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ABSTRACT

This engineering research program, undertaken to construct a 5000 word

cryogenic associative data processor, achieved its intermediate objectives

concerning identification and solution of technical limitations for large capacity

array fabrication, interconnection, data linkage, and packaging. Successful

methods for fabricating 2.0 inch x 2,25 inch arrays having 4LO-word, 2000-cell

(11,000 cryotrons) capacities resulted in seven operable arrays by the end of the

program, Between 126 and 14k such arrays would provide the 5000 word objective.
Fault-tolerant system operation permits use of arrays containing failed word(s).
Array interconnection via superconducting, flexible, strip transmission line

in pressure-actuated contact with thin film array contacts was successfully
used throughout the contract, as were preferred data linkage means. Design
concepts for packaging the multiple-array system were accomplished, and the
interface electronic functions to permit on-line operation with a Univac 1218(M)
computer were specified. Because solution of array fabrication problems con-
sumed most of the contract period, fabrication of the full complement of arrays
was not possible. An engineering development program is recommended for con~
struction of the 5000 word cryogenic associative processor.
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| SECTION 1
INTRODUCTION

The data processing objective of this program has been an experimental
mode! of a 5000-word cryogenic associative processor which could be used in
conjunction with a Univac 1218-M computer installation at RADC,* A 50-bit
fixed word length was selected for the application. Basic operational capabil-
ities include:

(1) variable field masking of search and write operations;

(2) selective write with respect to one or more words simultaneously
and i{n bit-parallel;

(3) destructive and nondestructive read in bit-parallel;

* (4) explicit "1"-"0" read of multiple words for algorithmic convenience,
in bit-parallel;

(5) bit-parallel search for equality;

(6) logical connective -peration between scratch-pad and history regis-
ters for Lewin algorithm search with respect to magnitude, extremum,
between limits, and nearest value;

] (7) write with respect to a marker bit in conjunction withk read opera-
tions; and

(8) insensitivity to presence of failed words through fault-tolerant
operating mode,

The technological objectives of this program have been to determine:

(1) the adequacy of existing technology to accomplish a large capacity
cryogenic associative processor;

* The original contract specification of COC 16048 computer compatibility was
changed by RADC in the course of the contract.

T




(2) the origin and severity of any technological limitations encountered;

(3) performance characteristics of cryotron circuitry at prototype com-
plexity required by economic considerations; and, if totally suc-
cessful,

(4) usefulness of associative processing by programmer utilization and
evaluation of the assembled processor,

The cryogenic and room-temperature equipment functions were organized to
facilitate performance evaluation of the cryogenic subsystem for the experi-
mental model, The computer, therefore, serves as an exerciser under variable
rather than fixed program control, In fact, the cryogenic portion of the
experimental model is unaffected by the choice of controlling computer,

An 11,000-cryotron array, 2,0 inch x 2,25 inch and containing 40 words of
50 bics each and associated word control circuitry, is the desired unit of
array manufacture., An assemblage of at least 126 such arrays provides the
5000-word processor objective; 117 data and control signal paths thread through
all words in the cryogenic arrays. Arrays are interconnected by 117-conductor
flexible strip transmission line; superconductive contact is made by pressure
sctuation at all low-temperature junctions.

The first operable, large area array was achieved in the fifteenth progrem
month after solutions had teen found for an unanticipated number of techno-
logical problems, The problems stemmed primarily from an inadequate state of
the art in preparation and use of sets of (arge area photomasks, and from a
film rupture phencmanon undetected in small capacity array fabrication. In
the final two months of the program four arrays were made operabie for fault-
tolerant processor use with 50-bit word length, and three other arrays for at
least US-bit word length, Five others were structurally acceptable, but had
depressed critical currents as a result of thin Sn layers.

