
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































BATCH FABRICATED MATRIX MEMORIES 1045 

(0) 

Figure 9. Views of five 16 X 16 planes stacked with batch fabricated plane to plane interconnections. 

linear-select memory. It is next considered impor­
tant in a low-cost memory that the matrix plane size 
be as large as possible, e.g., at least 256X256, since 
drive, selection and sense costs are again reduced as 
a result. Matrix planes in coincident-current mem­
ories are normally restricted to much smaller sizes, 
e.g., 64 X 64, and even then the planes may require 
partitioning of the sense line, and the use of addition­
al sense amplifiers, to reduce delta noise. To elimi­
nate delta noise and make large planes possible, an 
unconventional two-frequency C.w. selection schemel 
was . adopted for the reading operation, while con­
ventional coincident-current writing is employed. 
Small toroidal storage elements are used to reduce 
the length and losses of drive and sense lines. Closed 
flux storage memory elements allow close coupling 
to wiring and result in low sensitivity to external 
fields. Sense signals are relatively small, but the sinus: . 
oidal nature of sense signals p'rovides system versa­
tility by permitting narrow-band filtering prior to 

sensing for acceptable signal-to-noise ratio. The read­
ing method is nondestructive, which enhances relia­
bility in large memories, and which reduces access 
time in the frequent case where read accesses signifi­
cantly outnumber write accesses. The reading signals 
are sinusoidal while the write signals are d-c pulses; 
this difference provides a degree of electrical isola­
tion between reading and writing operations. In Fig. 
13 are shown the characteristic S-curves (set pulse 
amplitude as the variable) traced from all 256 toroids 
on one 16X 16 plane read in this manner. Outputs 
from 64 X 64 planes are similar. The majority of ex­
perimental fabrication work has been done using 
permalloy toroids that are 0.025 inch on centers. 
Small toroid size and low coercive force (0.2 oersteds 
for some permalloy) make possible a low, 30 milli­
ampere, half-select write current for O.025-inch to­
roids, read drive currents are approximately the same 
peak magnitude. Memories using these toroids are 
potentially low-power ones, and the memory fabri-
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Figure 10. Switching curve for mo-permalloy. 

cation technique can be compatible, therefore, with 
present capabilities of integrated semiconductor 
microcircuits. 

Figure 14 shows a simplified block diagram for a 
lOs-bit mass memory. The system consists of 16 
modules of 6.5 X 106 bits showing common elec­
tronics organized as in the CCM. The basic system 
design has been described previously.2 A model of 
this memory is shown in Fig. 15. The model has a 
volume of 4.85 cubic feet. 

FABRICATION FACILITY 

It is apparent that yield is a critical factor in any 
batch fabrication process and this is no exception. 
Present results in a normal laboratory environment 
are quite good for the 64 X 64 planes now being fab­
rica ted, but the next step is to prepare 256 X 25 6-bit 

( 65 X 103 bits total) planes. In order to assure good 
yield the total fabrication process has been devel­
oped carefully, including the provision for a clean 
production area. A series of 10 clean work stations 
have been designed and are now being installed to 
implement the process on a pilot plant production 
basis. Figure 16 shows two of the clean stations which 
are designed for class 100 conditions. The fabrica­
tion facility includes in contiguous areas the pilot 
plant, photo master preparation and electrical test 
areas. 
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(a) 
Iset = 33 rnA p @ 1 p.sec 

Ireset :. 150 rnA p @ O. 51-lsec 

(c) 
Iset • 100·rnA p @ 1 !J.sec 

Ireset· 150 rnA p @ 0.5l-lsec 

Figure 11. Test of write operation of ~-mil mo-permalloy. 
Plane 5H line Y-13. Vertical voltage sides are 10 mv/cm 
for (b), (c) and (d), and 5 mv/cm for (a). (a): Readout 
from 1/3 selected elements (0). (b): Readout from 2/3 
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Figure 13. S curves for all 256 elements on plane 2N. 
Reset pulse -80 rna peak, 5 fLsec wide; set pulse varied 0 to 
!f-80 rna peak, 5 fLsec wide. Read currents 40 rna pp. Ver-

tical scale 10 fLV /main div. Horizontal scale 10 rna/major 
div. Each photo shows 16 S curves associated with one Y 
line. Material is No. 43 - Y:z mil. 
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Figure 15. Model of lOS-bit memory. Outside dimensions 
are 17 X 17 X 29 inches. 
X 29 inches. 
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Figure 16. Clean work stations used for batch fabricated memory plane manufacture. 



AN INTEGRATED SEMICONDUCTOR MEMORY SYSTEM 

H. A. Perkins and J. D. Schmidt 
Fairchild Semiconductor Research and Develop­

ment Laboratory 
Fairchild Camera and Instrument Corporation 

Palo Alto, California 

INTRODUCTION 

The concept of active circuit data storage (flip­
flop) is as old as electronic data processing sys­
tems. The attributes of highest access speed, steady 
state nondestructive readout and flexibility of appli­
cation have been partially offset by higher costs and 
higher standby power per storage bit. As a result, 
flip-flop storage has until recently been really only 
feasible for registers. 

As integrated circuits have been perfected to pro­
vide a multiplicity of gates or flip-flops on each 
monolithic die at lower costs than traditional dis­
crete component circuits, the always interesting 
possibility of an integrated all-semiconductor 
memory of reasonable capacity becomes exciting. 
Simply integrating the circuits is not enough. A 
maximum number of storage positions in a given 
device package should also require a minimum of 
leads. Since a memory system is the objective, the 
need for the usual logic level compatible interface is 
waived. The storage device is optimized for mini­
mum complexity per bit of storage and greatest 
electrical tolerance allowance at its terminals. Inter­
face (peripheral) circuits are required such as word 
bit drivers and sense amplifiers much as for mag­
netic core or film memory systems. However, the per-

1053 

formance required from the peripheral circuits is 
much less stringent for the· semiconductor memory 
described. 

The following sections will describe the circuits, 
devices, packaging and system design for a random 
access 256-word memory of 72 bits per word. 

SYSTEM DESCRIPTION 

System Design Goals 

The main goal to be achieved is a memory sys­
tem competitive in cost and superior in perform­
ance for a certain range of applications. To achieve 
the goal, the storage device's complexity must not 
push processing technology toward low yields, must 
use fairly standard, easily installed packages and 
require a minimum number of packages for the sys­
tem complement. To meet these needs, a 16-lead 
dual in-line package (similar to Fairchild CT ILL 
logic family) containing 4 words of 9 bits per word 
(36 bits) was selected. An 8x10-inch double­
sided printed circuit card readily holds 160 pack­
ages. Of this number, 128 are arranged in an array 
of 16x8 to provide 64 words of 72 bits each, with 
the balance of the packages containing word drivers 



1054 PROCEEDINGS - FALL JOINT COMPUTER CONFERENCE, 1965 

at 2 circuits per package. Thus the 256-word 
memory requires 4 such cards (storage). In addi­
tion, 2 data circuit cards at 36 bits per card (bit 
driver and sense amplifier) and a single address 
register and control card are needed to complete the 
card complement. A power density of approximate­
ly 5 milliwatts per bit was chosen with a view to 
providing high speed ( ISO-nanosecond cycle 
time) but moderate system power required ( 130 

watts). The basic storage cell has wide application 
flexibility and the specifications which follow are 
one compromise to several-co.nflicting needs. Minor 
modifications to. the design permit optimization for 
higher speeds, larger capacity for one set of peri­
pheral circuits or reduced power. The capacity of 
the storage device itself (36-bit package) is a 
function of present device and package technology 
and should be regarded as a first expedient. 

Table 1. 

Capacity. 
Repetitive access or 

write cycle time . 
Read mode 
Write mode. 

Read access time 
Data flow rate . 
Interface signal levels . 

System Organization 

· 256 words, 72 bits/word, 18,432 bits total 

· 150 nanoseconds 
· nondestructive 
· jam set to one or zero (at storage 

device) 
· 120 nanoseconds 
· 480 bits/microsecond 

+ 2 volts = one, -0.5 volt = zero 
(compatible with Fairchild CTJLL family) 

The functional components of the semi-conductor 
memory are similar to most random access memo-

ries as shown in the block diagram of Fig. 1. A 
nondestructive steady state output is obtained from 
the storage cell. Strictly speaking, buffer registers 
are unnecessary. In the memory described,· registers 

MEMORY ADDRESS 
REGISTER . 

STORAGE 
DATA 

IN 
256 WORDS X 

72 BITS 

d DATA 
J---.....;.......-'--~ OUT GATE DATA OUT 

Figure 1. Block diagram. 

have been included primarily as a convenience for 
writing in data so that the computer need not be 
tied up any longer than necessary. Instead of having 
an output level directly compatible with logic level 
signals, a relatively low 30-millivolt signal is 
sensed as a one. Although a sense amplifier is re­
quired, the advantage of relatively low-impedance 

sense/bit line (50 to 150 ohms) justifies its use. 
Such an impedance level is compatible with inter­
connection techniques such as printed wiring, twist­
ed pair and coaxial cable. Yet only about 400 micro­
amperes are required from the storage cell tend­
ing to minimize standby power needs for high speed 
capability. 
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Logic elements for the memory are standard com­
plementary transistor micrologic units. The memory 
address register is formed from Dual Rank Flip-Flop 
circuits (Fairchild CT fLL-957). The first level de­
coder uses dual, 4-input positive "and" gate (Fair­
child CTfLL-954) followed by inverters (Fairchild 
CTfLL-952) to provide the correct signals for the 
second-level decoders and Word Drivers. On the 
first memory cycle after the memory has been idle, 
the address with a start command is loaded into 
both ranks and decoding begins immediately. After 
the correct word has been selected and delay through 
the sense amplifier completed, a gating signal trans­
fers the . output to the computer system. If an input 
command ( write-in) is presented to the memory, 
data is gated into the Data Register (a Latch circuit 
Fairchild CT fLL-968 ), Bit Drivers corresponding to 
zeros are energized and after decode delay time a 
Write Control signal causes the Word Driver to 
change the state of the storage cells to correspond 
with Bit Driver outputs. 

For repetitive memory cycles, the earlier address 
is retained in the second rank of the memory ad­
dress register until the first cycle is complete. The 
new address, if a start command is also present, is 
loaded in the first rank only, pending completion of 
the preceding cycle. Near the end of the first cycle, 
the new address is transferred to the second rank 
and, soon after the new cycle begins, the first rank 
is cleared. By storing the. start command also in dual 
rank register, an asynchronous input can keep the 
memory cycling at maximum speed. 

Special integrated circuits are the 36-Bit Stor­
age Cell, Decoder-Word Driver, the Bit Driver, and 
the Sense Amplifier. (The Sense Amplifier is a 
Fairchild fLA-710 Comparator.) 

Typical voltage and current levels at the storage 
array interface are given in Table 2. 

Function 

Word' drive, read 
Word drive, write 
Bit drive 
Sense output 

Table 2. 

V 

1.5-2v 
> 3.0v 
-0.7v 
50 mv 

Imax 

25 rna 
55 ma 
10 rna 
0.5 ma 

A timing diagram is shown in Fig. 2. Times cor­
respond to functional blocks in Fig. 1. Response of 
the storage bit after word drive is applied is about 
40 nanoseconds. The time required to store infor­
mation in a storage bit is about 50 nanoseconds. A 

o 20 40 60 80 100 120 140 160 1110 

O. START OUTPUT 

ADDRESSING DELAYr--------:=-..J b. WORD DRIVE 
C. STORAGE 81T OUTPUT 
d. DATA OUT 

e. START INPUT 

f. DATA IN 

g. BIT DRIVE 

-FIRST 
CYCLE 
START 

Figure 2. Timing diagram. 

SECOND 
CYCLE 
START 

ISO-nanosecond repetitive cycle time is obtained 
by allowing overlap into the subsequent cycle. The 
sense amplifier is not limited to 256 bits on a sense 
line. U sing a multiplexed sense amplifier (4 seg­
ments of 1024 words) a 4096 word memory of 72 
bits per word should easily achieve a repetitive 
cycle time of 500 nanoseconds. A cycle time of 100 
nanoseconds is obtained at 64 words of 72 bits. 
These timing estimates are projected on the basis of 
5 milliwatts per bit for the particular partitioning 
scheme described. A higher redundancy of peripher­
al circuits obviously tends toward maximum speed. 
The other variable is the power density in the stor­
age package. This may be modified readily by 
changing the applied power supply voltages or by 
changing the internal resistances within the device 
either to optimize for speed, cost or power con­
sumption. The most significant point is that basi­
cally a single device design in the storage package 
will serve a large spectrum of application require­
ments. The goal of competitive costs is achieved 
mainly by producing a very large volume of essen­
tially a single device with the attendant cost mini­
mization realizable with microcircuitry. 

CIRCUIT DESIGN 

Basic Memory Cell 

The particular circuit configuration that one 
chooses for an integrated semiconductor memory is 
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dependent on a number of considerations such as 
chip complexity and size, number of leads" power 
dissipation, speed, logical flexibility, fabrication 
capability, etc. After analyzing the complete memo­
ry system costs and considering the type of packag­
ing to be used, we concluded that the most impor­
tant criteria for selection of the circuit configura­
tion is to minimize the number of leads required to 
the memory cell. This approach permits achiev­
ing the highest functional complexity possible for 
any given package chosen. Consistent with the 
above statements is the belief that the memory cell 
circuit should be as simple as possible even at the 
expense of more complex peripheral circuits. if re­
quired. 

After investigating both linear selection and 
coincident selection circuits as well as separate data 
in and data out buses, we decided on a linear selec­
tion cell with a common data in-data out bus as 
shown in Fig. 3. The circuit is a conventional emit­
ter-coupled binary except that the right-hand 

WRITEJL 

RE A D .J""'""'\.-
WORD SELECT LINE 

Figure 3. Basic memory cell. 

load resistor has been omitted and this node tied to 
ground. This forces the left-hand collector output 
node (point A) to vary from -0.7 volt (defined as a 
zero) to + 0.7 volt (one state) under quies,cent 
conditions. These voltages are determined only by 
the transistor parameters and are as follows: 

Vone = + Vbe sat - Vee sat and 
V zero = -Vbe sat + Vee sat 

Transistor T 3 acts as an input/output switch and 
is driven by a bi-amplitude positive pulse as shown 

on the word select line. Consider first the read oper­
ation. A lower amplitude positive pulse forward 
biases the T3 base to emitter turning the transistor 
on. If a one is stored (+0.7 at A), T3 acts as a 
normal transistor and a positive output appears across 
RL. Its amplitude is determined by the ratio of RL 
to Rl + RE and the magnitude of + Vee Veesat. 
The purpose of RE is to prevent point A from going 
closed to ground that + 200 mv even with Do 
shorted to ground and minimum Veesat on T 3. 

If a zero is stored, T 3 acts as an inverse transistor 
and a slight current (dependent on inverse beta) 
flows into node A, tending to produce a negative 
output signal. Thus, a zero or a negative level at 
Do corresponds to a zero and a positive level cor­
responds to a one. When readiag a zero, the base 
collector junction of T3 is forward biased forcing base 
current into node A: In order not to write a one into 
the cell, this current must be limited and this in turn 
is the reason for the bi-amplitude word select pulse. 
To write a one, transistor T4 is left off and the higher 
amplitude word select pulse is applied. This forces 
sufficient current into node A to cause T 1 to turn 
off and T2 to turn on, thus writing in a one. To write 
a zero, T4 is saturated, pulling the data in-data out 
line negative and thus pulling node A negative when 
T 3 is saturated. 

