and asserting the
interface Address Strobe (IADS) line. The IMP-16 desig-
nates a memory read cycle by asSerting the Interface
Memory Read Cycle (IRMC) line. As the read timing diagram

12
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| 15
in Figure 7 shows, the interface stores the address in
latches at the clock A pulse. At the same time, interface
operation is initiated by setting the Interface Busy Flip
Flop.
| The TRUE condition of the Interface Busy Flip Flop
pléces the memory address on the Unibus Address liﬁes and
asserts_the Interface Bus Hold (IBHLD) line. The address
information is sent to the two-port memory at this time,
so that it can perform a read operation as sooﬁ as pOssible.
The IBHLD line is aséerted to allow extra time for the read
operation to occur, and will not be cleared unfil data has
been receilved from‘the two-port memory. Finally, if the
memory address is in the correct space, the next clock B
pulse (175 nanoseconds later) will set the Master
Synchroﬁization Fliprlop. .

AsSertion of fhe Master Synchronization Signal
(MSYN) initiates a memory cycle in the two-port memory.
For a memory read operation the interface sets Cl to
zero at the same time that it applies addfess informatioh
to the Unibus, telling the two-port memory whether to do
a read or write cycle.

When the two-port memory has read the requested
word, 1t places it on the Unibus and asserts the Slave

Synchronization Signal (SSYN). The interface must wait at
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.17
least 150 nanoseconds before accepting data. Therefore,
SSYN Seté‘the read-delay flip flop, rather than directly
reseting MSYN. Since the read-delay flip flop uses clock
A, while tﬁe master synchronization flip flop uses clock B,
at least a 175.nanosecqnd delay will result. Once the
read—delay flip flop is set, it resets fhe masfer syn-—-
chronization flip flop and latches the data at clock B.

It also releases the IBHLD line, allowing the IMP-16 to
resume prooéssing,

With MSYN cleared, the two-port memory'clearS'SSYN
and waits for another request from either the PDP-11 or the
IMP-16. The IMP-16 recognizes the cleared IBHLD line at
the same cloeck B pulse which latched data into the data
holding latches. The IMP-16 accepts this data during the
folloWiﬁg clock B period. This complepes a memory read

cycle.

Memory Write Operation

Many aspects of a write cycle are identical ﬁith
those of a read cycle, therefore only the differenceé will
be described. The interface write timing dlagram is shown
in Figure 8. The interface stores address information sent
to 1t during the first bus clock period, but does not begin

a memory transaction yet. The write-delay flip flop is set
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19
instead, whioh holds up the 1nterface for one bus clock
period; allowing time for the IMP-16 ﬁo place "data on the
System Data Bus.

After this delay, the interface-busy flip flop is
set, initiating a memory operation. Both address and data
are placed on the Unibus at this time, while Cq ‘and
IBHLD are asserted. If the address is vallid, MSYN is
asserted 175 nanoseconds later. Receipt of this by the
two-port memory initiates a write cycle.

Onée 1t has accepted the data, the two-port memory
asserts SSYN. This signal resets the master Synéhroniza—
tion flip flop at the next clock B pulse. SSYN will also
set the read delay flip flop at the first clock A pulse.

If SSYN arrives after clock B but before clock A, the read-
~delay flip flop will cleér IBHLD early, allowing the IMP-16
to complete its cycie one bus clock period sooner than it
otherwise would.

As soon as the master synchronization flip flop is
reset, 1t clears MSYN, and at the next clock A pulse all

other flip flops are cleared. This ends the cycle.

Address Assignment

In order to allow other memory. units to be connected
directly to the IMP-16 bus, thé interface verifies that the.

requested memory location 1s actually in the two-port



20
memory before it inltliates a read or write cycle. If the
requested 1ocation 1s outside the dual-port memory space,
no two-port accessing is attempted, and the interface does
not interfere with the IMP-16 bus cycle.

Address check logic determines whether the requested
location is in a pre—aséigned block of addresses. The three
most significant bits of the address are sent to arbinary
to octal decoder. Each of its outputs represents an 8K word
section of memory. Juﬁpers in the address select socket
determine which sections are accessible by routing the
signal to the interface-enable gate. The interface will place
address and coﬁtrol information on the UNIBUS, but will not
assert MSYN if it is not enabled.

