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80th 95th 99th 

PERCENTIL'ES OF 02 

Figure 3-Monitoring regions with alarm limits based on the 
empirical distribution of D2 

pth percentile of D2 distribution based on 7 compo­
nents 

pth percentile of Chi-square distribution with 7 d. f. 
for r= 2, ... ,6. 

From this assumption, approximate empirical per­
centiles for the'D2 distribution based on any number 
of components were generated from the D2 distribution 
percentiles based on seven components. 

Each D2 distribution is divided into regions des­
ignating the degree of normalcy of a set of measure­
ments as shown in Figure 3. These limits are based 
on the empirical distributions of each set of values in 
the base sample. In the figure the limits are taken as 
the 80th, 9.5th, and 99th percentiles. Region A may be 
classified as the normal region, containing values 
which are expected to occur 80 percent of the time. 
Region B, the moderately abnormal region, con­
tains the values expected to occur between the next 
20 percent to 5 percent of the time. Region C, the 
abnormal region, includes the 95th to 99th per­
centiles, and Region D may be interpreted as the 
highly abnormal region since it contains the extreme 
values which would be expected to occur only one 
percent of the time. Sets of three limits are computed 
for 0, 1, ... ', 6 missing variables. The total number of 
tables to be stored is thus reduced from 1309 to 77, 
and with 3 limits per table, only 231 values are stored 
(11 change vectors X 3 region limits X 7 possible 
numbers of missing values). In addition eleven 7 X 7 
covariance matrices based on the sample data are 
stored. 

Note that the original choice of the three percentile 
limits is arbitrary and may be modified as experience 
is gained with the system. 

System algorithm 

The basic algorithm for this system comprises the 
following steps: 

1. Each five minutes, the most recent set of ob­
servations is retrieved from the patient file. 

2. The patient file is searched sequentially for the 
measurements taken 5, 10, 15, 30 and 60 minutes 
previously and also for alarm information re­
corded at those times. For those variables having 
a valid present and past value, changes and 
proportionate changes are computed. The ap­
propriate stored covariance matrix, or a reduced 
matrix corresponding to the variables present 
in each change vector, is then used to calculate 
D2. In some cases all components necessary for 
computing D2 may be missing. 

3. For each of the computed D2 values, the ap­
propriate set of three region limits is retrieved 
from the tabled values on the disc file. The index 
of the set of limits to be retrieved is determined 
by the change vector being considered (1, ... , 
11) and its dimension (1, ... , 7). 

4. Using the region limits, a cateogry is assigned 
to each of the available D2 values. 

5. The identity of the most extreme D2 and the 
category to which it is assigned are stored in 
the patient file. 

6. Appropriate system action is taken as described 
below. 

Uses of the system 

The action taken by the patient monitoring system 
in response to the computed D2 depends upon the 
most extreme category detected. Any D2 value falling 
in the B, C or D regions will result in a signal to the 
ward staff. The signal is coded to indicate the degree 
of abnormality. A red and a yellow signal light and a 
chime, under computer control, are mounted near the 
status display. The chime signals a D2 value detected 
in any of the three regions. In addition, the red light 
accompanies region D while the yellow light accom­
panies region C. 

Some measurements such as heart rate and respira­
tion rate, are usually read from the output of pre­
processors which derive the information from the raw 
data. When an alarm occurs, the digital analysis pro­
gram reads the original wave-form signal directly to 
verify the abnormal value encountered. The EKG 
analysis program, which may be run on demand, is 
also triggered in response to an alarm. 



In many cases, the cause of the alarm is immediately 
obvious by noting the values on the status display, 
as shown in Figure 4. If the physician wishes to know 
in detail the values causing an alarm, he may cal1 a 
program on the keyboard display which reports the 
current and previous values of the variables used in 
computing D2. As illustrated in Figure 5, this program 
indicates the time over which the extreme changes 
have taken place and the magnitude of the changes. 
The physician may then indicate the probable cause 
of the alarm. The cause may be a change in the normal 
course of the patient's progress or a specific treatment 
such as medication, fluid infusion, or adjustments 
made to the respirator. Changes from such causes, al­
though resulting in an alarm, do not necessarily reflect 
emergent situations. In addition, the alarm may have 
been caused by an artifact in one of the monitored 
variables. This may occur if a catheter becomes clogged 
or is inadvertently flushed while the signal is being 
read or if EKG leads become dislodged. This infor­
mation is stored in the patient file and at the same 
time the signal light is turned off. 