In designing the circuit, three primary constraints 
must be met to satisfy the conditions that the cell 
performs correctly at d-c or low frequency. These 
design constraints are: 

1. Minimum write current is sufficient to write 
a one. 

2. Maximum read current does not write in a 
one if the F /F is in the zero state. 

3. Minimum read current is sufficient to satu­
rate the gate transistor (T 3) . 

In considering the design problem, it is soon real­
ized that there are many more degrees of freedom 
in the design than there are constraints on design 
conditions which must be met. Thus one must use 
many secondary design considerations and some 
judgment in order to arrive at a unique solution. 
Our approach was to consider first the word driver 
circuit and determine roughly what read and write 
voltage levels and spreads could be realized. From 
this preliminary work, all terminal voltages were 
specified for the cell (i.e., word line and data line 
voltages for both reading and writing). The next step 
is to define the power supply voltages and the approx­
imate power level of the cell. From the standpoint 
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of wide tolerances in the cell, it is desirable to have 
+ Vee and -V E both large in magnitude compared 
to V BE, and Rl and R2 large so that the node A and 
the emitter node are fed from a constant current 
source. However, this increases both the power dis­
sipation and the size of the circuit in addition to 
yielding a somewhat slower circuit due to the RC 
time constant at node A. Consideration of these 
tradeoffs lead to fixing + Vee, -V E and R2. 

The three worst case equations for the three pri­
mary constraints are: 

1. 

2. 

(Use high temperature values for transistor 
parameters) 

VA = [~lR3 ] [VR - ~eb3 + Vee 
R 1+R3 Ra Rl 

_ (V E - V be sat t) ] 
R2 

(Use low temperature values for transistor 
parameters) 

[
V R - Vbe satl Vee] 

3. VA = (RE+Rd R3 + Rl + Vee sat3 

where the bar above a parameter indicates the maxi­
mum value and a bar below indicates the minimum 
value. V R is the "read" voltage on the word select 
line and Vw is the "write" voltage at the same point. 
All other notations are defined in Fig. 3. 

The following values were used in the design equa- . 
tions: , 

Resistor tolerance . -t- 30% 
Power supply tolerance . -t- 5 % 
"Read" word select voltage tolerance. -t- 0.25 volt 
Minimum difference between "read" and 

"write" word select voltage 
VA (write 1) 
VA (read 0) . 
VA (read 1) . 

1 volt 
· = 0 volt 
· = -200 mv 
· = +200 mv 

The voltage levels at node A were chosen so that 
there would be no change in the state of the cell dur­
ing reading. By using the above values in Eqs. (1) 

and (2), Rl and R3 can be uniquely determined in 
terms of R2 which was previously chosen. The values 
of Rl and R3 along with RL were then used in Eq. (3) 
and RE was determined. The analytical results were 
verified by breadboarding all worst configurations 
using kit-integrated parts and determining the points 
at which failures occurred. 

The decision was made to package the memory 
circuits in Fairchild's new dual in-line configuration 
having 14 or 16 leads available. Since the memory cell 
requires .... power supply contacts (+ Vee,-VE, 
and ground), 13 signal leads are available with the 
16 pin package. These 13 pins can be used in a near 
optimum fashion by organizing the memory chip as 
a 4-word array of 9 bits per word. This gives 36 
bits of storage with 4 word select lines and 9 data in­
data out lines required. The chip size is 60 by 80 
mils and utilizes two layers of metal to solve the 
crossover problem. Fig. 4 is a photomicrograph of 
the 36 bit memory array. 

Peripheral Circuits 

Final Decoder and Word Driver. In order to min­
imize the number of gates required for word decod­
ing, the decoding has been broken down into two 
levels called 'a first decoder level and final decoder. 
The final decoder is a two-input "and" gate whose 
output ties to the word driver circuit. Thus for a 
memory of 2n words, there are 2n of these circuits 
required. The first level decoding is performed by 
2 X 2n / 2 "and" gates with n/2 inputs each. For n = 8, 
there are 256 final decoder and driver circuits and 
32-4 input "and" gates for the first level decoder. 
The fan out required of the first level decoder is 
simply 2n

/
2 with this decoding scheme. 

The final decoder and word driver circuit is 
shown in Fig. 5. It consists of a current mode gate 
providing a "negative and" function with the non­
inverting output directly coupled to a common 
emitter inverter stage which in turn drives an emit­
ter follower output stage. To make the input levels 
compatible with the first decoder output, the ref­
erence transistor in the C.M. stage (T 3) is tied one 
diode drop above the group. This also gives some 
temperature compensation to the circuit. The input 
resistors are used to suppress any tendency of the 
circuit to oscillate. The bi-amplitude output is 
achieved by controlling the voltage on the write 
control bus (WeB). If this line is tied to ground, a 
voltage divider is created and the lower amplitude 
output (read) results. If the bus is opened, the high-



1058 PROCEEDINGS - FALL JOINT COMPUTER CONFERENCE, 1965 

Figure 4. 36 Bit memory circuit (60 x 80 mils). 

TO WORD SELECT 
LINE 

Figure 5. Final decoder and word driver. 

er amplitude output (write) results. Again the pur­
pose of diode D2 is to provide temperature compen­
sation. The output stage is designed to drive a 72 bit 
or less length word which requires about 50 rna 
current for writing. 

Again the circuit was worst-case designed using 
the same tolerances as previously listed for the bas­
ic memory cell. In addition, the output transistor 
was designed to withstand momentary shorting to 
the minus supply voltage. The circuit was designed 
to operate within the correct levels at a junction 
temperature of 110°C and was actually tested at 
this ambient temperature with no special heat sinks 
on the transistors. 

In order to keep the integrated circuit relatively 

simple, only two such circuits were put on one chip 
and single layer metal was used. The chip is 45 mils 
onaside, has a nominal power dissipation of 250 
mw and is shown in Fig. 6. The chip is packaged in 
the 14 lead dual in-line header and two such 
packages are required to service the four words 
contained in the memory package. 

Data Circuits. The sensing problem with this mem­
ory cell is strictly a compromise solution based on 
system size, speed and complexity. Basically, the 
output of the memory cell during reading is a given 
current (about 0.5 rna) and this current may be 
driven into any impedance from zero on up as long 
as it is referenced to ground. Thus an ideal method 
of sending would be to use a common base stage 
which would terminate the line in a low impedance 
and provide voltage gain with good bandwidth. Un­
fortunately, the polarity is such that a PNP transistor 
is required and good PNP common base stages are 
not easily integrated. For this reason, and also to 
limit the number of special integrated circuits that 
have . to be designed, we decided to build the pro­
totype system using a convential integrated ampli­
fier, the pA 710. All 256 words in the memory sys­
tem are tied to a common data line. This can be 
done since the leakage current of the gating traI1sis­
tor in the memory cell and its emitter capacitance 
are both very low. The data lines are then termi-
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Figure 6. Dual final decoder and word driver (45 mils square). 

nated in a 150.0, resistor and the 0.5 rna sensing cur­
rent produces about 75 mv output signal nominally. 
This signal is amplified to the logic level by the 
JLA710 and a CTp.L-956 buffer is used as an output 
gate and line driver as shown in Fig. 7. 

Figure 7. Data circuits. 

DATA 
OUT 

A CT JtL dual latch element is used as a data in­
put register. This circuit is simply a flip-flop with 
single rail input and output and a gate on both 
the input and output. Its output cannot pull neg­
ative enough on the data line to write in a zero 
and thus a single common emitter transistor tied to 

-0.8 volt is required on the output of the latch. Sat­
urating this transistor when a "write" pulse is pres­
ent on the word select line will write in a zero and, 
if the transistor is turned off, the data line will be 
referenced to ground and a one will be written in. 

In the preliminary design, data line recovery time 
was recognized as an important system parameter. 
The capacity associated with the line was estimated 
as 0.2 pf per emitter times 256 plus about 20 pf 
wiring for a total of 70 pf. Thus the RC time con­
stant would be about 10 nanoseconds with a 150 
ohm termination. This appears to be a. reasonable 
number. 

With regard to packaging, all Circuits are housed 
into dual in-line packages with two latches, two 
data drivers, two p.A 71 O's and two buffers per pack­
age. In addition, a special interface circuit will be 
provided so that the memory will be compatible 
with any logic levels commonly used. Thus it re­
quire five of the dual in-line packages to service 
two bits of data. 
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PACKAGE DESIGN board. Fig. 8 is a photograph of the storage board 
which is 8" x 10". The boards are standard 1/16" 

Printed Circuit Boards G-10 material with 1 oz. copper. The plated through 
holes are 30 mils in diameter with a 40 mil land. The 

All the circuits are packaged in the dual in-line 
14 or 16 lead configuration which, in turn, are insert­
ed and flow-soldered in a two-sided printed circuit 

copper runs are 20 mils wide with a minimum clear­
ance of 20 mils. The power supply voltages and 
ground are interconnected on the two sides of the 

Figure 8. Storage printed circuit board (64-72 bit word). 

board to form an interleaved grid pattern. This helps 
to reduce the self inductive and resistive drops in 
the lines. 

Interconnection Techniques 

The 7 pc cards are interconnected by means of a 
two sided mother board which also functions as the 
base of the specially developed connector. Fig. 9 
shows a photograph of the top side of the mother 
board with some of the contacts installed. The sig­
nal interconnection pattern between boards is con­
tained on this side of the board. This is also the 
side into which the contacts and pc boards are in­
serted. The other side of the mother board contains 
power supply busing and solder contacts. 

Fig. 10 shows a photograph of the connector as­
sembly. It consists principally of three parts: the 

mother board, the contacts, and a set of cams. 
When the cams are in the relaxed position, the pc 
cards may be freely inserted or withdrawn since 
they do not touch the contact fingers on the board. 
After a board is inserted the cans are rotated, caus­
ing the contacts to exert a wiping action on the fin­
gers and thus make contact. The contact pressure is 
designed to wipe through any oxide films that may 
be built up on the pc card. 

The same mother board and connector is de­
signed to be usedlls the equipment interface con­
nector in order to minimize hand wiring required 
in the memory system. Fig. 11 shows a photograph 
of the interface connector card with sub-miniature 
coaxial cable connected to it. Two such cards are 
required to complete the approximately 160 con­
nections to the system. The cables are secured with 
a hood and clamp piece that feeds them out the 
back end of the card cage in a bundle. 
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Figure 9. Mother board - topv side. 

Card Cage 

Figure 12 shows a photograph of the partially 
assembled card cage. This mechanical assembly pro­
vides two primary functions. They are mechanical 
support and guiding of the individual boards into 
the mother board and connector assembly, and pro­
viding proper cooling for the assembly via a small 
fan and a controlled air flow path. In addition, the 
card cage will house the right angle drives that al­
low rotating the cams from the front of the unit. 
Thus it will be possible to completely service the 
unit from the front, i.e., withdraw and insert cards 
or insert an extender board and contact assembly. 

Overall Unit and Power Supply 

The card cage is bolted to a standard 7" rack 
panel. The panel has a cutout to permit servicing 
the unit. The depth of the assembly will be about 
11", allowing the power supply to be placed directly 
behind the memory unit in the same rack space. 
The power supply requirements are approximately 
as follows: 

Total d-c Power 
+ 12 V 
+ 4.5V 

0.7 amps 
7 amps 

132 watts 
+ 10% 
+ 5% 

+ 2 V 5 amps + 5% 
- 0.8V 1 amp + 10% 
- 2 V 3 amps + 10% 
- 5 V 15 amps + 5% 

OPERATING CHARACTERISTICS 

A pulse program consisting of write one, read 
one, write one, read zero, and then repeat has been 
used for the testing. The oscillographs of Fig. 13 
show some of the waveforms for this system. A is 
the negative output pulse from the first decoder and 
inverter as it appears on one of the decode input 
lines on the storage card. These are all essentially 
"open" lines so the reflections present are reason­
able. 

B shows the output of the final decoder and word 
driver as it appears on the word select line. The 
first pulse is the read zero, followed by write one, 
etc. Mid-amplitude delay through the circuit is ob­
served to be about 20 nanoseconds. The long tail 
off (about 50 nanoseconds) on the trailing edge of 
the pulse is due to stored charge in the base of the 
gating transistors. The cycle time shown here is 150 
nanoseconds. 

C shows the output of the sense amplifier. As ex-
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pected, a signal is produced by the write "1" opera­
tion as well as the read "1" operation. Mid-amplitude 

delay from word line to data out is about 30 nano­
seconds. 

Figure 10. Connector assembly. 

Figure 11. System interface connector assembly. 
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Figure 12. Card cage. 

To demonstrate possible crosstalk that exists on 
the bit line, the repetition rate was slowed down 
and a zero and one superimposed. . Figure 14 (a) 
shows the word line and 14 (b) the bit line wave­
forms. For this case, the two adjacent bit lines of 
both sides of the central bit had . complement data 
written in and read out at the same time as the cen-> 
tral bit line was being operated on. The photo is of. 
the central line and the small amount of crosstalk at 
the leading and trailing edges is apparent. 

CONCLUSIONS 

The results obtained have shown the f~asibi1ity 
of producing integrated circuit memory systems 
which offer advanced performance and design sim­
plicity. Such memories may be expected to have an 
important place in applications where high speeds 
at low costs for moderate storage capacity are need­
ed. Our experience has shown that the engineering 

of an integrated semiconductor memory system is 
much easier than that required for a thin magnetic 
film memory of comparable performance. 

~As semiconductor fabrication techniques contin­
ue to advance, further improvement in semiconduc­
tor memory systems is certain. 
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Figure 13. Memory system waveforms (50 nanoseconds/ 

square, 2 volts/square - execept as noted). 
a. Decode input pulse. 
b. Word line. 
c. Sense amplifier output. 

Figure 14. Superimposed one and zero outputs (40 nano­
seconds/square) . 
a. Word line (2 volts/square). 
b. Bit line (100 mv/square). 



STROBES: SHARED-TIME REPAIR' OF BIG ELECTRONIC SYSTEMS* 
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Pittsburgh, Pennsylvania 

INTRODUCTION 

The trend towards larger, more elaborate, and 
more complex computer systems is gradually modi­
fying many programming and engineering tech­
niques. The sheer bulk of equipment required by 
contemporary' computer centers, in itself, creates 
new and severe problems in many areas. In particu­
lar, the maintenance of big systems has been com­
plicated by three important characteristics: redun­
dancy, complexity, and expense. 

Redundancy has adversely affected system relia­
bility. Devices such as memory modules are respec­
tably reliable when administered in small doses­
but memory banks consisting of 32 or more mo­
dules are currently available. In these quantities, 
even the most reliable modules can become collec­
tively significant as a source of down-time. One 
popular, but expensive, approach to the problem is 
the refinement of packaging techniques so that en­
tire modules, including addressing circuits, may be 
unplugged and replaced as units. 

The complexity of a big system imposes a heavy 
burden on maintenance personnel. As a rough com-

*This work was supported by the Advanced Research 
Projects Agency of the Office of the Secretary of Defense 
(SD-146). 

parison of complexity, a maintenance engineer who 
is responsible for a single unit in a big system may 
be required to retain an understanding of a device 
two orders of magnitude larger, by circuit count, 
than an equivalent unit produced six years ago. 
Maintenance crews have been growing, in response 
to the problem, so that each engineer need be famil­
iar with only a fragment of the entire system. 
Again, the approach appears to be more expensive 
than effective. 

Big systems mean big cost in down-time. Al­
though the maintenance engineer can think no fas­
ter than he did six years ago, the hourly cost of 
down-time has grown considerably. Proportional 
increases in maintenance crew sizes is an unsatis­
factory approach to the problem. Thinking speed is 
not linearly accumulative. 