;After bne IMP-16 bus clock period, the addréss
wil£ bé removed, and the interface reseﬁ, as shown in
Figure 9. The IBHLD line will be cleared, allowing a read
cycle to continue without delay, and a write cycle to con- -
tinue with only a short delay. This allows the IMP-16 to
access iﬁternally stored programs, such as frequently used
subroutines, without delay. Because MSYN is not asséerted
when using resident memory, the two-port memory is not

bothered, allowing the PDP-11 to run at full speed.
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Trouble Indicators

In normal operation the two-port memory will
respond inA3OO,to 1000 nanoseconds. If SSYN is not as-
serted after 3 microseconds a timing c¢ircuit in the
interface will light a trouble indicator and disable  the
interface. The interféce wlll not resume operation until
the INP-16's Master Reset Button is pressed.

The second indicator monitors SSYN. When the
IMP-16 is properlyjaccessingthe two-port memory it glows
dimly. If completely out it means the two~port memory is

not being used, which may 1lndicate trouble.

>



CHAPTER 4
PROGRAMMING

Althéugh the interface could be connected to any
PDP-11 compatible memory, the main advantage of this unit
is fhat it allows connection té a two-port memory which is
shared with a minicomputer. The minicomputer's extensive
software can be used to create and assemble programs -for
the IMP-16, which are then placed in the two-port memory.
The IMP-16 executes them, returning the results to the
minicomputer for analysis, or displaying the fesults
directly. Once debugged, the program méy be stored in

ROMs for use in the field.

Program Loading

One of the prinicpal uses of two-port memories is
the transfer of programs from a central minicomputer to its
‘ associatied microprocessors. The minicomputer used in this
system is a PbP-ll operating under the RT—il;operating
system. The th—port memory is in the top half of the
address space, and is used by RT-11 for storing the monitor
and device handlers. Thus IMP-16 programs put in the two-
port memory may interfere with proper PDP-11 operation.

However, the top 4K words of the two~-port memory cannot be

23
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directly used by the PDP-11, so IMP-16 programs placed
there cause no difficulty. |

| Putting programs into the top of the memory re-
quires some ingenuity. Attempts to place daﬁa there di-
rectly will fail. The sclution is to use the‘disk as a
transfer medium, since it has a full 18—bit address
register.

In order to demonstrate the feasibility of the two-
port memory scheme, a simple software development program
was written. . This ﬁrogram allows a user to enter programs
at the PDP-11 console termihal and place them in the tﬁo— 
port memory for execution by the IMP-16. It also ailows
data in the two-port memory to be displayed in the PDP-11
terminal for analysis. |

-?The program accepts data in hexadecimal format and |
stores it in a 4K word buffer. This buffer can be displayed
in heﬁ for analysis. By typing in command characters, the
contents of the buffer may be copied to or from the top of
memory. Thus, programS may be entered into the buffer,
and then transferred to the IMP-16 area for execution.

| The program has five basic commands. The Insert
(I) and View (V) commands are used to load and examine
data. These commands are followed by hexadecimal numbers

indicating the address or addresses desired. A single U
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digit hex number specifies one address; two hex numbers

separated by a colon indicates a range of addresses. 'The'

insért routine types out each address as a. prompt, then
waits for the user to type in one word of data in hex. The

view routine displays eight memory locations on each line,',

along with the starting address of that liﬁe, Typing a .
Quit (Q) command will abort the insert routine, in case you
specify too large an address range.:

To place data in the top UK words bf memory re-
quires a send (S) command. To get it béck requires a
retrieve (R) command. These commands copy all 4K ﬁords at

once, completely updating either the buffer or the top LK.

Interprocessor Communication

~More direct communication between the IMP-16 and
the PDP-11 is also possible. Once a user written program
is running on the PDP-11, interference with system program-
ming i1s no longer a problem. Therefore the entire two-
port memory may be used by the multiprocessor system.
Communication areas may be set up in that portion of the
two-port memory which is accessible to both computers, and
a mailbox location used to pass status informatibn between
the processors. This results in a true distributed

computer system.