Summaries of alarm information are stored in the 
patient file. These summaries contain the following 
information: the time of the alarm, its category and 
the specific change or proportionate change causing 
the alarm. In addition, if the ward staff responded 
to the alarm through the keyboard display, the sum­
mary will contain the time of the response and may 
thus contain a flag indicating that the cause of the 
alarm was an artifact and the particular variable or 
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Figure 4-Bedside status display showing values of the monitored 
variables for two patients 

Concurrent Statistical Evaluation 613 

.~ •• M S"MMAIY lED 1 

"Cu\-. AllH"1 I. 
•• \18 1234 

11M' Q' ALAIM: 04/0105 IE'IDM· C .LESS TNAM 5 'EICEMTJ 
SQuat, Q' AUIM: 5 IIINUTE CHAM'E • 

liME 0100 0105 DELTA 5 

\ SP 122 122 0 
: ::, .0 ., 7 
4 MW' '4 sa 4 
S IT I I 0 
I HI U • , 3' .t 0 I 

S. 100 • 
7 I. 22 21 .1 
CAUSE OF ALA •• : 0. U .. MO ••• I. TIEATIIENT. 2' AITI'AC1 ? 2 
VAIIAILE ? 2 'DP, 

01 UNKND_N OIJGJ. 
11 CATHETEI DAMPED 01 DISCD •• rCTED 
il 'LUSHJNG 
31 AIt'LJ'JUS 
41 OTHEI ELECTtONJCS 

CODE ? Z 

Figure 5-Keyboard/CRT display alarm summary showing 
that the set of 5-minute changes falls in monitoring region C. 
The attending physician indicated that the value for variable 2 
was an artifact caused by flushing 

variables involved. If the information was supplied 
by the physician, the clinical event related to the 
alarm condition is also coded. 

The alarm summaries are utilized by the patient 
monitoring system in a variety of ways. As indicated 
in Step 2 of the system algorithm, the patient file is 
searched so that changes may be computed. Sum­
maries of alarms stored at the same time as any of 
the five previous sets of values are also retrieved. If 
the summary indicates that any value in the set used 
for calculating the D2 was the result of an artifact, 
that value is deleted from computation. This prevents 
a single artifact from causing several alarms as that set 
of values is successively retrieved 5, 10, 15, 30 and 
60 minutes later. 

During the patient's stay, the physician often re­
views sets of data on the bedside keyboard display. 
Since on any display frame only six sets of simultaneous 
measurements may be viewed, as shown in Figure 6, 
it is desirable to eliminate redundant observations . 

This may be achieved by displaying only those sets 
of data falling in abnormal regions. In the same way 
the permanent hardcopy record, which is printed upon 
patient discharge, can be specified to contain only 
significant information. Under conditions of intensive 
monitoring where measurements are made every min­
ute, this may represent a valuable reduction in the 
bulk of the hardcopy record to be reviewed. Those 
sets of variables containing values previously identified 
as artifacts may be deleted from both the keyboard 
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Figure 6-Hemodynamic data summary showing six sets of 
values of seven variables 

display presentation and the hardcopy output. This 
procedure is also used with the storage oscilloscope 
at the bedside which displays a trend plot of monitored 
variables. By referring to the alarm summaries the 
program which produced this display deletes invalid 
data points from the plot. 

In order to have the patient file accessible in case 
of system failure, teletypes, remote to the ward, pro­
duce hardcopy output containing the latest measure­
ments. While the status display is automatically up­
dated every 30 seconds, the teletype, because of its 
low speed, cannot be updated at the same rate. In 
order to make efficient use of the teletypes and fulfill 
their function of preserving data of interest, the tele­
type records are updated every half-hour or whenever 
abnormal values are encountered. 