STROBES (Shared-Time Repair Of Big Elec­
tronic Systems) is an attempt to ease these prob­
lems. It is based upon two assumptions. First, a big 
computer system is an unnecessarily overpowered 
device for regenerating the trace on a CRT console 
-even if the console is a maintenance engineer's 
oscilloscope. Flicker-free wave shape display re­
quires no more than 32 uniformly spaced runs of 
the maintenance program during each second of 
use. Second, the bigger the system, the lower the 

1065 
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probability that any isolated facility is crucial to 
system operation. A redundant system facility, such 
as a core memory module, a magnetic tape drive, a 
telephone channel, etc., can be removed from gener­
al use without destroying the integrity of the com­
puter system. The two assumptions lead to the 
STROBES approach of isolating the faulty unit, so 
that standard time-shared programs are denied its 
use, and of blanking the maintenance CRT cathode 
whenever standard programs are running. 
STROBES thereby achieves a "stroboscopic" effect 
in which the maintenance engineer is able to moni­
tor the faulty equipment, at cyclic intervals, during 
the time-shared running of his maintenance rou­
tines. In typical trouble-shooting situations, the 
standard users are hardly aware of the presence of 
the maintenance engineer, and he is totally unaware 
of them. 

TIME-SHARED TROUBLESHOOTING 

The STROBES equipment and programs treat 
the maintenance engineer as a nonstandard time­
shared system user. The equipment consists of a 
modified oscilloscope, a small control panel, and 
central processor circuits for communicating with 
the oscilloscope and control panel. The control pan­
el offers a few basic operating options and is 
mounted on the oscilloscope frame. The oscillo­
scope is modified to accept blanking and unblanking 
commands from the STROBES programs. 

Three modes of operation are provided by the 
STROBES programs. A "log-in" mode is furnished 
for identifying the maintenance engineer and the 
faulty unit and for initiating the "conversational" 
mode of troubleshooting. In conversational mode, 
the maintenance engineer can monitor and control 
the ·system by means of tasks called from the per­
manent library. The tasks can be used to exercise 
faulty units, assemble other tasks, inspect and alter 
the permanent library, terminate operation, and ini­
tiate or terminate a "stroboscopic" mode without 
terminating the conversational mode. The strobos­
copic mode serves the purpose of regenerating the 
trace on the modified oscilloscope. A real-time in­
terrupt, of the frequency selected at the control pan­
el, calls a previously specified maintenance routine 
which unblanks the CRT, exercises the faulty unit, 
blanks the CRT, and returns control to the inter­
rupted program. 

The primary advantage of this approach to troub­
leshooting is the drastically reduced cost of down­
time. Each run through a typical stroboscopic mode 
program, for example one which reads and writes 
into a faulty memory module, requires less than 1 
millisecond including interrupt overhead. At 15 re­
petitions per second, near flicker-free display is ob­
tained for the cost of 1.5 percent degradation in 
system speed. (During extended periods of indepen­
dence from the CRT, the maintenance engineer can 
reduce this time degradation to zero by disenabling 
the STROBES interrupt. A switch on the oscillo­
scope control panel is provided for this purpose.) 
Ignoring for the moment the cost of configuration 
degradation, the cost of down-time apparently drops 
to a negligible value. 

In addition to its more obvious value, virtually 
free troubleshooting time should lower the require­
ments imposed upon maintenance crew sizes, indi­
vidual skills, and equipment familiarity. 

The effect of configuration degradation during 
STROBES troubleshooting is not easily related to 
the cost of down-time. In special cases (for the ex­
ample given, those in which the system programs 
handle a "virtual memory" which far exceeds the 
capacity of the "actual memory") system perform­
ance is relatively insensitive to small changes in the 
system configuration. System performance degrades 
as some function of lost capacity when configura­
tion changes are sufficiently large; but in the exam­
ple, large changes reduce multiple faults and are 
rare. In general, configuration degradition has a 
binary effect on programs. Programs which reduce 
service from the faulty unit cannot be run. For 
them, the entire system can be considered inopera­
tive during the repair period. For those which do 
not require the faulty unit, the entire system can be 
considered fully and continuously operative. The 
system is more reliable in effect, if not in fact. This 
increase in effective reliability is of particular sig­
nifficance to users who interact with the system in 
real time and are therefore acutely aware of inac­
tive periods. 

The advantages of the STROBES system are not 
obtained without cost. System programs must be 
rewritten to accept the maintenance engineer as a 
nonstandard user. More important, they must func­
tion in a system which can change configuration 
upon operator command. System programs having 
similar properities are already available from manu-
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facturers who support many configurations of one 
basic system. Systems which make use of paging 
and segmenting hardware are particularly adaptable 
to the STROBES troubleshooting of memory mo­
dules. However, a sizable cost can be expected if 
these systems are to be adapted to permit the isola­
tion of any nonessential system facility during 
STROBES troubleshooting. The obstacles are great­
er, but not insurmountable, for system programs 
which are rigidly fixed to one system configuration. 

A worthwhile gain can be obtained by relegating 
one facility at a time to the nonessential status. For 
example, an essential line-printer can be buffered by 
tape or disk so that images are loaded on an inter­
mediate storage during printer down-time, then un­
loaded and printed later. (Because of the image 
scrambling problem, elaborate printer buffering is 
already mandatory in time-shared systems. ) Buf­
fered line printers can be efficiently isolated for 
STROBES troubleshooting because of their normal­
ly low duty cycles. At Carnegie Tech, a 900-line­
per-minute-printer produces an average of about 2 
X 10-5 Jines per 24-hour day. At that rate, about 20 
hours each day can be devoted to line-printer main­
tenance without affecting system performance. 

Another important cost of implementing 
STROBES results from the rewriting of mainte­
nance programs. They are subject to the same ver­
satility requirements as system programs. They 
must be parametric so that they may be confined in 
extent, and non-iterative so they can be run in stro­
boscopic mode. They must be cataloged and assem­
bled in a maintenance library so that small relevant 
subroutines may be called conveniently. Finally, the 
conversational mode requires an appropriate inter­
pretation and assembly system. 

Other costs and disadvantages of the STROBES 
system are less tangible. A psychological reaction 
can be expected on the part of both the mainte­
nance engineer and the standard time-shared user. 
Both object to trouble shooting during production 
runs. The objections are based upon the fear that 
the maintenance engineer will interfere with the 
standard user's program by accidently touching a 
circuit component with an electrically active object. 
Such accidents might cause program errors which 
are difficult or impossible to detect. Although 
standard maintenance procedures rarely endanger 
the standard maintenance programs in this way, in-

sufficient data are available to determine the extent 
to which the objections are valid for production 
runs where mishaps are more costly. 

In conclusion, it is worth noting that the disad­
vantages of STROBES may not survive installa­
tion and general user acceptance. 

STROBES OPERATION 

Mandatory Equipment 

The stroboscopic mode requires a nonstandard 
oscilloscope, a small control panel, and appropriate 
communicating circuitry located in the central pro­
cessor. The circuit shown in Fig. 1 is used at Car­
negie Tech to adapt a Model 535A Techtronix os­
cilloscope. It is housed in the preamp storage bay of 
the oscilloscope and mounted on the control panel 
which covers the front of the bay. No modifications 
to the oscilloscope proper are required other than 
the addition of the CATHODE BLANK and 
TRIGGER INHIBIT wires shown in Fig. 1. The 
switches, indicators, and connectors shown in the 
figure constitute the control panel. Repetition rates 
of 1, 15, and 60 per second are selected by the 3-
position REP RATE switch. Repetitive traces are 
easily visible on the standard 535A CRT at the 1 
per second rate. Traces are near flicker-free at 15 
per second and entirely free at 60 per second. The 
reptition rate selector wires run to AND gates in 
the processor which enable interrupts generated by 
a real-time clock. The connecting cable is 100 feet 
in length so that the oscilloscope may be wheeled to 
any unit in the system. The four-position MODE 
switch must be positioned at AUTO to obtain auto­
matic trace repetitions at the selected rate. Inter­
rupts are generated manually, for one--shot cycling, 
by depressing the ENABLE switch while MODE is 
in the MAN position. The manual interrupt line 
circumvents the real-time clock at the processor. 
INHIBIT TRACE is the only signal received from 
the processor. It is a d-c level supplied by a pro­
grammable processor flip-flop. In either AUTO or 
MAN mode, INHIBIT TRACE blanks the CRT ca­
thode and inhibits further triggering. The TEST 
position of MODE substitutes a l-kc square-wave 
oscillator for the inhibit trace sigrial. The NORM 
position returns the oscilloscope to normal operat­
ing condition. 
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Figure I, The oscilloscope circuits. 

The STROBES Assembly Language 

A version of the standard machine language has 
been augmented by special STROBES macros and 
pseudos so that closed relocatable subroutines can 
be assembled in conversational mode. Statements 
in the language are of the form "LABEL, OP­
CODE, PARAMETER, PARAMETER; COM­
MENTS" and are assembled as they are typed. The 
relative address of each statement is automatically 
typed at the beginning of each input line so that it 
may be used as a parameter. Relative addresses are 
distinguished from numeric values by a preceding 
decimal point. 

At the completion of an assembly, a debugging 
mode is automatically entered, in which error com­
ments are typed-out and corrections are typed-in. 
When errors are corrected to the satisfaction of the 

assembler, a request for a unit name is automatical­
ly typed-out. After the name is typed, the subrou­
tine is automatically dumped onto a temporary lib­
rary and classified as a "task" for the specified 
unit. The task can be called and executed in either 
the conversational or stroboscopic mode, only if the 
specified unit was reserved during log-in. If no unit 
is specified, the task is assigned to all units. A per­
manent task is available which copies tasks from 
the temporary library to a permanent master library 
which remains intact when STROBES is terminated. 

A task call is of the form "NAME, FIRST P ARA­
METER, SECOND PARAMETER, ... , Nth PARA­
METER, STROBES MODE; COMMENTS" where 
NAME can be any alphanumeric string and N ~ 9. 
The task can be run in stroboscopic mode only if 
indicated by the STROBES MODE parameter. The 
actual parameters are passed by means of a macro 
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called "Par." The PAR macro requires one para­
meter: a digit which represents the position, in 
the task call, of a parameter which is to be brought 
to the accumulator. For example, the occurrence 
"PAR,2;" in the task called by "LOAD, 
100, 200, 300;" will cause the assembly of code 
which brings the number 200 to the accumulator. A 
list of pseudos and macros are given in Table 1 and 
Table 2. Angle brackets are used in the tables to 
denote class names. 

ENT; 

Table 1. The STROBES Assembly 
Language Pseudos. 

Defines the automatically typed relative address 
as the entry point of a library task. 

DEF, < LABEL >, < INTEGER >; 
Defines < INTEGER > as the value of < 
LABEL >. 

END; 
Terminates assembly and enters the task being 
assembled into the temporary library. 

PRT; 
Causes each used label and its defined value, 
if any, to be typed-out in tabular form. 

PRT, < INTEGER >; 
Executes the PRT pseudo for labels LO through 
< INTEGER > only. 

DMP, < INTEGER >, < LOCATION >; 
Types the contents of the < INTEGER > 
memory locations beginning at < LOCA­
TION >. 

RTM; 

Table 2. The STROBES Assembly 
Language Macros. 

Returns control to the program marked in the 
ENT location. 

TON; 
Turns the oscilloscope trace on (unblanks the 
CRT). 

TOF; 
Turns the oscilloscope trace off (blanks the 
CRT). 

TPI, < INTEGER >, < LOCATION >; 
Enables type-in of < INTEGER > octal num­
bers beginning at < LOCATION >. 

TPO, < INTEGER >, < LOCATION >; 
Types-out the octal contents of the < INTE­
GER > words beginning at < LOCATION>. 

PAR, < INTEGER >; 
Brings the parameter in call position < INTE­
GER > to the accumulator. 

CLL, < NAME >, < PARAMETER >, 
< PARAMETER >, ... ; 

Calls the library task specified by < NAME > 
and supplies the ensuing parameters. 

The Operation Modes 

The first phase of the log-in mode identifies the 
maintenance engineer to the general time:-shared 
system programs and registers. his request for 
STROBES. In the second phase, any tasks accessi­
ble in log-in mode may be called. Of the log-in 
tasks shown in Table 3 only "DIRECTORY" leaves 
the system in log-in mode. The third phase termi-

Table 3. The Log-In Tasks. 

DIRECTORY; 
Types the unit, name, number of parameters, 
STROBES mode, and length of each task reg­
istered in the permanent library. 

DONE; 
Terminates STROBES. 

RESTORE; 
Establishes the conditions which existed when 
a SAY task was last executed. (See Table 4.) 

UNIT, < ALPHA-NUMERIC >, 
< ALPHABETIC >; 

Declares the unit or units specified by the name 
< ALPHA-NUMERIC >, or the subunit deli­
neated by the < ALPHABETIC> descriptor, 
as reserved for exclusive use of the maintenance 
engineer, loads all of the relevant subroutines 
from the permanent library, creates an appro­
priate temporary directory, and initiates the 
conversational mode. 

nates log-in by returning to a previously aborted 
state, by terminating STROBES, or by progressing 
to the conversational mode. 

Once initiated, the conversational mode remains 
in effect until STROBES is terminated. Successful 
initiation is verified by the automatic type-out of 
the message "STROBES IS NOW PREPARED 
FOR" followed by the name of the unit requested. 
After an automatic carriage return; the letter "T" is 
typed-out to request input of a task call. When the 
task call is received, either a standard message, in-
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formation particular to the called task, or a "T" is 
typed-out. In this way, the reception of typed-in in­
formation is always verified by a subsequent type­
out. The conversational mode tasks are listed in Ta­
ble 4. 

Table 4. Conversational Mode Tasks. 

TSK, < NAME >, < INTEGER >, 
< MODE >; 

Begins assembly of the temporary library task 
called < NAME > requiring < INTEGER > 
parameters and operable in stroboscopic mode 
if < MODE> = 1. 

STT, < NAME >, < PARAMETER >, 
< PARAMETER >, ... ; 

STP; 

Initiates stroboscopic mode and calls the task 
specified by < NAME > with the ensuing 
parameters. 

Stops the stroboscopic mode by inhibiting the 
STROBES interrupt. 

DIRECTORY; 

INI; 

Identical to the log-in mode task by the same 
name. 

Clears the temporary library. 

DLT, < NAME >; 
Deletes the task specified by < NAME > 
from the temporary library. 

RMV, < NAME >; Deletes the task specified by 
< NAME> from the permanent library. 

CPY, < NAME >; 
Copys the task called < NAME> from the 
temporary library to the permanent library if 
it is not already permanent. 

MRG, < NAME >; 
Merges the entire temporary library with the 
permanent library. 

TPI, < INTEGER >, < LOCATION >; 
Enables type-in of < INTEGER > octal num­
bers beginning at < LOCATION >. 

TPO, < INTEGER >, < LOCATION >; 
Types-out the octal contents of the < INTE­
GER > words beginning at < LOCATION >. 

ATI, < INTEGER >, < LOCATION >; 
Enables type-in of < INTEGER > alpha­
numeric characters, one per word, beginning 
at < LOCATION >. 

ATO, < INTEGER >, < LOCATION >; 
Types-out the alpha-numeric contents of the 
< INTEGER > words, one character per 
word, beginning at < LOCATION >. 

SAY; 
Completely copies the state of the STROBES 
system so that restoration can be made by 
the log-in task "RESTORE" and terminates 
STROBES. 

OUT; 
Terminates STROBES unrecoverably. 

Entrance and exit to the stroboscopic mode is 
controlled by the conversational mode tasks STT 
and STP. The STP task is equivalent, in effect, to 
disenabling the STROBES interrupt at the control 
panel. Thus, the stroboscopic mode can be consid­
ered to be the "iterative" form of conversational 
mode tasks. 