- 26
Figure 10 shows a'sample program which demonstrates
how data can be passed from the IMP-16 to the PDP-11. VThe
program generates the Squares of the numbers from 1 to 256
and places,them in the two-port memory. The development
program deséribed earlier can'be‘used to access and dis-

play the results. -

IMP-16 Monitor Programs

Because the IMP-16 begins executing progréms as
socon as the bower is turned on, some sort of monitor
program is necessary to keep the IMP—16 occupied until
program loading is completed. This program may be put in
a Read-only Memory (ROM) or in the top 4K of the two-port
memory, although a ROM 1s more secure.

+An example program 1s shown in Figure 11. This
program clears a- location in the dual—portAmemory and then
waits for the PDP-11 to place a non zero riumber in it.
This number will be the address where prograﬁ execution
should commence, and}the monitor will do just that. After
a program has been finished, the iMP-lG should be sent

back.to the monitor to wait for a new start address.
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CHAPTER 5
RESULTS

Initial testing of the two-port memory interface
-was done with_special'repetitiVe brograms stored in ROM.
These programs oontihuously.read or write from the two-
pdrt memory, allowing easy checkout of 311 signals on an
oscilioscope. This was used to test the initial prototype
as well as the finished interface. |

»A PDP~11 type memory was simulated by a switch

register and a bank of light emitting diodes (LED). Using
a simﬁle program stored in ROM, the switch register con-
tents were repeatedly fetched by the computer and stofed
in the LEE bank, Unfortunately, those LEDs which should
have been off glowed slightly, indicating that false data
was being read and written. After much troubleshooting,
the problem was found to be one of inadequate ground planes
in the prototype.

Apparently the IMP-16 is very sensitive to ringing
and ground problems. To counter this, a ground matrix and
twisted wire pairs were used in the final version. Each
integrated circult ground was connected to the four

adjacent‘grouhds. All signal'lines between the IMP-16
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and the interface use twisted pairs with one member
grounded° As'a final precaution, the power ground was
run with lo_gauge wire.

| Beéause it does not have a halt state, the IMP-16
begins running programs as soon as the power is turned on.
It is possible to store a waiting lobp program in ROM that
keéps it busy while programs are prepared, but this has not
been done yet. Instead, address line Al5 has been disgon—,
nebted inside the interface so that the IMP-16 will Hegin
at the second tb last location in the two-port memory.
Thls means that a program must be waitlng there for the
IMP-16 to use. Since the two-port memory is a core memory,
a simple monitor program, such as the one described in the
previous chapter, should remain there indefinitely. |
“The>interface was built using a Digital Equipment
Corporation Flip-Chip prototyping card and two Unibus
Trancelver cards. Two connection blocks for this were in-
stalled next to the IMP-16, and leftover slots were used
for the UNIBUS connection points. Wire-Wrapping (:) was
used for most of the connections to save time and make
futureAmodifications easier.
To use the multiprocessor system, plug one end of

the UNIBUS and a UNIBUS terminator card into the wvacant
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slots in the two-port memory. 'Plug’the other end of the ‘
UNIBUS and a second terminator cafd,into the two slots of
the interface. Turn the fDP—ll Qﬁ'first, then the IMP-16.
As the IMP-16 and interface are currently configured, the
IMP-16 will immediately begin rﬁnning programs in the top
UK words of memory. |

The two—poft memoryvinterface works reliably.
Although the PDP-11 operating system’posed some programming
problems, they were not insurmouhtable, Several test and
demonstration programs have been run on the finished
system Without'failure. Our results indicate that two-~
port memories are a simple and powerful method of creating
a multiprocessor system. Two-port memory based multiproc-
-eSéihg‘systems should prové useful in many distributed
compﬁtigg applications. ‘

| The program development software described abové
only ju$t_begins to utilize the power of the PDP-11
' minicomputef._ The use of a cross—assembler to generate
microcomputer programs on the PDP—ll is one possibility,
but for microprocessor applications in such areas as control
and filtering, a more advanced system is désifable. A
good idea for further research is the use of MICRODARE/

ELEVEN to produce programs for the IMP—16 (Korn, 1975).
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MICRODARE employs BASIC as an operating system and
program—editing facility. The PDP-11 transiates block~-
‘diagram language programs into binary code,rwhich will be
_loaded'directly into the two—port memory, where it is then
executed by the microprocessor. By adding'digital—to—_
analog and analog-to-ditital converters orrother‘specialized
interfaces to the IMP-16, sophisticated process-control and
instrumentatioﬁ systems could be quickly and easily

developed.
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