SU:;\Il\IARY 

The alarm system described in this paper both depends 
on and augments the capabilities of the digitally con­
trolled patient monitoring system. It utilizes multi­
variate techniques to compute statistics which are 
sensitive to relationships among the monitored vari­
ables. The degree of abnormality of a computed sta­
tistic is evaluated in terms of empirical distributions. 
These distributions were derived from a population 
of critically ill patients similar to that being presently 
monitored by the system. The actions taken by the 
patient monitoring system in response to the alarm 
depend on the severity indicated by the alarm. The 
occurrence of the alarm and the cause, if known, be-

come part of the patient's file and are accessible to 
applications programs involved in data display. The 
stored summary of the alarm information assists the 
clinical staff in case review, and provides a basis for 
evaluating and modifying the alarm system itself. 
Such modifications might include the redefinition of 
the percentiles which define the alarm categories or 
even the number of such categories. Extensions of 
this alarm system might enable a small centrally lo­
cated digital processor to evaluate sets of data from a 
number of analog monitoring modules at various bed­
sides. 
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Associative capabilities for mass storage 
through array organization* 

by ARNOLD IVLPESKIN 

Brookhaven National Laboratory 
Upton, Long Island, N ew York 

THE ASSOCIATIVE MEMORY PROBLEM 

Since computers first came into wide usage, digital 
systems designers have been intrigued by the possibili­
ties of associative or content addressable memories. 
The concept is quite easy to understand; whereas, in 
the conventional case, the address is furnished to the 
memory and the data stored at that location is the ex­
pected result, in the associative reference, the data is 
furnished and the expected result is a list of all addresses 
which contain matching data. Up to now, however, the 
ph~sical systems which exhibit the requisite symmetry 
to realize this concept have been necessarily very costly 
because the commonly used, low cost, random access 
memories do not easily lend themselves to this new 
operation. Those digital systems designers who pre­
dicted widespread use of associative memories by the 
late 1960's are found in retrospect to have seriously 
underestimated the difficulty in implementing thin 
magnetic film or superconducting memory systems, 
on which these forecasts heavily depended.l,2,S 

Logic designers and programmers have each been 
called upon to simulate the associative memory for 
specific applications, but implementation in logic has 
incurred an almost prohibitive cost-per-bit and soft­
ware search subroutines expend equally unattractive 
lengths of time. 4 The advent of large scale integration 
and the rapidly decreasing cycle times of new computers 
promise to make either recourse somewhat more at­
tractive but at this time associative capability is still 
unthinkable for anything but a small block of 
information. 

A CONTENT ADDRESSABLE N-CUBE 

One approach to this problem is to expand the as­
sociative capability from a small block of data to a 

* Work performed under the auspices of the U.S. Atomic Energy 
Commision. 
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larger storage array. If the small block possesses the 
associative property but the large array does not a 
method of ,data base organization and array intercon­
nection is possible so that the larger array begins to 
exhibit all the properties of the smaller one including 
reference speed and content addressability. A geometric 
interpretation of this approach is depicted in Figure 1. 

A cubic storage array is shown, only one plane of 
which has associative capability; this is the z = 0 plane. 
A match resulting from an association in this plane will 
define another plane, perpendicular to the first. As­
suming that the memory reference requires that a 
second association be made on the data in this newly 
selected plane also, its contents may be loaded into the 
plane with the content addressable capabilities, wh.ile 
the original contents of that plane are temporarIly 
stored in the buffer of Figure 1. The association may 
then be completed and the array restored. For purposes 
of this discussion, it is assumed that the loading and 
unloading capability is implemented by adding to each 
bit the necessary hardware to make it a unidirectional 
fast shift register. 

It is then possible to select or "find" any given word 
in the cube in the time required to perform two associa­
tive references and the requisite loading and restoring 
of the z=O plane. What this scheme accomplishes can 
be demonstrated by examining its cost-performance 
characteristics. Symbols will be defined in the following 
manner: 

w = word length: number of bits per dimension 

Ca = associative portion of cost per bit 

Cc = conventional portion of cost per bit 

ta = time duration of a t'wo-dimensional associative 
reference 

ts = time required to shift a bit "w" places. 

For use in approximation, the follo'wing relationships 
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Figure I-A content addressable 3-cube 

are assumed to exist 

ta = (20/w) ts. 

These relationships state that the content-addressable 
and shift portion of the cost is ten times the cost of a 
conventional memory of the same size, and that the 
time required to do a memory reference in an IC mem­
ory system is twenty times that of a one bit shift in 
logic of the same family. These constants vary with 
the technology and mode of implementation used, of 
course, but experience indicates that these are reason­
able assumptions.4 What is most important, neverthe­
less, is that these relationships are expressable by con­
stants, and not what the specific values of these con­
stants are. 