AN EXAMPLE OF USE 

The coordination of conversational and strobos­
copic modes, during the trouble-shooting process, is 
best described by example. What follows is a con­
trived protocol intended to illustrate the effect that 
the maintenance engineer is the sole system user 
while he absorbs an estimated 2 percent of total 
system time. Typing performed by the STROBES 
system programs is underlined for clarity. 

The maintenance engineer is required to elimi­
nate recurrent parity errors in an 8K memory mo­
dule having the octal address range 120000 to 
140000. He initiates log-in by the standard identif­
ication procedure required of all time-shared users. 
He then requests all library procedures relevant to 
the faulty memory module (module MM11, E) and 
reserves it for his own exclusive use. 

UNIT~ MM11, E; 

After a brief pause in which the requested routines 
are prepared for use, a type-out informs the mainte­
nance engineer that conversational mode has been 
established. 

STROBES IS NOW PREPARED FOR MM11 E 

The letter "T" is typed-out to request a conversa­
tional mode task. The maintenance engineer then 
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types a small routine, by means of the task "TSK", 
which simply clears and then sets every bit in a 
word of the defective module. Three parameters are 
required by TSK: the task name (MEM), the num­
ber of parameters (2), and the mode of operation 
desired (1 for stroboscopic). The maintenance en­
gineer intends to use the oscilloscope to trace the 
information path to and from the defective module. 

T TSK, MEM, 2, 1; 
0000 ENT; SPACE FOR THE MARK 
0001 PAR, 1; BRING THE FIRST PARAMETER 
0004 STL" LO; STORE IT IN LOCATION LO 
0005 PAR, 2; BRING THE SECOND 

PARAMETER 
0010 STL" L1; STORE IT IN LOCATION L1 
0013 STZ, 1, LO; STORE ZEROS IN THE LOCA­
--TION SPECIFIED BY LO 
0014 CAL" L1; CLEAR ADD THE PATTERN 
--IN LOCATION L1 
0015 STL, 1, LO; STORE THE PATTERN IN 
--THE LOCATION SPECIFIED BY LO 
0016 TOF; TURN OFF THE OSCILLOSCOPE 

TRACE 
0017 RTM; RETURN TO MARK 
0020 LO, 0; DECLARE LO AND ITS CONTENTS 
0021 L1, 0; DECLARE L1 AND ITS CONTENTS 
0022 END; TERMINATE ASSEMBLY 

If assembly is unsuccessful, special debugging com­
ments and requests will be typed-out. The mainte­
nance engineer may then debug and correct his 
code. When the task is acceptable to the asembler, a 
type-out requests the name of the unit for which the 
task is intended. 

SPECIFY UNIT 
MM11 

The task is added to the MM11 category of the 
temporary library. Successful assembly and library 
updating is then reported by a type-out and the next 
task is requested. The maintenance engineer enters 
stroboscopic mode by calling the newly created 
MEM task with STT. He supplies the address 
120000 and the pattern 77777777777 as parameters 
toMEM. 

LIBRARY UPDATED 

T STT, MEM, 120000, 77777777777; 

T 

The stroboscopic mode is now in effect. The main­
tenance engineer commences trouble-shooting with 

the oscilloscope. After an hour of unsuccessful la­
bor, he decides that a call to his supervisor is ap­
propriate. The SA V task will recoverably remove 
STROBES from the operating system. After recog­
nizing the call for SA V, STROBES types a recogni­
tion message, preserves the temporary library and 
the operating state, and terminates. 

TSAV 

STROBES SAVED 

After consulting with his supervisor, the mainte­
nance engineer must log-in once again. He can re­
cover from the SA V operation by means of the RST 
task. 
RST 
STROBES IS NOW PREPARED FOR MM11, E 
T STT 
T 

Troubleshooting with the oscilloscope resumes. As 
other tasks are found necessary, they may be writ­
ten or called from the library. 

T TSK, SEQ, 1, 1; 
0000 ENT 

-- code which sequences the MEM task 0001 { 

00 i 6 through memory 

0017 END 
"SPF:CIFY UNIT 
MM11 
T STT, SEQ, 77777777777; 
T STP 
T 

When the faulty component is found, stroboscopic 
mode is terminated by STP, the memory modules is 
powered down, the component is replaced, the 
memory modules is again powered up, and an ac­
ceptance routine MT A is called. The routine re­
ports faultless operation so the maintenance engi­
neer terminates operation. 

T MTA, 'E'; 
MEMORY MODULE E O.K. 
TOUT; 

CONCLUSION 

The work described in this paper serves more to 
introduce than to exploit the STROBES approach. 
The central theme has been efficient troubleshoot-
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ing in emergency conditions. No mention is made 
of the many periodic "preventive maintenance" 
formance. These procedures are particularly adapt­
able to the STROBES approach and should be a 
profitable realm of application. As systems increase 
in size, speed, and modularity, they should become 
more adaptable to the STROBES approach. An 
attempt to incorporate STROBES at the equipment 

and program design level may lead to significantly 
reduced maintenance costs in future systems. 
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INTRODUCTION 

A self-diagnosable computer is a computer which 
has the capabilities of automatically detecting and 
isolating a fault (within itself) to a small number 
of replaceable modules. 

This paper presents a new concept which, in 
mid-1962, resulted in the design of a self -diag­
nosable computer called the DX-l. The design ef­
fort represented one of a number of related and 
continual efforts aimed at finding the best way to 
achieve maximum operational availability of a 
computer to do useful work. The design objectives 
were: 

1. Maximum capability for self-diagnosis. 
2. Minimum mean-time-to-diagnosis (MTTD). 

(MTTD). 
3. Minimum additional hardware to make it 

self-diagnosable. 
4. Minimum hard core (that portion of logic 

which must function correctly) . 

The DX-l was logically implemented and simu­
lated on the IBM 7090 during 1963. The results of 
the logic simulation indicated that the basic philos­
ophy of self-diagnosis is technically correct. It also 
confirmed two facts, namely: (l) the design of a 
self-diagnosable computer must originate with the 
system architecture and must be treated as a princi­
pal design parameter, and (2) it is mandatory that 
the diagnostic programs be automatically generated 
by a computer. 

This paper describes one way a computer can be 
designed to be self-diagnosable. Although much of 
what is discussed here has undergone substantial 
modification and advancement, it remains funda­
mental and valid. 

Before discussing the design techniques used to 
make the DX-l a self-diagnosable computer, we 
present an abstract model as a basis for design and 
then describe the DX-l's organizational structure 
and operation in its normal mode. We conclude 
with certain specific results. 

1073 
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A MODEL OF SELF-DIAGNOSABLE DIGITAL 
SYSTEMS 

It is well known that a digital system Sl possessing 
a certain configuration is capable of diagnosing single 
solid faults of another digital system S2, provided 
that all the nonredundant inputs and outputs of sys­
tem S2 are accessible to Sl. In particular, where sys­
tem S2 consists of combinational logic, this method 
has been demonstrated for various systems.1,2,3 

When a digital system is partitioned under cer­
tain restrictions into subsystems it is possible to 
achieve self-diagnosis of the system through the 
mutual diagnosis of its subsystems. 

Diagnosis and Diagnostic Systems 

We state briefly, without proof, a method of di­
agnosis of logical malfunctions of a digital system 
and the requirements of a diagnostic system to be 
used for such diagnosis. 

1. Let Sl and S2 be two examples of a digital 
system S, where Sl is the system to be diag­
nosed and S2 is known to be nonmalfunc­
tioning. The diagnostic method consists of 
applying a sequence of stimuli to the inputs 
of Sl and S2 and of comparing the outputs 
of Sl to the corresponding outputs of S2. 

2. When S contains combinational circuits 
only, the sequence of stimuli may consist 
of all distinct combinations of input signals 
or some subset thereof. By utilizing the re­
sults of the comparison previously referred 
to in (1), it is possible to decide whether 
Sl is malfunctioning, if the sequence of 
stimuli is properly chosen. In most cases, 
it is possible to obtain better diagnostic reso­
lution, in the sense that the malfunction can 
be isolated to a relatively small portion of Sl. 

3. When S contains sequential circuits, a suit­
able sequence of stimuli may be derived 
from the original design information. How­
ever, it is difficult to obtain as good a reso­
lution as is possible with combinational cir­
cuits. 

4. Applying the diagnostic procedure4 and im­
plementing the above-described method" a 
digital system R can be used to diagnose 
another malfunctioning digital system S, 
provided that R has the following capabil­
ities: 

F 1: Supply the linkage to enable execution 
of a given sequence consisting of the 
operations F 2, F 3, F 4 and F 5 appearing 
repeatedly in any order. 

F 2 : Transmit predetermined stimuli to all, 
or any selected portion, of the inputs 
of the system S. 

F3: Observe the outputs of the system S 
and compare them with given patterns. 

F4 : Proceed to the next operation in the se­
quence or branch to a different point of 
the sequence of operations, depending 
on the result of the last F 3 operation. 

F 5: Stop and communicate to the human 
operator the place in the sequence where 
the stop occurred or communicate other 
chosen information such as the loca­
tion (s) of replaceable unit ( s) that have 
been diagnosed as being faulty. 

A Model of Self-Diagnosable Digital Systems 

A system S is self-diagnosable if S can be parti­
tioned into n mutually exclusive subsystems, Sl, S2, 
... , Sn for n ~ 2; and, the following conditions 
hold: 

( a) Diagnosability of subsystems Si: 
Each Si, i = 1, 2, ... , n, must consist of 
either combinational circuits only; or, if it 
contains sequential circuits, a sequence of 
stimuli for its diagnosis must be possible 
and known. 

(b) Existence of diagnostic subsystems: 
Among the subsystems Sl, S2, ... , Sn, 
there exist subsystems, each of which can 
perform all the five operations F 1, F2, ... , 
F 5. These subsystems form the class of the 
diagnostic subsystems which we will denote 
by CDS' CDS = {Sj}, j = i1, i2, ... , im , 

m:::; n. 
(C) Communication between Si and CDS: 

The inputs and outputs of each subsystem 
Si, i = 1, 2, . . . , n, are accessible to at 
least one of the diagnostic subsystems 
(other than itself if it is in CDS). 

Following the discussion in the preceding sec­
tion, we assume that a subsystem Si is diagnosable 
if its input and output terminals are accessible to a 
nonmalfunctioning subsystem Sa E CDS. The word 
"diagnosable" implies that the action of diagnosis 
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described in the preceding section is possible by using 
Sa as the diagnostic digital system where Si is the 
digital system/being diagnosed. We assume also that 
S is diagnosable if all the & are diagnosable. Fur­
thermore, we assume that when a malfunction sub­
system is diagnosed, it is immediately repaired. 

Classes of Subsystem Failures for Which the Model 
is Self-Diagnosable 

Certain conditions of failure are inconsistent 
with self -diagnosability, the extreme case being 
simultaneous malfunctioning of all subsystems. We 
will examine the classes of failures for which the 
model defined above is self-diagnosable. 

1. It is possible to construct a self-diagnosable 
system S if at least two subsystems among 
Sl, S2, ... , Sn belong to CDS. 

2. S is self-diagnosable, independent of the 
number of malfunctioning Si (i = 1, 2, 
... , n), if no more than one of the mal­
functioning Si is in CDS. 

3. S is self-diagnosable no matter how many 
of the & are malfunctioning if for each of 
the malfunctioning Si in CDS, there exists 
at least one known nonmalfunctioning Sj E 

CDS, and the inputs and outputs of Si are 
accessible to Sj. 

4a. Let Sil, ... , Sim be a subset of Sl, S2 ... , 
Sn. Sil, Si2, ... , Sim is said to form a diag­
nostic sequence from Si to Sim if the input 
and output terminals of Sip are accessible 
to Sip-l for p = 2, 3, ... , m, while Sil, 
Si2, ... , Sim-l E CDS and Si2, Si3, ... , Sim 
are malfunctioning subsystems .. Then, Sim 
is diagnosable if Sil is known to be non­
malfunctioning. 

4b. S is self-diagnosable no matter how many 
of the &(i = 1, 2, ... ,n) are malfunc­
tioning, if there exists at least one non­
malfunctionillg Sj E CDS and a diagnostic 
sequence can be formed from a nonmal­
functioning S3 to each malfunctioning &. 

Extensions of the Model of Self-Diagnosable Digi­
tal Systems 

In this subsection, we will consider the extensions 
of the self-diagnosable digital system model, taking 
into account realistic situations as found in actual 

system design. We shall define S; Sl, S2, ... , Sn; and 
CDS as above (see A Model of Self-Diagnosable Dig­
ital Systems). 

1. Let Sa be any of the Si E CDS. Let Sa be 
further partitioned into subsystems Sal, Sa2, 
. .. , Sak. The partition possesses the follow­
ing properties: 

(a) Sal, i = 1, 2, ... , k, are also subsys-
1 

terns of S. 
(b) Sa is nonmalfunctioning if each of the 

Sai (i = 1, 2, . . . , k) is nonmalfunc­
tioning. 

( c) When Sa contains no redundant or ir­
relevant elements, each Sai (i = 1, 2, 
. . . , k) is nonmalfunctioning if Sa 
is nonmalfunctioning. 

2. Forming new diagnostic subsystems during 
diagnosis: Let Sal, Sa2 , ... , Sak be the sub­
systems of a diagnostic subsystem Sa result­
ingfrom a partitioning of Sa. Let Sil, Si2, 
. . . , Sip be some of the subsystems Si of S. 
( a) If a new diagnostic subsystem SI3 can 

be formed by combining Sil, Si2, . . . , 
Sip and some or all of the Sai, say Sit, 
S12, . . . ,S1m, then we can consider 
SI3 as the result of a new partitioning 
of S. 

(b) If all the Sil, Si2, ... ,Sip and Sit, Si2, 
... ,S1m are diagnosable, then SI3 is 
diagnosable. 

3. (a) Sit, Si2, ... , Sim are said to form a 
chain diagnostic sequence from Sil to 
Sim if they possess the properties of a 
diagnostic sequence and at least one of 
the Sij is formed by a new partition of 
S immediately after the Sij-l is diag­
nosed and repaired, and each of these 
Sij is a combination of known nonmal­
functioning subsystems of S in the new 
partition. 

(b) Sim is diagnosable if Sil is known to be 
nonmalfunctioning. 

(c) S is self-diagnosable no matter how 
many Si (i = 1, 2, ... ,n) are mal­
functioning if there exists at least one 
nonmalfunctioning Sj E CDS, and a 
chain diagnostic sequence can be 
formed from a nonmalfunctioning Sj 
to each malfunctioning Si. 
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4. Indirect access in diagnosis: Consider Fig. 1 
where a diagnostic subsystem Sa has access 
to the inputs but not the outputs of S1 and 
the outputs of S2, Sa, and S4; while at the 

Figure 1. Indirect access. 

same time, the output of S1 can control the 
input of S2, Sa, and S4. S1, S2, Sa, and S4 
can be diagnosed by using a majority tech­
nique if only one of these four is assumed 
to be malfunctioning. This can be done as 
follows: ( a) apply stimuli to S1 and ob­
serve the output indirectly through the out­
puts of S2, Sa, and S4 individually; and 
then (b) accept only the majority of the 
three results. It is possible to use this tech­
nique in a variety of ways including the 
joining of diagnostic sequences and chain 
diagnostic sequences. 

5. Partition vs. resolution in diagnosis: Even 
though each Si (i = 1, 2, ... ,n) is diag­
nosable, the resolution of diagnosis depends 
on the configuration of Si. However, if S is 
partitioned such that each of the Si is small 
enough and preferably packaged in a single 
replaceable unit, it is not necessary to ob­
tain better resolution than diagnosis to an Si. 