Array interconnection, data linkage, and 300°K signal conditionirg were
provided without major technical difficulty, except for pulse read-out from




the cryogenic circuitry., Llate in the program, a balanced-bridge read scheme
was used successfully in limited experiments.,

The design concepts for assembly, packaging, and signal conditioning for
on-line computer use of the 5000-word processor are generally described, but
final design and construction have been deferred.




SECTION II
CRYOGENIC ASSOCIATIVE MEMORY (CAM) FUNCTION

A, General Information

The experimental model of the cryogenic associative data processor (ADP)
is intended primarily as a means of establishing feasibility of this new
technology. A processor capacity of 5000 words (250,000 bits) was determined
by both projected economic considcrations of the technology and the storage
desires of potential users if an operational system should result from the
program., It has been estimated that cryotron associative memories must have
a minimum capacity of 106 bits to absorb the base cost of liquid helium refrig-
eration., From the alternative, or user's viewpoint, an associative processor
represents a unique tool whose potential worth can best be established through
experience with prototype hardware of large storage capacity., It is believed
that the results obtained from this program should relate directly to systems
of potentially practical capacity on both counts.,

The following material describes the specific organization and logic
design of the cryotron circuitry. The available algorithmic means for accom-
plishing varied complex searches, and the manner in which the cryogenic ADP
will be related to the Univac 1218-M with respect to flow of control and data
signals, are treated in Section IV,E, The TI-ADP will be electronically com-
patible with the switching interface between the 1218-M and a search memory
unit being supplied to RADC by the Goodyear Corporation, This compatibility,
however, does not externd to the 1218-M software required at the machine

language level,

Figure | shows the relationship of the ADP to the Univac 1218-M when
operation of the cryogenic ADP is intended. The signal conditioning inter-
face of the ADP will be electronically identical to that of the Goodyear
associative memory unit with respect to both number of I/0 paths and signal
characteristics. (Note that this does not imply identical usage of these 1/0
paths.)




A
UNIVAC 1218-M
Search Memor Normal I/0
Adapter (SMAy (Not used with TI-ADP)
(BS)l(BB) \(lz)l(z)T 36) (36)1‘ <u>¢
(
Goodyear Switch
Common
Commr 36)| 36) | 12) | (2)
AM Units
Signal Conditioning - Drive/Detect
Interface Control and Registers, 300°K
Unique (IF)
AM Uni ts Cryogenic Associative Memory, 3.5°K
(CAM)

Figure 1

ADP relationship to Univac 1218-M via Goodyear Switch




The subsystems unique to the ADP are the Interface Control and Registers
(IF) and the Cryogenic Associative Memory (CAM). The IF consists of cuitably
coupled registers to manipulate mask, argument, and instruction data; CAM in-
struction decoder, controller, and clock; and CAM drivers and sense amplifiers.
The CAM consists of the cryotron, word-organized associative cells and word
control circuitry, all maintained at a temperature of 3.5°%K in a liquid helium
bath,

The CAM subsystem contains the devices whose feasibility is under study,
and it will become apparent that the IF organization effectively replaces CAM
tester and exerciser equipment by the 1218-M computer. Subroutines provided
for the 1218-M will generate the microinstructions and IF register contents
directly meaningful to the CAM, This will permit maximum access tc the CAM
for device test and evaluation purposes. Although this approach will be sub-
optimum with respect to data processing rate under any given set of algorithms
for associative search, a variety of search capabilities and algorithms may be
evaluated by providing appropriate 1218-M subroutines, An optimum IF crganiza-
tion can be determined from experience with the software controlled simulations,

as can the operational characteristics of subsequently proposed hardware,

B. Description of CAM Operation

The CAM consists of 5000 words of 50 associative storage cells each, The
cells are word-organized, i.e., they may bte linearly selected to enable read,
write, and search operations by word, The control circuitry is formed simul-
taneously with the cells and interconnections of the multiple layer, thin film
cryotron circuitry, Each word consists of 50 associative storage cells, a
Match Register (MR) flip-flop, an Enable Register (ER) flip-flop, an Occupancy
Register (OR) cell (binary), an Action Register (AR) cell (ternary), an Enable
Ladder (EL) '"rung", and suitable control means to produce the desired inter-
actions. Data input (50) and output (50) paths thread all words in memcry : -
bit-parallel, as also the control means with respect to weard control circuitry
(17). These 117 paths are externally driven or sensed by electronic pgrovisions
at room temperature, Figure 2 is a diagram of the cryotron circuitry for two