In two dimensions, then, 

total cost = (Ca +Cc)w2 

= 11w2Cc• 

With the three-dimensional scheme of Figure 1, there 
are now w3 bits, each of which may be thought of to 
have associative capability, but only one out of every 
w bits incurs the associative portion of the cost. This is 
accomplished at the expense of a reduction in the total 
speed of reference. Specifically, 

total cost = w3C c + w2C a 

= (w3+10w2)Cc 

duration = 2ta + 2ts 

=ta [2+ (w/lO)} 

There is no reason to stop at three dimensions, be-

cause as each new dimension is added: 

1. the associative capability increases expo­
nentiallv: 

2. the conventional portioI,l of cost only follows 
exponentially; 

3. the associative portion of the cost does not 
increase; 

4. the duration of a reference increases linearly. 

Summarizing for an n-cube: 

N umber of associative elements = w n 

Total cost = (wn + 10w2) Cc 

Duration = (n-l)ta+2(n-2)ts 

=ta[(n-l) +w(n-2)/lO]. 

These relationships are summarized in Figure 2. 
Whether or not the n-cube is a practical design ap­

proach is a difficult question to answer in view of the 
current flux in integrated circ.uit technology. IC's are 
becoming available which provide the associative, but 
not the shift capability. Providing a bussing structure 
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so that the information of each plane can find its way 
to the z = 0 or associative plane may add considerable 
overhead to the system. Also, the question of how to 
handle multiple matches in an early plane reference 
can only be addressed to the specific application for 
which the n-cube is being used. However, one can at­
tempt to take advantage of the exponential capability 
increase vs. linear time duration increase with a two­
dimensional associative array interfaced to a properly 
partitioned conventional random access storage bank. 

A PRACTICAL FOUR-DIMENSIONAL 
APPROACH 

Figure 3 shows a computer configuration featuring a 
large random access bank of core storage which can be 
referenced by one or more central processors through 
the mass storage controller. This configuration is 
typical of many large computer installations. Also 
connected to the mass storage unit is a small two-

1,000 

2 100 

10 

11-----------~~------~--~-------024 
DIMENSION OF N - CUBE 
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dimensional content addressable memory, which inter­
faces to the mass storage controller through its own 
transfer coupler, which in turn is controlled program­
matically through the I/O interface of the computer. 

The two-dimensional content addressable memory 
(2DCAM) consists of sixty-four 64-bit words which 
maybe accessed either conventionally by address or 

COST PERFORMANCE CHARACTERISTIC: 
DIMENSION vs. RELATIVE REFERENCE TIME 
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Figure 2-Cost-performance characteristics of a 
content-addressable N-cube for w = 64 bits per word 



618 Fall Joint Computer Conference, 1970 

COMPUTER 

MASS STORAGE 

------- -

VIRTUAL 
CAM 

Figure 3-Proposed 4D configuration 

~ 

DIMENSION 
4 

by content; that is, exhibiting the associative property. 
The field of association can be specified under program 
control by loading a mask register, thus increasing the 
2DCAM's versatility. This device may be built around 
integrated circuit content addressable memory modules, 
such as are becoming available in various logic families 
from several different manufacturers. I t is also im­
portant to implement a burst load/unload capability 
for the entire 2DCAM, analogous to the perpendicular 
shift capability in the n-cube configuration. In the TTL 
or ECL logic family, storage cycle times of less than 100 
nanoseconds are now commonplace. 

The portion of the mass storage which is dedicated 
to the 2DCAM will for many applications, virtually 
exhibit the associative property itself. If the mass 
storage is partitioned as suggested in Figure 3, there 
will be four dimensions of associativity, each 64 bits 
long, or over 256 kilo-64-bit words capable of exhibiting 
the associative property in little more than the time 
required to load the 2DCAM twice. There will be one 
64 word block which can be thought of as the interfile 
index. It is the block in which the first association takes 
place and is thus analogous to the z = 0 plane of the n­
cube. A match resulting from an association in this 
table will determine which one of sixty-four sectors of 
conventional storage contains the information that is 
ultimately sought. An index for that sector ifS then 
loaded into the 2DCAM and a subsequent afSfSoeiation 
is performed, this time to determine which 64 word block 
will be required for the final associative reference. 
Thus a partially ordered data field of 16 million bits 
has been scanned in the time required to load the 
2DCAM twice and perform a content addressable 
reference three times, which together would total an 
elapsed time of less than twenty rni(T()s(~t(Hlds. 