6. Hard core: When it is not possible to parti­
tion S into mutually exclusive diagnostic 
subsystems, and additional hardware can­
not be added for economic or other reasons, 
some elements, say H(S), are then necessary 
to be in common to two or more diagnostic 
subsystems, say Si1, Si2, . . . , Sim. If the 
nonmalfunctioning of at least one of these 
Sii is necessary for S to be self-diagnosable, 

we must be certain that H (S) is not mal­
functioning prior to the commencement of 
diagnosis. In this case, H (S) is called the 
"hard core" of S. 
When a hard core H (S ) exists, S is not 
completely self-diagnosable. We can, how­
ever, design H (S) to utilize self-checking 
hardware, and we can employ manual 
methods to diagnose H (S ). When H (S) is 
tested and is known to be nonmalfunction­
ing, we may leave H (S) alone and treat S 
as a self-diagnosable system. 

7 . Use of additional hardware during diag­
nosis: Certain parts of a self-diagnosable 
digital system might not be necessary for 
the normal operation of the system. Such 
parts would therefore not be required to be 
connected to the system except when the 
system is to be used for self-diagnosis. 

Diagnostic Procedure 

For a given self-diagnosable digital system, there 
are various ways of constructing diagnostic pro­
cedures. We will present a method which will aid in 
determining whether a system is self-diagnosable. If 
this is the case, this method will also assist in the 
construction of a diagnostic procedure. A simple 
example is given in conjunction with this discussion. 

1. List all the mutually exclusive subsystems 
S1, S2, ... , Sn which are the result of all the 
expected partitions of S. For each subsys­
tem Si (i = 1, 2, . . . , n) list all the diagnos­
tic subsystem or subsystems (denoted by 
DS j ) by which & is diagnosable, either by 
direct or indirect access. 
In the example, there are eight subsystems. 
They are given in Table 1. 

Table 1. Subsystems 

Subsystems 

S1 ...................... . 
S2 

Diagnosed by 

DS2 
DS2 

Sa ............................... . DS1 

DS4 
DSa 

S4 ............................... . 
S5 
S6 
S7 ............................... . 
S8 

DS1 

D~ 

DS4 
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2. List all diagnostic subsystems in the same 
manner. Furthermore, for each diagnostic 
subsystem DSj, j = 1, 2, ... , k, list all the 
subsystems resulting from its partition. 
There are four diagnostic subsystems in the 
example. They are given in Table 2. 

Table 2. Diagnostic Subsystems 

Diagnostic Subsystems Diagnosed by 

DS1 (Sl, S2) ................. DS2 
DS2 (Sa) .................... DS1 
DSa (Sl, S6) ................. DS2, DS1 
DS4 (Sl, S2, Sa, S5) ............ DS2, DS1, DSa 

The method of partitioning and the diag­
nostic system requirements are necessarily 
interacting. Therefore, Tables 1 and 2 
should be constructed simultaneously. Sev­
eral trials are likely to be required before 
a satisfactory list can be constructed. If a 
list cannot be constructed, the system is not 
self-diagnosable. 

3. Denote A ~ B to mean that subsystem B 
is diagnosable by subsystem A, A B ~ 
C to mean that subsystem C is diagnosable 

X Select 
Read Write 

Memory Y Select 

!--10-n-

by the combination of subsystems A and B, 
etc. By examining Tables 1 and 2, using 
the relationship that a diagnostic subsys­
tem is diagnosable if all the resulting sub­
systems from its partition are diagnosable, 
construct a diagnostic diagram as in Fig. 2. 
The diagnostic diagram shows how each of 
the diagnostic subsystems may be diagnosed. 

Figure 2. Diagnostic diagram. 

DX-l AS A COMPUTER 

Figure 3 presents the data flow within DX-l. In 
its normal mode, the DX-l is a binary, fixed point, 
parallel, microprogrammed digital computer. It in­
cludes a single bus, six arithmetic registers (Rl 
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Figure 3. DX-l data flow. 
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through R6), an ADDER, gates for logical AND 
and ZERO TEST, buffer registers IPR and OPR 
for communication with input and output devices, a 
read-write memory (RWM) addressed by the MAR 
and buffered by the MBR, and a read-only memory 
(ROM) addressed by the ROMAR (which is divided 
into Hand L parts) and buffered by the ROMBR. 
The standard word length is eight data bits with two 
parity check bits and no sign bit. The ROM word is 
34 bits long. 

Micro operations are stored in the ROM. One field 
(0) of the ROMBR acts as the micro operation 
code register. Two other ROMBR fields (F and T) 
hold codes specifying which registers the micro 
operation must connect, respectively from and to 
the bus. The F, T, and 0 fields appear in both A 
and B control registers within the ROMBR because 
register control is divided into A (left or high order) 
and B (right or low order) parts. In normal opera­
tion, CONTROL A and CONTROL B contain iden­
tical bit configurations. The lengths of fields F, T, 
and 0 are six bits, six bits, and eight bits, respec­
tively; and each must always contain exactlv two 
binary ones in normal operation. They provide ad­
dressing capability for 15 registers, and codes for 
28 micro operations. 

The two remaining fields in the ROMBR can 
contain arbitrary binary numbers. The data (D) 
field holds one word and is 10 bits long. The next 
instruction (Nl) field holds four bits. Its role in 
determining the next micro operation's address in 
ROM will be detailed later. Note that one ROM 
word is required for each micro operation. 

Each micro operation is executed in one clock 
cycle. At time tl, the micro operation is fetched into 
the ROMBR from the location in ROM addressed 
by ROMAR. Transfer (by micro operation XFER) 
of a number from the register addressed by the T 
field [R(T)] to the register addressed by the F 
field [R(F)] requires only two more clock times: 
t4 for clearing R(F) and t5 for connecting to the bus 
both the input of R(F) and the output of R(T). 
Other micro operations which require more timed 
steps are interleaved with the XFER micro opera­
tion using times t2, t3, and t6. At time t7, the ROMBR 
is always cleared to prepare it to accept the next 
micro operation (Fig. 4). 

The DX-l uses its micro operations to follow a 
sequence of macro operation codes stored in the 
R WM. Each macro operation is the high order eight 

bits of the addresses of 16 ROM locations. These lo­
cations, and more, if necessary, are used to store the 
sequence of micro operations that constitutes that 
particular macro operation. Each such sequence 
starts, by convention, in a ROM location whose four 
low order address bits are zeros. Consequently, each 
macro operation can start the next macro operation 
by READing its macro operation code from RWM 
into ROMAR H and simultaneously placing zero in 
ROMARL. 

Within each block of 16 ROM locations, the NI 
field of each micro operation specifies the address 
of the next micro operation. The ROMAR L is 
cleared at time t4 and then loaded from the NI field 
at t5 so the specified micro operation will be fetched 
at the next tl. This is the ordinary sequencing within 
a macro operation. Continuing a macro operation be­
yond the 16 ROM locations addressed by its macro 
operation code is easily effected. 

The last micro operation in the first group of 16 
is made a XFER from its own D field to ROMAR 
H. The next micro operation executed will be in the 
group of 16 specified by D, and the low order four 
bits of its address will be determined by its predeces­
sor's NI field as usual. 

Micro Operations 

This completes the general description of DX-1. 
The various micro operations are now described in 
detail. How they may be combined to perform the 
ordinary functions of a digital computer is also 
shown. 

1. XFER: Data Transfer Micro Operation 

As has been mentioned, the micro operation code 
for XFER appearing in the 0 field of the control 
registers causes the computer to clear R(F) and 
transfer R(T) into R(F) by way of the bus. Micro 
operation XFER has special uses in addition to its 
obvious applications in shuffling data. First, any 
XFER specifying the AND GATE by its T field con­
nects registers R5 and R6 to the inputs of the gates 
so that the bit-wise AND of the contents of these 
registers is transferred to R(F). Second, special F 
and T codes are provided for registers R2 and R3, 
respectively, which flip (interchange high and low 
halves of) their contents on XFER'S into and out of 
them, respectively. Third, special T codes are pro­
vided for register R1, which shifts its contents either 
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left or right when it is XFERed to the bus. Of 
course, normal inputs and outputs are also provided 
for registers R3, R2, and Rl. Fourth, a XFER with 
the ZERO TEST GATE specified by its F field can 
be used to provide a 1 output from these gates if 
R(T) is zero. In normal operation, this output is 
connected to the input of ROMAR bit 9 so that, if 
the NI field of the XFER is between zero and seven, 
the address in ROM of the next micro operation is 
effectively increased by eight. This conditional 
branch can be used to construct most conditional 
operations that normally appear in a computer's 
operation code list. 

2. XFC5: Transfer, and Clear Register R5, Micro 
Operation 

The ordinary transfer micro operation, XFER, 
never clears register RS, even when field F specifies 
this register, so the function of logical OR may be 
performed by successive XFER's into RS. For nor­
mal transfer of data into RS, a special micro opera­
tion XFCS is provided to clear RS whenever it is 
executed, whether or not the transfer which it also 
performs is in register RS. 

3. CLAD: Add Micro Operation 

The most elementary arithmetic micro operation, 
CLAD, clears R6 at time 14 and, if field F specifies 
the ADDER, connects RS and the bus to the two 
sets of adder inputs at time 15. Hence, the CLAD 
micro operation places in R6 the sum of the con­
tents of RS and R(T). 

4. eLHA: Half Add Micro Operation 

Micro operation CLHA is like CLAD except that 
CLHA provides a carry inhibit signal to the ADDER. 
This causes the ADDER to perform the EXCLU­
SIVE OR logical operation that is useful for com­
paring the contents of a register with the contents of 
RS. The result in R6 is zero if the two registers con­
tain identical bit configurations. 

S. CATO: Add, and Transfer Control on Overflow, 
Micro Operation 

Another modification of the CLAD micro opera­
tion is CATO. It forces bit 9 of the ROMAR to a 
1 if the ordinary addition performed by CA TO 

causes an overflow. This micro operation is a con­
ditional branch that is necessary in subtract and mul­
tiply macro operations. 

6 and 7. READ and WRIT: Read and Write Micro 
Operations 

Communication with the R WM location addressed . 
by the MAR is effected with the READ and WRIT 
micro operations. The WRIT micro operation exe­
cutes an ordinary XFER into the MBR at times t4 
and t5 and writes the MBR into the R WM at time t6. 
The READ micro operation clears the MBR at time 
t2 and reads into it from R WM at time t3. Then it 
executes an ordinary transfer from the MBR at times 
t4 and t5. 

8 and 9. IPUT and OPUT: Input and Output, Micro 
Operations 

Communication with the external world is through 
the input and output registers, IPR and OPR. When 
the IPR is addressed by the T field of an IPUT 
micro operation, the machine waits at time t3 until 
it receives an input ready signal (or IR), from the 
input reader, executes the ordinary transfer into 
R(F), and, at times t5 and t6 , signals the input reader 
to begin reading in the next 10-bit word. It is assumed 
that the input reader withholds its IR signal until this 
operation is complete. In an analogous way, the 
OPUT micro operation causes the output writer 
to write out R(T) and inhibit further OPUT micro 
operations until its buffer is free to receive new data 
as indicated by the presence of an output ready, or 
OR, signal. 

10. PAUS: Pause Micro Operation 

P AUS waits for a restart signal, or RS, and then 
executes an XFER micro operation. 

Macro Operations 

Fifty-two macro operations were constructed using 
the 10 micro operations. Most of the macro opera­
tions were single address instructions in which the 
address used by each macro operation was stored in 
the location immediately following its operation code. 
Executing such an instruction involved adding one 
to the MAR to get the address of the operand, and 
adding two to its original value to get the address of 
the next macro operation. 
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ORGANIZATION AND DESIGN OF 
THE DIAGNOSTIC SUBSYSTEMS AND 
DIAGNOSTIC PROCEDURES 

Diagnostic Subsystems 

We shall now discuss design facets of the com­
puter system just presented (Fig. 3) relating to the 
design of the diagnostic subsystems. A diagnostic 
subsystem is that portion of a digital system capable 
of effectively diagnosing another portion of the digi­
tal system. It has been shown that at least two mu­
tually exclusive diagnostic subsystems are needed in 
self-diagnosable systems. 

Optimization Criteria 

The DX-l was made almost completely self-diag­
nosing (in the sense that it contained a small per­
centage of hard core) by choosing two diagnostic 
subsystems (A and B). The DX-l was designed 
with the objective of minimizing hardware cost and 
hard core. In this example, hard core means those 
parts of the system common to all diagnostic sub­
systems; for example, the clock and power supply. 
The diagnostic subsystems were made identical for 
reasons of simplicity. 

Partitioning the CPU 

The process of dividing the CPU into subsystems 
was quite straightforward because of the organiza­
tion and implementation of the DX-l with diag­
nosis as a principal design parameter and because 
of data flow simplicity inherent in micropro­
grammed machines. A simple visualization of the 
concept of partitioning the machine is given in Fig. 
5. 

All registers were divided by assigning the left 
halves to subsystem A and the right halves to sub­
system B. The control was also divided into A and 
B halves controlling the A and B halves of all regis­
ters. The data bus consisted of two identical por­
tions: the high or A bus which affected the left 
halves of all' registers and the low or B bus which 
affected the right halves of all registers. Timing was 
treated in a similar manner by driving two timing 
rings: one for. each subsystem. Arithmetic and Pari­
ty circuitry was divided equally between subsystems 
A and B. From these two subsystems (exclusive of 

r----------------~ ,,/' A /, .... ______ /_~ ________ ~ I 

,."" / ,'I r 
" , /1 ,; , 

",," / t ,/' 

INPUT 

OUTPUT 

CONTROL 

I 

I 
I 

I 

I 
I 

I 

ARITHMETIC M 
_____ M_E_M_O_R_Y ____ .3C Ma Mb 

I 
I 
I 
I 
I 
I 
I 
I 

:)-Z ~.Mn 

Figure 5. Concept of machine partition (s) . 

the memories and I/O), we defined two diagnostic 
subsystems for the CPU. Each was associated with 
one subsystem and performed diagnosis on the 
other, or object, subsystem. 

Diagnostic Subsystem Requirements 

The functional requirements of each diagnostic 
subsystem are restated as follows. 

1. It must be capable of reading a set of 
identifiable numbers from some medium. 

2. It must be capable of directing these sets 
of numbers appropriately. 

3. It must be able to interpret the stored 
numbers to: 

( a) control switching between the diagnos­
tic subsystem and the object subsystem; 

(b) make decisions affecting the next diag­
nostic subsystem step, based on the 
result of the last operation; 

(c) apply stored stimulus data to the 6bject 
subsystem; 

( d) receive response data from the object 
subsystem; 

( e ) initiate and sense the completion of 
each process in the diagnostic subsys­
tem. 
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4. The diagnostic subsystem must have provi­
sion for indicating the physical location of 
suspected object subsystem malfunctions. 

The ideal situation is that as much as possible of 
each diagnostic system be derived from each parti­
tion. This reduces the amount (and cost) of hard­
ware that must be added; and also reduces hard 
core because the parts of the diagnostic system in­
cluded in the partition are checked when the parti­
tion is checked. 

This ideal was compromised in our example be­
cause our diagnostic systems were externally pro­
grammed. This tradeoff placed an input/output de­
vice in hard core but removed from hard core the 
ROM, RWM and all of their associated circuitry. 

We assumed that the diagnostic subsystem 
(DSA) associated with subsystem A was diagnos­
ing subsystem B, so SB was the object machine in 
this case. It must be kept in mind that the A and B 
machines were perfectly symmetrical so diagnosis 
of faults in A by B could be described in exactly 
the same way in which we describe the diagnosis of 
faults in B by A. 

Gating Requirements of DSA 

Additional paths were added to the data flow 
from the data bus of SA to allow the gating of bus 
data to: 

1. CONTROL A 
2. CONTROL B 
3. The timing ring of SB. 

Only three paths were added to control register A 
since a single byte (equal to four information bits) 
for each of the F, T, and 0 fields would satisfy the 
needs of DSA. CONTROL Band TB required sev­
en transfer paths from the A bus since the full con­
tents of these registers were needed in the diagnosis 
of SB. 