words of three bits each with appended word control circuitry., The controlied
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gate ~f a crossed film cryotron (CFC) is represented as a semicircle tangent
to its series path. Only those lines which intersect a semicircle exert con-
trol on gate resistance. The gate type labeled RIL is an in-line cryotron
controlled by the storage loop branch shown paralleling its gate, The gates
have been assigned an alphanumeric reference in the upper word of Figure 2; in
the lower word they are assigned an alphabetical character to describe their

crossing ratio (gain characteristic), as shown in key of Figure 2,

C. Microinstruction Complement for CAM Operation

The Cryogenic Associative Memory (CAM) may be controlled for test, exer-
cise, or prototype operation by specification of Mask and Argument data in the
50-bit C and M registers, and a 12-bit operation code in the IFI register of
the IF (see Section IV,E). The CAM coeration code will hereafter be referred
to as the microinstruction,

In brief, the CAM reflects a 'wired=-in'' capability to selectively write
and read (DRO/NDRO) 50-bit words which are selected by appropriate associative
search procedures, Word occupancy is determined by the storage state (vacant/
occupied) of an additional cell within each word's Word Control Circuitry (WCC).
Equality search is parallel-by-word and is determined only for the bit posi-
tions designated as unmasked in the M register, and for these it is relative
to the state of the corresponding C register bit positions., The WCC of each
word contains both a Match Register (MR) flip-flop and an Enable Register (ER)
flip-flop., The MR flip-flop is set to the Match (M) condition in words to be
searched, then reset to M in words which are mismatched; i.e., a word is
potentially matched until proven mismatched. The M state of an MR flip-flop
also enables read-out from its word., The ER flip-flop enables only writing
in its word; within the word, only these cells for which a BW current drive
is imposed are affected with respect to storage state, and thus the selective

write feature.

The MR flip-flops effectively constitute a scratch-pad register, Com-
plementing these are ternary Action Register (AR) cells, one for each word
within the WCC circuitrcy., The AR effactively retains the past history of




sequences of equality searches, Its state may influence or be influenced by

the MR through a variety of logical connectives, effective also within the WCC

circuitry of each word. The three possible states for an AR cell are A, A,

and # (Null),

An alternative use of the AR provides fault-tolerant operation,

as described in Section IV,B,.

An Enable Ladder (EL) is included within the WCC circuitry to permit

initial loading of the CAM, The ability to sequentially activate words in

memory is the only hardware provision for distinguishing between words on

other than a stored data basis,

Although the ladder seemingly prcvides a con-

venient means of identifying ""first empty word' when fresh data is to be

entered, its time constants make such use generally unattractive. The EL is

preferred as a sequencing mode for initial loading of unique addresses to be

allocated to serviceable words in memory, Thereafter, ''first empty word" is

algorithmically determined,

One cycle time of the CAM is required to accomplish the specified CAM

microinstruction,

Within this cycle time up to six clock phases are executed;

the precise numher is determined by the particular microinstruction specified,

The microinstruction conveys the control information necessary to specify:

(n
(2)

(3)
(&)

method of identifying initial search set of words,

occupancy status constraint to be imposed with respect to search

execution,
an input/output operation with respect to search-identified words,

method of conditionally effecting the search-history record for
words,

The microinstruction is executed in the time sequence implied by the order of

control information stated abcve. In terms of the cryogenic registers in-

volved, the above statements affect:




(1) one of eight ways in which the MR flip-flops (scratch-pad) can be
initially set to M state,

(2) one of four occupancy states which must apply to permit the M state
to exist after search with respect to mask-argument data specifica-

tion,
(3) one of sixteen input/output variations,

(4) one of eight ways in which the AR ternary cell (search history for
word) is to be conditioned as a result of the final state of the MR

flip-flop in each word.