As is shown in the graph of Figure 2d, this method 
compares quite favorably to the time required to scan 
256,000 64-bit words programmatically, especially 
when it is realized that while the association takes place, 
the central processor is free to perform other tasks. 
Compared to the most advanced techniques of binary 
searching, the n-cube associative search over this data 
base can be performed approximately five times faster. 

THE BROOKHAVEN CONFIGURATION 

In the Central Scientific Computing Facility of 
Brookhaven National Laboratory, the computer of 
Figure 3 is one of Brookhaven's Control Data 6600 
processors. The mass storage system is a one-million 
word Extended Core Storage (ECS) , also a Control 
Data product. The ECS controller, designated the 6640, 
can service up to four 6000 series computers with a 
maximum throughput rate of 600 million bits per 
second.5 

The transfer coupler of Figure 3 is represented in the 
Brookhaven configuration primarily by a branch of the 
Laboratory's remote computer network, known as 
Brooknet, as shown in Figure 4. Brooknet can provide 
on-line service to eight remote areas, any of which can 
be up to 5,500 feet away from the central facility. Each 
remote area, in turn, may have eight or less remote 
computers on-line within a radius of 1000 feet from a 
remote Brooknet multiplexer. As shown in Figure 4, 
Brooknet provides selectable data paths for the remote 
from either the computer I/O interface or the ECS 
controller, to which Brooknet logically appears as a 
third 6600. The I/O interface is utilized for status and 
fixed format control messages and the ECS path is 
used for block data transfer of files. Because it can 
provide a high speed interface between a special pur-

Figure 4-Brooknet 
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pose device (such as the 2DCAM) and ECS, a Brook­
net link meets all the requirements for a transfer 
p'oupler. That is, ECS would suffice as the large con­
ventional storage, the 2DCAM would reside at the 
remote system, and the requisite swapping of the 64 
word blocks of information are performed as normal 
Brooknet data transfers just as if they were input or 
output files from a remote batch station. For this 
system, in order to maintain compatibility with the 
Control Data equipment, the word size must be sixty, 
rather than sixty-four bits long. 6 

The two-dimensional content addressable memory 
(2DCAM) designed for Brooknet has the block dia­
gram of Figure 5. This device consists of sixty-four 60-
bit words, expandable to 256 60-bit words, which can 
perform associative or conventional meinory refer­
ences. There are six functions defined for it: 

1. Load mask register; 
2. Write (conventional); 
3. Read (conventional) ; 
4. Associate and count matches; 
5. Associate and present addresses; 
6. M ultiload. 

The multiload function implements the burst loading 
feature required to perform successive associations 
efficiently. The entire memory can be loaded in 6.3 
microseconds. 

To render the 2DCAM hardware and software com­
patible with Brooknet, a modest control computer is 
required to engage in the Brooknet dialogues, and two 
more pieces of interface equipment are needed for level 
conversion and logic translation. A 2DCAM system 
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Figure S-Content addressable memory block diagram 
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Figure 6-Remote system for 2 D CAM 

which is attachable to Brooknet appears in Figure 6. 
This configuration represents a departure from the 
initial intent of the Brooknet system, which was to 
extend the considerable resources of the 6600 computer 
to smaller remote processors for controlled periods of 
time. In this case, however, it is the remote which 
possesses the desired capability of which the central 
processors would like to avail themselves. 