In the diagnostic mode, the· memories were disa­
bled until they were to be diagnosed. That is, the 
ROMAR DECODER and MAR DECODER were 
disconnected from the ROMAR and MAR respec­
tively; and the buffer registers were freed from in­
terference by the memories. The clock (oscillator) 
was disconnected from the B timing ring. 

Diagnostic Commands 

The IPR A acts as the command code register when 
DX-1 is in its diagnostic mode. It is loaded from 

the A BUS at time t6
A and determines the destinations 

of the bytes placed on the A bus by the input device 
at times t7A, t8A, tlA, t2A and ts which follow in se­
quence from the eight-place timing ring. Only three 
commands were needed, so a one-out-of-three com­
mand code was used; the left bit of IPRA being 
ignored in the diagnostic mode. 

Command LA loads the CONTROL A register 
and the B timing ring TB. Because the diagnostic 
mode needs to address only a few A register halves 
and execute only a few micro operations, only the 
four low order bits (or first byte) of the AF, AT, 
and AO fields of CONTROL A need to be loaded. 
The TB ring expects a bit of one of its eight posi­
tions, so it can be loaded with two bytes. Thus, com­
mand LA connects to BUS A four bits of AF, AT, 
AO, TB (first byte), and TB (second byte) at times 
f7A, t8A, ftA, t2/',. and t2A and tsA respectively. 

Command LB loads the CONTROL B register. 
Control B's 20 bits are divided into five bytes of 
four bits each. Command LB connects the five bytes 
to the A BUS sequentially at times t7A through tsA in­
clusive. Each LA or LBcode appearing on the A 
BUS at time t6

A must therefore be followed by five 
bits of binary information appearing on A BUS at 
the five succeeding clock times. 

Command XQ executes a micro operation. Its code 
is read into IPR at t6

A
• Nothing happens at times 

t7A through tsA; but at t4A the half-register addressed 
by AF is cleared, and at t5A the input of this half­
register ~nd the output of the half-register addressed 
by AT are connected to a bus. Late in time t5A

, the 
XQ command clears not only the IPR but also CON­
TROL A, TB, and CONTROL B. Other micro oper­
ations, of which CLHA (an exclusive-OR of some 
half-register and R5A) is the most useful, are modi­
fications of the fundamental XFER using only times 
t4A and t5A. 

Three simple abbreviations were used in our diag­
nostic programs. The mnemonic of an ordinary micro 
operation (XFER and CLHA for examples) means 
load its addresses and code with LA and LB com­
mands and execute it with an XQ command. Com­
pare RNA with x means load x inR5A, CLHA RNA 
and R5A, and XFER the result from R6A to the OPR. 
Branch on (non) zero to N means transfer external 
diagnostic programmer control to step N if the con­
tents of OPR is (not) zero. 
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Diagnostic Programs 

The diagnostic procedure was dictated by two fun­
damental principles. They were (1) diagnose faults 
first in those portions of the system having widest 
utilization in the system, and (2) the result of each 
diagnostic step should depend as little as possible on 
untested portions of the system and should depend 
as much as possible on the portion currently being 
tested. The first principle suggested that we test por­
tions in the following order: (a) B BUS, (b) TB 
positions t4B and t5B, (c) CONTROL B fields BF and 
BT, (d) arithmetic registers, (e) special gating, (f) 
ROM system, (g) RWM system (see Fig. 6). Some 
programs (suggested by principle two) are given for 
all but the last portion of the machine. 

EXAMPLE 

DS A DS B 

BUS BUS r--- .... 

I 1-------1 
~---'> 

TIMING TIMING 
r----
~ - - ~I-------; 

CONTROL - CONTROL 

L ___ -:) 

REGISTERS REGISTERS r----
~-------I 

ARITH. ARITH. 
REGISTERS REGISTERS 

RW-,tI. 

Figure 6. Example of bootstrapping. 

(a) B BUS Diagnosis 

A diagnostic program (Fig. 7) for detecting a 
stuck B BUS bit follows. 

1. Load 11111 in R3A. 
2. XFER R3A into R2A by way of the B BUS. 
3. Compare R2A with 11111. 
4. Branch on non zero to 8~ (B BUS struck to 

zero.) 
5. Repeat 1 through 4; loading and comparing 

with 00000. 
6. Branch on non zero to 9. (B BUS stuck to 

one.) 
7. Branch to (b) Timing diagnosis. (B BUS 

not stuck.) 

8. Stop and write out aPR. B BUS position 
indicated by a 1 is stuck to zero. Write out 
locations of cards that could cause this fail­
ure. 

9. Stop and write out aPR. B BUS position 
indicated by a 1 is stuck to one. Write out 
locations of cards that could cause this fail­
ure. 

RE6. 3A R E6. 2A 

F T F T 
A 8US 

Xl X.F 

8 BUS 

Figure 7. Bus diagnosis. 

(b) Timing Diagnosis (of t4B and t5B) 

The sample diagnostic program for this portion of 
the machine indicates that we cannot distinguish 
among two failures (namely a permanent clear con­
dition set up by t4B and a missing signal to open the 
input gates on t5B ); and this is the worst resolution 
obtained by any diagnostic routine. Note that diag­
nosis of failures assumes explicitly that bnly a single 
fault has occurred. A part of the timing diagnosis 
program follows: 

1. Load each RNB (Le., all B half-registers) 
with 11111. 

2. Compare RIBand R2B with 00000. 

3. Branch on both non zero to 9. (If and 
only if the branch does not occur, failures 
8, 10, 1, 3 are possible.) 

4. Compare R3B and R4B with 00000. 
5. Branch on both non zero to 8. (If and only 

if the branch does not occur, failures 8, 
(10 and 12), 1, (3 and 5) are possible.) 

6. Stop. The failure is number 8 or 1. Write 
out location of card(s) causing these fail­
ures. 

7. Branch to 9. 
8. Stop. The failure is number 12 or 5. Write 

out locations of card(s) causing these fail­
ures. 

9. Compare R5B and R6B with 00000. 
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10. Continue to diagnose other failure num­
bers. 

It should be noted that the diagnostic program 
used a "serial voting" technique to make the tests 
insensitive to a single bit of a register being stuck 
to 1. 

(c) CONTROL B Diagnosis 

Because each BT bit was connected to five AND 
gates and each BF bit was connected to ten AND 
gates, a serial voting technique was used to diag­
nose these fields, independent of a possible failure 
in the gates or registers they control. We placed 1 
in a field's four bit positions successively, each 
time attempting to execute an XFER micro opera­
tion. 

If three or more of the XFER's actually transfer 
data, we knew that the bit position common to the 
XFER's in that field was stuck to 1. Similarly, we 
tested a field for a bit position stuck to zero by 
trying each allowed bit configuration as an address 
of aX FER. If two or more of these XFER's failed 
to work, their common bit position must have been 
at fault. 

The diagnostic programming example for the 
control portion of the machine diagnoses BT for a 
bit stuck to 1. 

1. Load each RNB with 11111. 
2. XFER RIB into R2A by way of the B BUS. 
3. Compare R2A with 00000. 
4. Branch to 7 on non zero. 
5. Repeat 2 through 4 taking R2B, R3B, etc., 

in sequence. 
6. Branch to BF one-stuck diagnosis. 
7. Write out number of last register read from. 
8. Stop if this is the third execution of this 

instruction and write out location of card 
causing this failure. 

9. Branch to 2, taking next register in sequence. 

Note that if the output record contains the num­
bers of three registers with a common address bit, 
then this· bit of BT must be stuck to 1 even if one 
or two failures exist in the registers and gating in­
volved. 

(d) Arithmetic Registers Diagnosis 

Knowing that the B BUS, control, and timing were 
operational, we proceeded to test and/or diagnose 

faults in individual bits of individual arithmetic reg­
isters. In the program for diagnosing this portion 
of the system, "AND R6A with x" means load x into 
R5A, pass R6A and R5A through the A half of the 
AND GATES on an XFER which puts their logical 
AND in the aPR. For example, if x is 00001, then 
AND R6A with x effectively places only the low order 
bit of R6A in the aPR. The complete diagnostic pro­
gram for arithmetic register diagnosis follows. 

1. Load each RNB with 11111. 
2. XFER R1 B into R2A by way of the B BUS. 
3. Compare R2 with 11111. 
4. Branch to 8 on non zero. (A bit is stuck 

to zero.) 
5. Repeat 2 through 4 for R2B, R3B, etc., in 

sequence. 
6. Repeat 1 through 5 loading and comparing 

with 00000. 
7. Branch to ROM Diagnosis routine. 
8. AND R6A with 11100. 
9. Branch to 14 on zero. 

10. AND R6A with 11110. 
11. Branch to 13 on zero. 
12. Stop. The fourth bit of the last register 

read from is stuck. Write out the location 
of its card. 

13. Stop. The fifth bit of the last register read 
from is stuck. Write out the location of its 
card. 

14. AND R6A with 11011. 
15. Branch to 17 on non zero. 
16. Stop. The third bit of the last register read 

from is stuck.· Write out the location of its 
card. 

17. AND R6A with 01111. 
18. Branch to 20 on non zero. 
19. Stop. The second bit of the last register 

read from is stuck. Write out the location 
of its card. 

20. Stop. The first bit of the last register read 
from is stuck. Write out the location of its 
card. 

Steps 14 through 20 of this program simply de­
termine which bit of a register is stuck. 

(e) Special Gating Diagnosis 

The ADDER, AND GATE, and ZERO TEST 
GA TE in SB in our example were checked and diag­
nosed by exhaustion techniques. Since we were deal-
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ing with a four-bit device, this was practical. In the 
general case, where the number of tests required by 
exhaustion is unreasonable, we would have used tests 
which were generated through a process of computer 
analysis and simulation. 

Diagnosis of the parity checking circuitry in SB was 
also done by exhaustion. Here, however, the output 
of the parity checking circuitry of SB was observable 
by DSA. This required that a gate be provided to 
direct the parity check output in SB to a bit position 
of the A BUS. 

SIMULATION RESULTS AND SUMMARY RE­
MARKS 

The DX-1 logic was built into a simulator which 
was designed to be processed on the IBM 7090. 
The simulator is capable of operating the machine 
in two distinct modes-normal and self-diagnostic. 
The normal mode was used to debug the original 
computer design, read-only memory programs, read­
write memory programs and simulator design. It 
was also used to prove that the DX-1 is a computer. 
The normal mode simulation served its purpose in 
that it accomplished the above objectives and also 
proved that the DX-1 can perform all of the opera­
tions as specified in the earlier sections of this pa­
per. The diagnostic mode was used to evaluate the 
philosophy of self-diagnosis and to investigate 
problems encountered in the application of this 
principle. 

It was assumed that only solid single faults can 
occur. The diagnostic inputs and procedures were 
manually generated. Several changes in the design 
resulted from the logic simulation. The simulation 
did not consider the failures of ROM and/or RWM 
and their corresponding addressing systems. 

The results of the simulation are as follows: 

1. 94 percent of the DX-1 CPU logic was 
self-diagnosable. 

2. 14.6 percent of the DX-1 CPU logic was 
added to achieve self-diagnosis. 

3. 1 percent of the DX-1 CPU logic was hard 
core. 

4. MTTD was less than 2 minutes for an in­
put rate of 600 cards per minute. 

Experience in simulation showed that the manual 
effort of preparing a diagnostic program is a long 
and tedious task and errors in judgment are always 
possible. Moreover, any modification in the pro-

gram, because of a change in load assignment or 
control register coding, can become very formida­
ble. Engineering changes could result in the scrap­
ping of a computer program. These' problems would 
become almost trivial if a computer could be used 
to generate the required diagnostic procedures or 
programs. Therefore, if the theory of self-diagnos­
ing computers is to become practical for a family of 
machines, further study and development of ma­
chine generation of diagnostic procedures is neces­
sary. 

The degree of discrimination between the diag­
nostic results is highly dependent upon the ground 
rules followed in packaging the equipment. Packag­
ing also has a major influence on the total time 
(MTTD) required to process the diagnostic pro­
gram. This emphasizes the important fact that the 
design of a self-diagnosable computer must origi­
nate with the machine specification and must be 
treated as a principal design parameter. 

The simulation study of the DX-1 has shown that 
both its design and the basic concept and philoso­
phy of self-diagnosis are technically correct. How­
ever, many questions must be answered before the 
concepts of self-diagnosis and self-repair can be­
come physical realities. 

In conclusion, consider the following questions as 
samples: 

1. How do we automate the generation of the 
diagnostic procedure? 

2. How do we automatically initiate the diag­
nostic procedure? 

3. What techniques applied singly and/or in 
combinations provide the great improve­
ment in reliability and/or availability? 

4. How can the design be optimized with re­
spect to performance, cost, speed, and/or 
complexity? That is, what tradeoffs are 
possible? 

5. Can the concept be extended to encompass 
other CPU's and systems as related to the 
concept of a "Central Diagnostic Com­
puter"? 

6. What is the effect on diagnosability, cost, 
and maintenance of partitioning into more 
than two subsystems? 

7. What are the packaging ground rules? 
8. What design notation is necessary for auto­

mation? 
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9. What will be the programming require­
ments? 

10. To what extent could our assumptions be 
relaxed (e.g., types and number of assumed 
failures)? 
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AN AUTOMATED INTERCONNECT DESIGN SYSTEM 

W. E. Pickrell 
Automation Systems, Incorporated 

INTRODUCTION 

This paper describes a system for automatically 
designing and producing artwork for interconnect 
surfaces. This system consists of a number of com­
puter programs which can be a subsystem of a gen­
eral design automation effort. The interconnect de­
sign programs deal with the problems of artwork 
production and interconnection of electronic com­
ponents frequently experienced in computer system 
design and construction. 

One such system was developed for a former em­
ployer and spanned a period of about 18 months. 
During this period of development numerous exper­
iments comparing the automatic interconnect design 
method to the manual method were performed. This 
paper discusses the results of these experiments 
along with some details of the programs and their 
operation. Before a discussion of automated inter­
connect design can proceed, some preliminary defi­
nitions are required. 

The laminate of this paper is a series of single­
sided etched boards or layers. Each layer has its 
own series of conductive interconnect paths. Layer­
to-layer communication is accomplished through 
plated holes drilled through the layer. A group of 
layers are stacked and bonded together under heat 
and pressure to form a laminated interconnection 
board. Electronic components which require inter-

1087 

connection are mounted on the surface (or both 
sides) of the laminated board according to the 
scheme of the logic. 

The "feed-thm" or "drill-thru" implies a second 
form of layer-to-Iayer or side-to-side communica­
tion in addition to component terminals. The sys­
tem accepts either fixed or "floating" locations on 
the interconnect media. 

MANUAL INTERCONNECT DESIGN AND 
ARTWORK 

As with many computer applications the begin­
ning of the analysis is the "present" manual method 
of how things are done, since this situation is usu­
ally the one that requires some improvement in 
speed, accuracy, or cost. This holds true equally 
well for the interconnect design effort. A typical 
circuit board design task can be divided into the 
following steps: 

1. Prepare a schematic wiring diagram. 
2. Prepare a cover (master design pattern). 
3. Place components in the best pattern. 
4. Assign the external pins. 
5. Check the artwork design. 
6. Tape the artwork. 
7. Check the artwork against the design lay­

out. 
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8. Photographically reproduce (chronoflex) 
and reduce the artwork to desIred size; 
produce necessary negatives and positives. 