Table I summarizes the microinstruction complement and the pulse sequences

to the CAM occasioned for each,

D. Extended Search Capability

The variety of search criteria is extended to include Magnitude GEL
Between Limits, Extrema (max./min.), and Nearest (>,<) by sequential interroga-
tion of the associative memory under appropriate algorithmic control, Bit
serial algorithms require the least modification of Mask and Argument Registers
during search, but they require a maximum of memory accesses, Conversely,
the bit-parallel algorithms require variability of Mask and Argument Registers

during search, but minimum memory accesses.

The ADP will receive algorithmic control from software subroutines stored
in the Univac 1218-M; therefor®, minimum complexily will be required in the
interface electronics. This will necessarily reduce the efficiency of system
use because of the increased time spent in transmitting data and control
information between 1218-M and ADP, The disadvantage will be offset by in-
creased flexibility in evaluation of alternative usage of the ADP through
1218-M subroutine modification rather than expensive interface hardware

modification,

10
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Note:

TABLE I

CAM MICROINSTRUCTION COMPLEMENT
AND
PULSE TIMING DIAGRAMS

A 12-bit microinstruction is provided to the Interface (IF) of the ADP
for CAM control. The 12 bits consist of an a-aspect (b.p. P,Q,1,2) to
specify input/output operations, a B-aspect (b,p. 3,4) to define

searched-word status, a Y-aspect (b,p. 5,6,7) to define initial search

set, and a §-aspect (b.p. 8,9,10) to define recording of search results
in history register.
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E. CAM Circuit Operation

The following sections describe the operation of the major CAM circuit

functions and methods of influencing their interactions.

1. Associative Cell

Figure 3 illustrates the associative storage and match circuitry for each
cell, Storage is accomplished by producing a circulating current within the
loop containing the W cryotron gate, The binary state of the argument to be

written is conveyed as the polarity of the Bit Write (BW) drive current.

Presence of this BW current affects the storage state only if the Enable (EN)
line is active; thus, BW current controls gate E, which can divert EN current
to control gate W. When EN and BW currents are released in that order, a
fraction of BW current is trapped in the loop., If EN current is present in
the absence of BW current, the cell's storage state is unaffected, and a

selective write capability is provided,

The J cryotron appears serially in the Match (M) branch of a flip-flop
spanning all cells of a word, If a mismatch of stored and interrogation states
exists, the Exclusive Or is true and gate J is to be switched resistive, there-
by causing reset of the M line current for the word, The interrogation state
is expressed also as the polarity of the BW current drive during search time,

Observe that if a match exists, stored and interrogation currents cancel in

the J cryotron control, and conversely for a mismatch. Since stored current
is continuously present, the J cryotron is designed to switch only in the case

of a mismatch and not otherwise,

Read-out of the stored state is accomplished by coincidence of M current
and Bit Sense (BS) drive current of a state corresponding to the stored data

vtate, The result is that cryotron gates Ra and R, are simultaneously resis-

IL
tive, thus producing a voltage on the 8S line, The M line, therefore, serves
as a Read Enable line for word selection, and the stored state is inferred

from the presence or absence of a voltage on the BS line in the presence of a

known polarity of BS current,
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Figure 3 Associative cell circuitry (see Figure 2 for memory context)
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2. Match Register

The Match Register (MR) is a serial arrangement of flip-flops, one for
each word in memory (see Figure 4). The match status of a word before and
after each search is indicated by the state of its MR flip-flop; thus, if a
word is matched, MRDC current is diverted through the M path at this word, and
conversely through path M if the word is mismatched, Supercurrent trapping in
a MR flip-flop is not an intended mode of operation in the current ADP design.