APPLICATIONS 

The multidimensional approach presented can be 
adapted to many large computer installations provided 
that a mass core storage device is included. The Brook­
haven configuration was offered as an example which 
utilizes facilities which were already available at that 
particular computing center. This scheme for providing 
content addressable capability has applications where­
ever a conventional two-dimensional configuration was 
previously considered, provided that the decrease in 
speed incurred is not a severe restriction. 7 

By partitioning the associative field of the memory 
word into sections one can structure his data array so 
that multiple associations· are required, and thus take 
advantage of the multi-dimensional approach. For in­
stance, if a word has an eighteen bit associative field, it 
can be partitioned into three 6-bit operands. A match 
in the first plane will define a new plane wherein the 
associative field of all words have the same first oper­
and as produced the match. Now it is no longer neces­
sary to scrutinize the first operand so the match opera­
tion is performed on the second operand and so on 
until the unique word is found. Implementation of such 
a procedure presupposes a certain order of structuring 
when the data block was first introduced to the virtual 
CAM area. Self sorting may be accomplished by using 
part of the data word as the address and preserving 
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the old address as a sequence number when first storing 
the data into the mass memory. Applications in pattern 
recognition, storage paging, and table look-up routines 
lend themselves to such structuring quite readily, and, 
if the application is such that the associative file must 
be loaded once and then referenced many ~imes, the 
presorting requirement does not introduce an objection­
able amount of overhead at all. 8 Indeed, in the Illiac 3 
pattern recognition processor, the Iterative Array and 
Transfer Memory taken together achieved the n-cube 
effect in three dimensions.9 

The multidimensional approach appears particularly 
attractive to those applications which can be thought 
of as requiring a hierarchy of associations, such as 
finding a record in a complex paging scheme (i.e., a file 
within a page, a sector within a file, and a record within 
a sector) , or where the file itself is multidimensional in 
structure, such as for graphic or mechanical information 
where f(x, y, z) varies with time. In addition, new 
applications might open up where the amount of source 
information is so large that up to now consideration of 
a truly associative system would have been prohibi­
tively expensive.4 ,lO 

CONCLUSION 

Despite some restrictions on its class of applications, 
the cost performance characteristics of this approach 
have been considered attractive enough to warrant 
implementation, especially in large multiprocessing 
systems where the structure of system tables and the 
traffic in file accessing represents a considerable portion 
of the processing time. The implications of large scale 
integration and emergence of more and more complex 
modules suggest that other capabilities besides content 
addressability may benefit from a similar appruach to 
effective utilization. 

This system is currently being implemented at 
Brookhaven National Laboratory. 
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INTRODUCTION 

One of the most significant problems in designing high 
performance computing systems is the complexity 
of the associated supervisory software. This is es­
pecially true in multi-user environments: the software 
·overhead involved in user communications and re­
source allocation normally absorbs a great percentage 
of the system's computing power. 

An often-proposed solution to this problem is to 
remove some of the time-consuming executive func­
tions from the software and perform them in hardware. 
Numerous examples of this operation are visible 
throughout the history of computer development. 1 

These attempts have met with varying degrees of suc­
cess because as the tasks to be transplanted become 
more and more comprehensive, it becomes less and 
less obvious exactly what sort of hardware structures 
are needed for their efficient implementation. 

One of the most vital ingredients in an on-line com­
puter is a powerful and flexible priority interrupt 
system. l\10re than any other single feature, the inter­
rupt structure determines the capability of the machine 
to respond quickly to both internal and external 
stimuli. Whether the computer is used for control 
or data processing, its effectiveness is frequently mea­
sured by how rapidly it is able to react to conditions in 
the user environment. 

A fundamental characteristic of an interrupt system 
is how many interrupting sources it can handle. Few 
of today's computers are designed to accommodate 
interrupts from a large number (say hundreds) of 
devices, despite the growing requirements for such 
facilities. It is increasingly common to find cases where 
a machine's processing power is sufficient to satisfy 
a great many concurrent demands, but its interrupt 
system is incapable of supporting the corresponding 
volume of service requests. This limitation lies not 
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only in the hardware restrictions on the number of 
interrupt lines, but also in the software's inability to 
effectively deal with the interrupts it does get., It is 
apparent, . then, that in such cases a brute force ex­
tension of current interrupt concepts is inadequate. 
Instead, a new approach needs to be formulated which 
provides improved performance from both hardware 
and software. 

It is well recognized that on-line computers generally 
cannot afford the inefficiencies inherent in scanned or 
multiplexed interrupt structures; a multi-level hier­
archical system is preferable for such applications.2 

Frequently the on-line interrupts do not all have 
distinct priorities, so they can be separated into priority 
classes. Each class can then be assigned to some pri­
ority level which is shared by all interrupts of that 
class. Unfortunately, most machines do not possess 
an efficient means of identifying different interrupt 
sources within a priority level, and so the user must 
either degrade his system performance or undergo 
the expense of additional priority level hardware. 