9. Deliver finished negatives to laboratory for 
fabrication. 

Analysis of these steps shows that some of the 
work is particularly suited to automation with com­
puter programs. If some or all of the functions 
could be performed for less cost, time and greater 
accuracy with computer programs, a significant 
gain in computer technology would be realized. The 
following section describes the program system and 
programs developed to meet that end, concluding 
with a section of remarks and statistical results for 
review. 

THE PROGRAM SYSTEM 

The system includes the following general pro­
gram areas: 

1. Generation of the simulated physical com­
position of the surfaces in digital form 
(mapping or cover layer generation). 

2. Organization of the data to be intercon­
nected (routed). This may include: selec­
tion processes, determination of a minimal 
connection tree fOJ a signal net, construc­
tion of various sort keys and selected se­
quences of sorts. These are all designed to 
facilitate and increase the yield of the 
routing phase which normally follows. 

3. Routing of the organized data strings 
against the simulated physical environment 
of the surfaces taking into account any 
special constraints imposed by the hard­
ware system being processed. 

4. Editing and generating inputs to graphic 
devices such as plotters for covers and 
routed surfaces. 

5. A uxiliary program providing secondary 
passes or continued processing such as: 
(a) routing update - to allow manual in­

tervention, 
(b) net change - to pass first run failures 

onto alternate paths, 
(c) drill through - a subsequent run to the 

router phase if further laminate inter­
layer communications are required. 

THE PROGRAMS 

This interconnect design system is modular and 
independent of other systems and, as such, operates 
on a fixed placement of components on the board as 
provided by a Logic Assignment and Placement 
Subsystem which precedes it. The programs can be 
best described by function, input and output, in the 
sequence they normally retain in operation. 

1. Title: Cover Layer 

Function: Simulate the environment in digital 
form for interconnection (grid, size 
of board, obstacles, number of layers, 
external connectors, component pin 
arrays). 

Apply grid coordinates to all neces­
sary data. 

Provide for special requirements such 
as clock, voltage singularities, dele­
tion of grounds, etc. 

Inputs: (l) String list (signal nets with com-
ponent-pin identifications) as 
assigned and placed. 

(2) External connectors available. 

(3) Obstacle descriptors, drill-thru 
locations, module or chip arrays. 

( 4) Signals to be deleted and signals 
to special layers. 

Outputs: ( 1) Cover layer tape (include all 
routine obstacles). 

(2) Special layers signal nets tape. 

(3) General layers signal nets tape. 
( 4) External connectors mesh. 

(5) Printer plot of cover layer; errata 
list. 

2. Title: Organizer 

Function: Inspect each signal net. Select an ex­
ternal where required. Produce the 
minimal tree for inter-connect based 
on straight-line distances. 
Establish sort keys for data organ­
ization for the Router. Compute slope 
class, distance, number of pins/net 
and signal priority. 

Sort as directed. 



AN AUTOMATED INTERCONNECT DESIGN SYSTEM 1089 

Inputs: (1) Signal nets tape. 
(2) Control data for external selec­

tion. 
(3) Slope class criteria. 
( 4) Sort criteria (sequences, keys). 

Outputs: (l) Connect input tape(s) in speci­
fied sort. 

3. Title: 

(2) Class statistics, errata, external 
connection list. 

(3) External connecti( m puncbed 
cards (optional). 

Router 

Function: Set the environment to memory. 

Inputs: 

Route the interconnect of two points 
according to the organization, con­
straints and bounded routing area. 
Record the path if successful. Record 
the event of a failure for further rout­
ing trials on subsequent layers or up­
date processing. Set a coordinate tape 
for a plotter editing. Record path in 
core as a layer his tory. 

( 1) Cover layer tape. 
(2) Connect input tape. 
(3) Media parameters (grid, num­

ber layers, etc.). 

Outputs: (1) Coordinate lists (for each layer) 
tape. 

4. Title: 

(2) Fail list (unconnected pairs of 
pins) tape. 

(3) Layer or side history (cover + 
paths for each) tape. 

( 4) Statistics and layer listing. 

Plot Editors 

Function: Translate data from cover layer tape 
and coordinate list tape into formats 
required for the plotting devices (i.e., 
CALCOMP, GERBER). 

Inputs: (l) Cover layer tape. 
(2) Coordinate list tape. 
(3) Control data (scaling, conver­

sion factors, etc.). 

Outputs: ( 1) Plotter tapes (cover + layers) 
either magnetic or paper, as re­
quired. 

(2) Signal name tape (optional). 
( 3) Line length lists (by layer and 

by signal). 

AUXILIARY PROGRAMS 

1. Title: Router Update 

Function: Reconstruct cover layer and routed 
history from the initial routing run. 
Process manually derived inputs 
through erasure and rerouting to at­
tain total interconnect for plot edit­
ing and artwork. 
Provide sufficient errata reports on 
fails or invalid conditions to allow 
feedback through the man-machine 
loop. 
Provide outputs for checking con­
tinuity of signal interconnection. 

Inputs: (1) Cover layer tape. 
(2) Coordinate list (lst run) tape. 
(3) Layer parameters 
(4) Update list (deletions, inser­

tions) . 

Outputs: (1) Coordinate list tape (updated). 
(2) Listing of connections updated, 

fails and errata. 

2. Title: Net Change 

Function: Reconstruct layer history (lst run) 
and try to route from a list of alter­
nate paths. Use only original failures 
where alternate paths are available to 
interconnect the signal net. 

Inputs: (1) Layer history tape (1st run). 
(2) Coordinate list tape (lst run). 
(3) Net prep tape (a list of alter­

nate routes). 

Outputs: ( 1) Layer history tape (updated). 
(2) Coordinate list tape (updated). 
(3) Fail list tape. 

3. Title: Drill Thru 

Function: Apply a subsequent run to the router 
program with the capability of using 
"drill thru" locations for layer-to­
layer communication. 
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Inputs: (l) Layer history tape (1st run). 
(2) Coordinate list tape (lst run). 
(3) Fail list tape (lst run). 

Outputs: (l) Layer history tape (updated). 
(2) Coordinate list tape (updated). 
(3) Fail list tape. 

RESULTS 

The following table illustrates the degree of suc­
cess in using the design system. Five different lami­
nate boards (in five different hardware systems) 
were designed. In all cases, no drill-thru pass was 
used. In one case the manual update feature was 
employed to attain 100 percent interconnection. 

Com- Board Lay- Per-
ponents Size ers Inputs Paths Fails cent 

Modules 346 X 139 6 593 518 75 87 
Modules 268 X 168 7 1006 965 41 96 
Chips 70 X 84 6 685 670 15 97 
Chips 88 X 105 5 712 659 53 91 
Chips 98 X 78 4 312 304 8 97 

Additional items of importance derived from this 
study are: 

1. "Chips" on a board result in a higher yield 
of interconnect in a shorter period of time. 
This physical configuration offers a better 
distribution of pins about the board, 
simplifying the interconnect problem. 

2. Presentation of the data, pairs of points, in 
the following sequence is the most optimal 
for the routing phase: 

( a ) Classification by slope of the straight 
line connecting the two points. 

(b) Straight line distance between the two 
points. 

( c) Minor sorts on signal priority and num­
ber of pins in the signal net. 

Since the deterministic method used in the rout­
ing phase does not yield 100 percent interconnect 
design, in most cases, manual intervention is re­
quired. This phase involves an analysis of the fail­
ures against the plotted layers. Subsequent introduc­
tion of the failures into the machine solution is 
achieved through the preparation of update and in­
sertion inputs to the Router Update Program. 

Direct comparisons of manual design versus the 

man/machine method for multilayer laminates have 
shown the following results: 

1. A calendar time compression to 5-10 days 
for the design cycle. 

2. Cost reductions to the project of 50 per­
cent or more. 

3. An accuracy or reliability factor unobtain­
able by manual approaches. 

4. Shorter line lengths for etched paths. 
5. By-product provisions for automated tool­

ing for board manufacture. 

Figure 1 illustrates in flow form the programs 
(input/output) comprising the basics of a design 
system. 

(Inputs) 

Board Geometry 
Net Inputs 

Selection 
Criteria 

Cover Layer 
Connects' 

Parameters 

. 

Start 

Cover • Layer 
Program 

· Organizer 
Program 

· Router 
Program 

· Graphic Edit 
Programs 

. 

(Outputs) 

Cover Layer 
Environment 

Minimal Tree 
(nets) 
Sorts as Directed 
(connect) 

Interconnection 
Coordinates Fail 
List 

Device Input 
(cover) 
Device Output 
(layers.or sides) 

(Update) (Artwork) 

Figure 1 

The environment of the interconnect medium 
must be completely described in the following 
areas: module or chip pin arrays, drill-thru or via 
locations and identifications, dimensions of the lay­
er or board ( it is highly desirable to design the 
board to an equally-spaced grid in both directions), 
cutouts, mounting, or fabrication areas where rout­
ing is not allowed, and the external connector array 
where signals enter or leave the board. 

In general, for a multilayered laminate, the cover 
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layer (environment) is constant for all cases. How­
ever, some newer manufacturing techniques are 
being used ("Post" or "build-up") that permit dele­
tion of pins which are net terminals in all layers 
below that of the interconnection. The concept here 
is that this deletion "opens up" further areas for 
interconnect routing as the process proceeds. This 
is, of course, highly desirable for boards of high in­
terconnect density and tightly packed pin arrays. 

This process requires "customizing" the router 
program to reflect the deletions. In additon, if one 
desired pen plots as design or update tools, it would 
require the generation of n cover layers for an 
n-layer laminate. 

For the two-sided board, one would normally 
have two cover layers reflecting the environments 
on the respective sides. 

The function of a Cover Layer Program is to 
generate this environment and append all coordi­
nates to the net input list for subsequent program 
processing. 

Organization of the data to meet changing re­
quirements of board design, external usage, size, 
singularities of environment, and so on can very 
well be the key to the degree of success attained in 
the routing phase. 

The methods employed in the router phase of a 
system such as this are not iterative. Thus the se­
quence of presentation of inputs to the router pro­
gram is extremely important. 

Experience in several different environments in­
dicates that so far a typical, practical approach 
might include some of the following: 

1. Inspect the environment for singularities 
which can prove useful in selecting a set of 
criteria. For example, a well-distributed 
pin population on a square board might 
suggest the use of slope classes in equal 
angle segments. 

2. Also with respect to slope, for laminates it 
is generally good to equate the number of 
classes with the number of layers. 

3. Specification of pairs of pins selected for 
interconnection of an entire signal (net) is 
normally the result of a minimal tree cal­
culation based on straight line distances 
pin-to-pin. 

4. Selection of external connectors available 
for signals entering or leaving the board 

can also be accomplished during the tree 
phase. 

S. Other considerations in this stage prior to 
final sorting are number of pins in the net 
(this can be important in an update pro­
cess), and special priorities to be consid­
ered in the routing phase. 
At this point, an additional function of an 
Organization Program is to monitor the 
soring of the data for which the various 
keys mentioned above have been included. 
For example, a typical sort sequence pre...; 
paratory for routing might be: 
( a) Slope class (numeric). 
(b) Distance (in grid units). 
(c) Number of pins/net. 
(d) Priority. 

The routing phase of the design system generally 
has little freedom in changing the sequence of pro­
cessing the input data. However, a moderate 
amount of override capability should exist. For ex­
ample, due to statistics from the organizer phase, it 
is indicated that several classes should be attempted 
on layer 1, rather than the single class originally 
planned. At this point it would be desirable to have 
the capability to modify the presentation with, say, 
input cards rather than returning to the organizer 
phase. 

A rather important aspect of a routing program 
is the ability to "customize" the routing algorithm 
routines to meet particular requirements of a board 
or laminate. Certain restrictions or constraints can 
be imposed in this area which would be germane to 
a certain type of environment. For example, spacing 
between etched path and adjacent pad areas (a ter­
minal where an interconnect already exists) might 
be critical on a board and require a prohibitive ac­
tion. To reduce computer processing time, only the 
required logical inspections of the routing space are 
performed and these are functions of the particular 
board. 

Outputs from a router program are normally: 

1. Descriptions of the interconnect paths 
which can be edited for a plotting device. 
In previous systems these were in the form 
of a "from-to" terminal or pad identifica­
tions accompanied by a coordinate chain 
which represented every unit cell in the 
interconnect path. 
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2. A listing of all input pairs which the pro­
gram failed to layout. 

Finally, programs which perform the necessary 
translation of data into plotting device input format 
are required. There are several ways to develop the 
graphic output; one of these is to edit the cover lay­
er (environment) and router output separately. If a 
pen plot is used, the cover and interconnect can be 
plotted in superimposition using contrasting colors 
for clarity. Size or scale of the plot may be as de­
sired within the limits of the device. 

The "ultimate" at the moment is production of 
final artwork for the interconnection surfaces. This 
requires high resolution and optical capabilities in 
the plotting device. 

Within the realm of design automation, automat­
ic interconnect design is in its infancy. Many new 
things are being done presently, and many more 
will follow in the months ahead; some of these will 
include: automatic board design, refinements in the 
analysis of data organization, and new "custom­
ized" router algorithms to accommodate advanced 
manufacturing techniques. 



SYSTEMATIC DESIGN OF AUTOMATA 

J. P. Roth 
IBM Watson Research Center 
Yorktown Heights, New York. 

The subject of this paper is a system of programs 
to aid in the logical design of automata. Figure 1 
depicts the experimental system as it presently ex­
ists within IBM. There are essentially two internal 

CODE 
TRANSLATION 

POSITION 
ASSIGNMENTS 

Figure 1. The logic automation complex. 

CUBICAL 
COVER 
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formats for the system, one called the injective 
word as shown in Fig. 3. which in essence specifies 
all the logic blocks in a circuit and how they are 
linked together. The other is termed a cubical cover 
(or ON-OFF-ARRAYS) which is a means of de­
scribing the behavior of the circuit as if it were a 
two-level circuit consisting of ANDs followed by 
ORs (or vice versa). See references 1 and 2 for a 
more detailed description of these notations. 

The programs of the system, the principal ones 
being shown in boxes (Fig. 1), may be thought of 
as transformations of these formats into themselves. 
There are two exceptions. They are the Sequence 
Chart Analyzer SCA and the program EQIWT, the 
equation-to-injective-word translator. 

We shall first discuss the sequence chart analyzer; 
a sequence chart is shown in Fig. 2. This is a se­
quence chart for the operation of the instructions 
Floating Point Add, Subtract or Compare for an 
early version of MODEL 60 for System/360. It will 
be observed that across the top of the chart appear 
intervals labelled T1, T2, ... , T10. These refer to 
time intervals and admit of many interpretations. 
Operations are written above horizontal line seg­
ments in one of the "time columns". Immediately 
to the left are written the "immediate" conditions 
necessary for its execution. For example in column 
5 the operation Set Condition Register is performed, 
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Figure 2. 

when the sequence chart is "operative" in this area, 
when the condition holds. The given sequence chart 
becomes operative at "Chart Entry Conditions" 
such as (on the far left of the chart) FP ADD + 
FPSUB + COMPARE. Thence in time Tl, in the 
Tl column some, or all, of the operations such as 
INVERT S SIGN are performed provided the im­
mediate condition written to its left, such as 
FPSUB + COMPARE, are satisfied. If no immedi­
ate condition is there written then the operation is 
automatically performed. Thus several operations 
may be simultaneously executed. Thence one moves 
to the next time interval or else to the next speci­
fied interval. For example if after performing any 
of the operations at time Tl if SAZERO (Serial 

Adder is Zero) then one jumps to time interval T4. 
Whichever is the case one proceeds into other 
phases of the chart. For example after an operation 
in time T 4 has occurred then the next operation 
and the next time are determined by the immediate 
conditions written to the left of the line segments 
emanating from the right half of the T5 column. 
For example if LEAD ZERO-OVERFLOW and 
-NORM and ZERO FRACTION is true then the 
operation SET SIGN PLUS [L] is performed. Thus 
any set of conditions are prescribed a "path of op­
erations" on the sequence chart ending ultimately in 
an ENDOP which means end of operations. 