The entire MR may be conditioned by memory controls Set MR (SMR) and Reset
MR (RMR), all MR flip-flops terminating in the M or M conducting state, re-
spectively,

A given MR flip-flop may be set to the M state only if the logical OR
condition is satisfied with respect to the Action Register (AR), or with respect
to the Enable Register (ER) in this word,

A given MR flip-flop may be reset to the M state by its associated word
if:

(1) the Exclusive Or of stored and interrogated data is true at one or
more storage sites in this word;

(2) the Exclusive Or of Occupancy Register (OR) states, stored and
interrogated, is true in this word;

(3) the logical AND condition is not satisfied with respect to the AR,

A given MR flip-flop in its M state:

(1) enables read-out from storage sites in this word,

(2) enables modification of AR storage state,

(3) controls Enable Ladder (EL) current distribution in this word,

(4) enables setting of the Enable Register (ER) flip-flop for this word,
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Figire 4 Match Register relationship to cell and word control

circuitry for two words, See Figure 2 for identification
of alphanumerically designated cryotrons,
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(5) controls a series gate in the Voltage On Match (VOM) line for the

memory.

A given flip-flop in the M state controls only the EL current distribution
in this word.

3. Enable Register

The Enable Register (ER) is a serial arrangement of flip-flops, one for
each word in memory (see Figure 5). The primary function of the ER is to
enable writing with respect to word storage sites and the OR in words in which
the ERDC current has been diverted through the EN path., Supercurrent trapping
in an ER flip-flop is not an intended mode of operation in the current ADP

design,
The entire ER may be reset to EN state by memory control Reset ER (RER).

A given ER flip-flop may be set to the EN state by:

(1) Presence of the M state current at this word necessary to divert the
memory control current EMOE (when present) through a high inductance
path which controls cryotron 14, The inductive split is such that
cryotron 14 is not switched resistive in a word for which the M state

is true,

(2) Presence of current in the EL crossover branch for this word, thus
switching cryotron 15 resistive, This provision is used only for

initial word address assignment,

A given ER flip-flop in the EN state controls a series gate in the VOM
line for the memory,

The EN branch of a given ER flip-flop is locally subjected to switching
action at the storage sites and OR cell in the act of writing, However, each
such switched gate is shunted by a superconducting path at its storage or OR
site, In the worst case of all storage sites and the OR cell being simultane-
ously written into, the inductance of the ER flip-flop retards significant
degradation of the EN current in normal operation.

20




jth Word

j+1th Word

04706-6

ERDC

EN,

21

14,15

EN,
J

j*

Figure 5 Enable Register flip~flop interactions with cell and
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4, Occupancy Register

The Occupancy Kegister (OR) is a serial arrangement of persistent current
storage cells, one for each word in memory (see Figure 6). The occupancy
status of each word is indicated by the direction in which persistent current
circulates in the OR cell of its Word Control Circuit (WCC), A third cell
state, the Null state (@), corresponds to absence of a persistent cell current;

however, no functional use of this state is made in the current ADP design.

The entire OR may be cleared to the empty state by activating memory
control Reset OR (ROR) alone, However, it is normally used in conjunction
with the OR Drive (OD) to simultaneously set all words to Vacant (Vac) or
Occupied (Occ). OD current of appropriate polarity and ROR current may be

applied simultaneously, then released in the sequence ROR, then 0D, to accom-

plish the latter purpose.

A given OR cell may be written into by coincidence of current in the EN
line of its word and OD current of suitable polarity, The EN current must be
turned off (diverted to EN) before OD current is turned off, to affect storage
in the cell, The superconductive shunt across the gate of cryotron 2 is of
high inductance such that EN current diverted through the control of cryotron
| is not sufficient to switch cryotron gate | resistive in the ubsence of ORD

current.