The assignment of priority levels to particular func­
tions can be a complex task since the interrupt requests 
must be ordered on the basis of their interaction, not 
merely on their relative importance.2 However, it is 
difficult to accurately forecast the exact nature of these 
interactions in advance, especially since the context 
tends to vary widely during system operation. The 
resulting assignment compromises can be avoided 
by supplying the freedom to dynamically reallocate 
priority levels, a powerful tool which enables the execu­
tive software to accurately establish the computer's 
response to changes in its environment. This capa­
bility is currently approached through some com­
bination of arm/disarm commands, program-generated 
interrupts, multiple level assignments, and hardware 
switching matrices. 

One of the disabilities of conventional priority 
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Figure I-Queued CAM 

interrupt schemes is that if an interrupt at some level 
is waiting, or is being serviced, or is suspended due to 
higher priority requests, subsequent interrrupts at 
that same level will be ignored. It is obviously neces­
sary for a system to be designed so that the time re­
quired to respond to an interrupt is less than the 
average time between occurrences of that interrupt. 
But it is also highly desirable that the system not 
become saturated by occasional bursts of interrupts 
at any level. This tolerance to interrupt asynchronism 
greatly eases the problem of compatible priority as­
signments, and lessens the risk of disrupted communi­
cations between the machine and its environment. 

These considerations have all been successfully 
addressed in the design of a special purpose Interrupt 
Processor (IP). The IP functions as an autonomous 
element of medium to large scale on-line multiprocessing 
systems, and facilitates the computer's interaction 
with users, peripherals, and control interfaces. All 
of the functions associated with detecting, acknowl­
edging, and scheduling interrupts have been incor­
porated into the IP hardware, providing centralized 
routing of interrupts to all other processors. The 
remainder of the task assignment mechanism may be 
software in the destination processor3 ,4 or a hardware 
extension of the IP . .'i 

The IP monitors a large number of interrupt lines 
on which signals are automatically identified by source 
within software-defined priority levels. When inter­
rupts are received they are organized and stored on 
the basis of priority and order of occurrence. This 

assures optimum priority response, and reduces su­
pervisory software overhead leaving more processing 
power for the users. 

The IP is organized around a special unit called a 
queued content-addressable memory, which forms its 
primary storage and processing facility. 

THE QUEUED CONTENT-ADDRESSABLE 
l\1EMORY 

The concept of a queue is a familiar one to hardware 
and software designers alike. As modeled in software, 
queues are usually variable length, each new word 
being added directly behind the last one. Hardware 
queues, on the other hand, are fixed length as exem­
plified by a special shift register in which every new 
entry is inserted at one end from where it moves up 
to the forward-most empty position. 

Content-addressable memories (CAM's) are also 
well-known, but not so widely found, due to technologi­
cal limitations which are now being overcome. 

Queues and CAl\1's are not necessarily disjoint 
structures, but can be combined into one entity having 
both kinds of characteristics. As shown in Figure .1, 
this results in a wordwise 2-dimensional memory con­
sisting of a CAM with a queue behind every word. To 
enter a new item into the memory, the fronts of the 
queues (i.e., the CAM words) are associatively searched 
for a current entry having a key that matches that of 
the new item. If there is none, the new word is placed 
directly in a vacant CAl\1 slot. If a word with a match­
ing key is found in the front of some queue, the new 
item is entered into the rear of that queue and allowed 
to ripple forward. To read from the memory, the CAM 
is interrogated for a word with the desired key. If 
one is present, it appears on the output lines. If an 
entry is removed,the remaining words in the cor­
responding queue all move forward one position, filling 
the vacated CAl\1 position. 

INTERRUPT PROCESSOR ORGANIZATION 

For purposes of discussion, it is assumed that the 
IP is part of a 32-bit computer, and that it interfaces 
with both the Central Processor (CP) and the main 
memory. Only one CP is mentioned, but the IP is 
readily adapted to multiple CP's in the fashion de­
scribed in References 3 and 4, or 5. 