It is thus seen that the sequence chart is kind of 
sequenced flow-chart of machine operations as de-
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scribed for some particular data flow structure. of a 
machine. 

The Sequence Chart was originally designed by 
Stanley Pitkowski and subsequently formalized by 
the Logic Automation Group mainly by J. M. Gal­
ey, P.N. Sholts and Jere Sanborn. Numerous ab­
breviations for indirect addressing are employed in 
the description. 

it is to be open or to be closed. Figure 3 is one 
page of several pages -of the injective word pro­
duced by SeA for the sequence chart of Figure 2. 
The meaning of this form may be understood by the 
following example: at left is a circuit and at right is 
the corresponding injective word. 

The Sequence Chart Analyzer (SCA) first pro­
duces a hard copy of the sequence chart itself as il­
lustrated by Fig. 2. The form of this chart is subject 
to updating and can be changed at will. The second 
output from SCA is a injective word which pre­
scribes for each gate the total conditions for which 

A 

-A 

Tl 

a 

8 

T2 

T3 

-8 ." 

a* = A, CE AND 

a =4*, T1 AND 

{:J* = 8,(1'* AND 

{:J={3*, T2 AND 

8* = -A, CE AND 

8 = -A, T1 AND 

E =&*, T2 AND 

.,,* = A, '-8, CE AND 

." =.",*, T2 AND 

z=A,t3,CE AND 
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FLOATING PT. ADO, SUB, COMPARE - ALIGNMENT OF FRACTIONS -

INJECTIVE WORD 

-0018CO 
-OOlBeo 

0038ec 
OClDt1 
0038(2 
0038C" 

-lA1E 
-all 
-112 

tAlE 
-tA3 
-2A1E 
-3A1 
-lA1X 
-3A2 
-)A2X 
-3A3 
-3A1X 
-3A~E 

-3A~ 
-lA<\X 
-3A5 
-1&5X 
-1A6 
-3A6)( 
-3A1 
-3A1X 
-3A8 
-}A8X 
-SALE 

5A2E 
~AJE 

-,)A1 
-I) 
-lAlf 
-lA1 

1A2 
-lAlE 
-7A1 
-lAlfE 
-lA~ 
-lAS 

lA6E 
-1 

'lAtE 
9T 
T2J 
T1J 
T4J 
910005 
910006 

• 5AIE,T2,lOWCNT 
.. 9T,9AlE 
• Tl,9Z0007,SA1£RO 
.. 5A2E,T2,lOWCNT,CTREQl 
• 7A6E,T2,lOWCNT,CNTAll 
• 9T,CNTAll 
• fPSU8,COMPAR 
a 2A1E,1A1£,910005 
• 2AtE ,9Z0005 
• -Sp 
a 2A1£,1A3£,9l0005 
• FPAOO,FPSUD.COMPAR 
• U lX, 910006 
.. SAORT.SP,910028 
.. lA2X.9Z0006 
• SAORT,OP,9Z0028 
• 3A3X,9Z0006 
.. SAORT,fST,9l00Z8 
.. SAZERO,FST,2AlE 
a 3A4tX,9l0006 
• 3A4E.SADRT 
a: :UI)X,910006 

SAORT,9l0028 
• 3A6X,9Z0006 
.. 9l0001,SADRC,OP 
# 3A1(,910006 
.. 910001,$AORC,SP 
.. 'U8X,Ql0006 
.. 9l0001,SADRC 
.. C TREQ 1, I) 
:a: -I) 
• -HIt"" 
.. 5,5A3E,9l0012 
.. 91C~13,910014.9l0015.9l0016,9lCOl7 
• lO_CNT,9AIE,SP 

l,1AIE,9l0012 
.. T),lA6E,LOkCNT 
• lO.CNT.9AIE,OP 
.. 7.7AlE.9Z0012 
.. LOWOH. 9Al E 
• 1.1AItE,910012 
.. 1.5l3E,ql0012 
:AI -7 
.. 9l0018.9100lQ.9IC020 
.. -CNTAll 

-9l00')I. 
>II -OC,lBCIJ 
.. -0028CO 
.. -9l00l~ 

-u 
.. -T2 

Figure 3. 

Each line or argument is given a label; each line, 
for example line 3, emanating from a box is ex­
pressed as a function of the lines entering the box, 
together with the name of the logical function 
which the box performs, and the number of inputs, 
e.g. 

3 = 4, 5 AND 2 

l 
A 
A 
I 
A 
A 
OR 
OR 
OR 
N 
OR 
OR 
OR 
A 
OR 
A 
OR 
A 
OR 
OR 
A 
OR 
A 
OR 
l 
OR 
A 
OR 
A 
OR 
"4 
N 
OR 
OR 
A 
OR 
A 
A 
OR 
A 
OR 
OR ,.. 
OR 
N 
N 
"4 
~ 

~ 

N 
N 

3 
2 
3 
It 
It 
2 
2 
3 
1 
1 
J 
1 
2 
3 
2 
) 

2 
3 
3 
2 
1. 
2 
2 
2 
') 

2-
3 
2 
2 
2 
1 
1 
3 
S 
'J 
') 

:3 
3 
3 
2 
3 
3 
1 
3 
1 
1 
1 
1 
1 
1 
1 

3= 4,5 AND 2 

4=3,7,8 OR3 

5 = 2, 3, 6 NOR 3 

This method of description of course allows feed­
back in the circuit 

The method of analysis for SCA will be illustrat­
ed in the next figure. 

The injective word output of SCA is fed directly 
into the program CIMPL, an acronym for circuit 
implementation. This program accepts an injective 
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word described by any set of logic blocks and con­
verts it into an SLT injective word, i.e. one com­
posed of SL T logic modules and obeying fan-in, 
fan-out powering, etc. of this particular technology 
(SLT stands for Solid Logic Technology.) 

This program was outlined in architectural form 
by John Earle and programmed by Peter Schneider, 
now of the University of Wisconsin; Michael Galey, 
IBM San Jose; Jere Sanborn, IBM Poughkeepsie; 
and others. 

The first operation which CIMPL performs is to 
search for identical gates or inverters. It eliminates 
all but one of these and fans out from it. It then does 
the SLT· implementation in the low, medium or 
high-speed circuit families so as to preserve the 
general logical structure specified by the designer 
on the Sequence Chart as well as the delays inherent 
in the structure. It does this implementation within 
the SL T circuit constraints manipulating the logic 
locally so as to satisfy the fan-in constraints and 
inserting powering whenever called for by the load­
ing equations. It does the fan-in and powering ma­
nipulation so as to add the minimum amount of ad­
ditional hardware to satisfy the constraints while 
preserving the general logical structure. The pro­
gram then assigns the circuit types in the specified 
circuit family and produces an output which can 
feed directly into DRAW, the program which parti­
tions the injective word produced into pages and 
assigns print positions for each page,· in sum, in ef­
fect to draw the ALD sheets (ALD automated 
logic diagram) for Solid Logic Design Automation; 
it in fact generates the SLDA logic master tape. 

Another input to CIMPL is Boolean.equations: a 
preprocessor called EQIWT (equation to injective 
word translator) accepts Boolean equations and 
converts it to the injective word format. This gives 
the designer the ability to convert his Boolean 
equations directly into hardware. This path within 
the logical automation complex was used in Hur­
sley, England,· particularly by K. A. Duke, in the 
design of the Model 40 of System/360. Specifically 
the ALU, the Arithmetic and Logic Unit was so 
designed. 

An alternate program called Position Draw or P­
DRAW was written by Galey: this accepts an injec­
tive word in which the pages and print positions 
have been specified by the designer in a list struc­
ture. It generates the ALD sheets in accordance 
with the pattern prescribed by the engineer and also 

generates the Logic Master Tape of Solid Logic De­
sign Automation. It thus saves the designer from 
making careful drawings for the keypunching opera­
tion and substantially cuts down on the magnitude 
and difficulty of the keypunch operation itself. 

Figure 4 shows one page of 24 ALD sheets pro­
duced by SCA followed by CIMPL followed by 
DRAW. These ALD sheets would have, in the 
manual version, been originally computed and 
hence drawn by hand for insertion into the Solid 
Logic Design Automation System. Total IBM 7094 
time for this operation was about 15 minutes. 

Another entry into the system of logic automa­
tion programs besides the sequence chart and Boo­
lean equation is through a translation code, as 
shown in Figure 5. This is the translation from 
NPL to typewriter coding. The code translation 
program assembles this into a set of Boolean func­
tions, one for each output. This is then formulated 
as a two-level minimization problem with many 
outputs. 

MIN is a program of the extraction algorithm2, 3 

which works with cubical covers and has a domain 
of applicability much wider than those algorithms 
using canonical terms. For the NPL-typewriter code 
translation a minimum was obtained. This mini­
mum two-level solution was then converted by a 
decomposition algorithm DE C02, 4, 5 applied by a hu­
man computer (the program was unavailable at the 
time). This result was then fed into CIMPL and 
DRAW to produce on 13 ALD sheets an SLT de­
sign of the code translator. Total machine time did 
not exceed 10 minutes on the IBM 7094. 

Two more programs of the system will be men­
tioned. These programs can be run in conjunction 
with the other programs of the system. The first is 
called 1T*2, 3 and is a program for analyzing Circuits; 
precisely it accepts an injective word and translates 
it to a cubical cover, i.e. a normal form expression, 
for each output of the circuit in terms of its pri­
mary inputs. This program requires that all feed­
back loops be cut. It enables us to apply minimi­
zation procedures to already designed circuits in an 
effort to achieve cost reduction. 

This approach is especially useful in the case of 
design of low-cost circuits for which many copies 
will be made and wherein the savings in diodes or 
transistors are particularly significant. These· pro­
grams have had extensive use in IBM Endicott, e.g. 
on the MICR (magnetic ink character recognition) 
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Figure 4. 

circuitry by Billy N. Carr, on the IBM 1030, a de­
vice to transmit data from terminals, and on the 
Serial Wire Printer. In each case, '77'* was followed 
by MIN followed by factorization and thence (in 
two cases) by CIMPL. Incidentally mistakes by the, 
engineer were detected in the design and corrected. 
In each ,case a very small amount of machine time 
was used. 

Another program which has had extensive usage 
is a set of diagnostic programs, labelled DIAG in 
Fig. 1 This is a program which accepts a circuit in 
injective word format and produces a set of input 
patterns termed tests which when applied to the cir­
cuits is capable of determining whether or not a 
failure has occurred of a given variety. The variety 
treated by the program basically is a failure . for 
each line wherein the line may be fixed in value, 
either stuck-at-1 or stuck-at-O. This program was 
used specifically in the design of the Memory Pro­
tect and Relocation MPR for the 7094 configura­
tion going to M. I. T. By an addition of only 2.5 
percent extra hardware it was possible by means of 

the tests generated for this piece of hardware to de­
tect any single failure of the stuck-at-1 or stuck-at­
o variety. Approximately one hour was required of 
7090 time to compute the tests. DIAG was a prede­
cessor of the SLT set of programs FL T (Fault Lo­
cation Technology) used on some models of Sys­
tem/360, written principally by Frank and Martha 
Evans. 

A new program is being planned8 for an im­
proved algorithm called d-DIAG for generating di­
agnostic tests. This algorithm is substantially faster 
than other known methods and is based essentially 
on a calculus of injective words rather than by a 
calculus of cubical covers, as is DIAG. Reference 8 
describes this algorithm in considerable detail and 
makes comparisons with previous methods. 

A profitable way to utilized this complex of de­
sign programs is in the redesign mode: A computer 
system is designed for one technology and it is de­
sired to redesign it in another. For this purpose a 
program EXTRACT is needed to take from the 
SLDA Logic Master Tape the logical essentials to 
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NP L Code B CD Code 

0 1 2 3 4 5 6 7 P 1 2 4 8 B A C W/'M 
1 1 0 0 0 0 0 1 0 1 0 0 0 1 1 0 0 
1 1 0 0 0 0 1 0 0 0 1 0 0 1 1 0 0 
1 1 0 0 0 0 1 1 1 1 1 0 0 1 1 1 0 
1 1 0 0 0 1 0 0 0 0 0 1 0 1 1 0 0 
1 1 0 0 0 1 0 1 1 1 0 1 0 1 1 1 0 
1 1 0 0 0 1 1 0 1 0 1 1 0 1 1 1 0 
1 1 0 0 0 1 1 1 0 1 1 1 0 1 . 1 0 0 
1 1 0 0 1 0 0 0 0 0 0 0 1 1 1 0 0 
1 1 0 0 1 0 0 1 1 1 0 0 1 1 1 1 0 
1 1 0 1 0 0 0 1 1 1 0 0 0 1 0 1 0 
1 1 0 1 0 0 1 0 1 0 1 0 0 1 0 1 0 
1 1 0 1 0 0 1 1 0 1 1 0 0 1 0 0 0 
1 1 0 1 0 1 0 0 1 0 0 1 0 1 0 1 0 
1 1 0 1 0 1 0 1 0 1 0 1 0 1 0 0 0 

.1 1 0 1 0 1 1 0 0 0 1 1 0 1 0 0 0 
l 

I~ 
1 0 1 0 1 1 1 1 
1 0 1 1 0 0 0 1 

1 1 0 1 1 0 0 1 0 

1 1 1 0 1 0 1 0 
0 0 0 1 1 0 1 0 
1 0 0 1 1 0 0 0 

1 1 1 0 0 0 0 1 1 1 0 0 0 0 1 1 0 
1 1 1 0 0 0 1 0 1 0 1 0 0 0 1 1 0 
1 1 1 0 0 0 1 1 0 1 1 0 0 0 1 0 0 
1 1 1 0 0 1 0 0 1 0 0 1 0 0 1 1 0 
1 1 1 0 0 1 0 1 0 1 0 1 0 0 1 0 0 
1 1 1 0 0 1 1 0 0 0 1 1 0 0 1 0 0 
1 1 1 0 0 1 1 1 1 1 1 1 0 0 1 1 0 
1 1 1 0 1 0 0 0 1 0 0 0 1 0 1 1 0 
1 1 1 0 1 0 0 1 0 1 0 0 1 0 1 0 0 
1 1 1 1 0 0 0 1 0 1 0 0 0 0 0 0 0 
1 1 1 1 0 0 1 0 0 0 1 0 0 0 0 0 0 
1 1 1 1 0 0 1 1 1 1 1 0 0 0 0 1 0 
1 1 1 1 0 1 0 0 0 0 0 1 0 0 0 0 0 
1 1 1 1 --- Q 1 0 1 1 1 0 1 0 0 0 1 0 
1 1 1 1 0 1 1 0 1 0 1 1 0 0 0 1 0 
1 1 1 1 0 1 1 1 0 1 1 1 0 0 0 0 0 
1 1 1 1 1 0 0 0 0 0 0 0 1 0 0 0 0 
1 1 1 1 1 0 0 1 1 1 0 0 1 0 0 1 0 

Figure 5. 

be fed into the analysis and synthesis programs. 
This process has been used partially automated, that 
is to say, the EXTRACT program as it now stands 
requires another routine before being completely 
automatic. This program is in an experimental 
state. 

FUTURE SYSTEM 

The Iverson notation has been used to present a 
very complete specification of the architecture of 
the IBM System/360 (Ref. 9) and this immediate­
ly opens the possibility of adjoining this description 
to our Logic Automation Complex. The design for 
the machine would thus be specified initially by 
means of a program or system of programs written 
in the I verson notation. For each model of Sys­
tem/360 the data flow would also be given, essen-

tially as a list of facilities available plus their inter­
connections. This part of the experimental design 
system remains to be done. 
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