A given OR cell may cause reset of the MR loop in its word when the
Exclusive OR of stored and interrogated (0D activated in proper polarity)
states is true, Thus, cryotron 4 is designed with a control current threshold
of greater than one unit of stored current, but less than two units., Note
that the critical gate current of cryotron 3 must exceed twice the stored

current level,

S. Action Register

The Action Register (AR) is a serial arrangement of persistent current
storage cells, one for each word in memory (see Figure 7). Full advantage of

the ternary capabilities of this cell is exercised in the logical control of
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the memory. One representative use of this ternary capability arises in the
serial retrieval of a multiplicity of previously identified wo-ds. Words
which are not to be retrieved are denoted by absence of stored current in
their AR ceil. Those which are to be retrieved, but have not yet been, are
denoted by preserce or loop current of polarity corresponding to A, and those
which have alrejay been retrieved are denoted by presence of loop current of
opposite polarity corresponding to A, The AR 2nd MR registers influence each
other's states through a number of memory controls which permit varicus logical

connectives, thus permitting ge:=rai.zed set partiiioning of memcry.

The AR may be reset to the Null (@) state (absence of stored current) by
memory control Reset AR (RAR) in parallel by word. If the AR Drive (AD) is
simultaneously activated, and the RAR turned off before the AD, the A or A
state (determined by polarity of AD) may be stored in the AR in parallel by

word,

A given cell of the AR may assume the storage state implied by the polar-
ity of the applied AD current when the memory control AMOA is active and the
MR flip-flop in this word is in the M state. The original cell state is
preserved if M is true, since the cryotron 18 controi is shunted by the low
inductance path containing the cryotron 10 gate, The AMOA control must be

turned off before the AD drive is deactivated tec insure proper storage action,

A given MR flip-flop may be set to the M state under the combined action
of memory controls AD and MMOA, and the existing state of the AR cell in this
word, The Not Exclusive Or between stored and interrogated states of an AF
cell, if true, enakles the MMOA current to be diverted to the high inductance

-

cryotron 7 control. MMOA current is otherwise passed through the cryotron 20
gate. Only the A and.K states of the AR cell are applicable to this operation
in the present ADP design. For this operation a reversed assignment of AD
polarity is used to express the interrogation state with respect to (hat used
at the time of writing into the AR. Current must be deactivated first in MMOA,

then in AD,

A given MR flip-flop may be reset to the M state under the combined action
of memory controls AD and MMAA, and the existing state of tne word's AR cell,
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The Exclusive Or between stored and interrogated states of an AR cell, if true,
prevents diversion of switching MMAA current to the high inductance, cryotron 8

control. Switching MMAA current is otherwise shunted to the cryotron 8 con-

trol., This operation is applicable to the A, A, and # states of the AR cell.

AD polarity is assigned identically for interrogation and for writing for

this operation. Current must first be deactivated in MMAA, then in AD.

6. Enable Ladder

The Enable Ladder (EL) comprises two parallel paths (rails) passing
{ideally) through all words in memory and has a crossover (rung) at each word

in its extent, Current is assumed to enter the memory on only one of the

parallel paths, the ELDC, and will be uniquely diverted to the alternate
parallel path, ELGND, at the first word whose crossover presents the only non-

resistive path for ELDC current (see Figure 2). The MR flip-flops condition

the current distribution between ELDC and crossover paths at each word to

preclude a reverse crossing from ELGND to ELDC; therefore, either one or none

of the crossovers is a current carrier for a given MR state, Thus, the first

(in the sense of a directed ELDC current flow) of an arbitrary number of words

for which the M state is true may be uniquely selected and enabled for writing

into by presence of current in its EL-crossover, The ladder is effectively

"stepped'' to the next M state word by resetting the former MR flip-flop to the
M state. Although the ladder is logically well suited to sequentially identify
individual words of a multiple word set, its time constants may be prohibitive

for other than address loading purposes in which the steps are al<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>