The basic Ip· configuration shown here provides for 
64 levels of priority with 16 hardware-identified sources 
per level, for a total of 1024 interrupts. This may be 



expanded in increments of 64 levels to a maximum of 
256 levels and 4096 interrupt sources. 

A block diagram of the IP is illustrated in Figure 2. 
The major components are a priority structure, a 
random access scratchpad, and a queued CA1\1. 

Priority logic 

A fully nested priority tree monitors the 64 to 256 
interrupt lines. This tree determines the order in which 
interrupts are accepted and stored for pror.essing, as 
contrasted with the program-controlled priority in 
which the stored interrupts are serviced by the CPo 

The priority logic incorporates a holding register 
that frees the device from having to maintain the 
interrupt signal. Also included is an arm register with 
a bit for each line which may be set and reset both 
unitarily and in groups. 

The highest priority line which is armed and active 
is encoded by the tree into an 8-bit binary number. 
This number is transferred to the Scratchpad Address 
Register (SAR) , and the corresponding 4-bit source 
identification code is stored in part of the queued CAlVI 
input data register. A latch is then set to return an 
acknowledge signal to the interrupting device. This 
latch also removes the interrupt line from the priority 
tree untiL the interrupt is reset by the device. 

Scratchpad 

The scratchpad is a high speed random access 
memory which contains one word for each of the 64 
to 256 interrupt lines. The words are 25 bits long and 
formatted as follows: 

I LEVEL POINTER 
o 8 24 

The 8-bit level field indicates the priority assigned to 
the associated interrupt line, and can be altered under 
program control. l\1ore than one interrupt line can be 
placed on the same level if desired, and under certain 
conditions the waiting requests from a given line may 
have more than one priority. 

The 16-bit pointer is used by the CP to form the 
address of the appropriate interrupt service routine. 
This frees the computer from having fixed interrupt 
entry locations in main memory. 

The E bit is both a unitary and group enable bit. 
Considered as part of a scratchpad word, it can be set 
or reset unitarily. However, the scratchpad is also 
sideways addressable in its least significant bit posi-
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Figure 2-Interrupt processor block diagram 

tion. Viewed together as a vertical word, the 64 to 256 
E bits are divided into 8-bit groups. Each group may 
be set to all ones or reset to all zeros according to the 
values of the corresponding bits in a 32-bit word sup­
plied by a CP instruction. Interrupt requests received 
on a line which is armed but disabled will be accepted 
and queued up, but will not be processed until the line 
is enabled. 

Scratch pad read requests come from either the 
priority logic or the queued CAl\1, with preference given 
to the latter in the event of conflict. In all cases, the 
scratchpad is addressed byline number. 

There are two means of altering the scratchpad's 
contents (in addition to the sideways addressabi1ity 
of all the E bits). A single word may be replaced, or 
any. sequence of contiguous entries may be reloaded 
from an image in main memory. In either case, only 
one CP instruction execution is required. During block 
updates, the boundaries of the affected area are de­
fined by a pair of 8-bit upper (ULR) and lower (LLR) 
limit registers. Once a transfer commences, the upper 
address remains fixed while the lower address is . in­
cremented as each new word is written. A comparator 
not only detects the end of the operation but also moni­
tors the scratchpad address register. All attempts by 
the priority logic and queued CAlVi to reference within 
the boundaries of the limit registers are subject to 
restrictions specified in the CP instruction which ini­
tiated the scratchpad modification. The scratchpad 
may be copied into main memory without imposing 
access restrictions on the priority logic and queued 
CAl\1. 

Queued CAM 

The heart of the IP is a queued CAl\1, as illustrated 
in Figure 1. It contains at least eight words of content-
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addressable memory, expandable in increments of 
four words to a maximum of 64. Every CAlVI word is 
backed up by an 8-word queue, each of which is in­
dividually expandable to 32 words in groups of eight. 

Each CAl\1 word and its affiliated queue is dedicated 
to a particular interrupt level as long as that level is 
armed and has an active or waiting interrupt request. 
l\1ultiple interrupts on a single level, whether from the 
same or different sources, are lined up in the queue for 
that level in order of occurrence. Thus, the CAl\1 size 
represents the maximum possible number of simul­
taneously active levels, and the length of a given queue 
represents the maximum possible number of simul­
taneously active sources at that level. The relation­
ships between these figures and the number of 
implemented interrupt levels are parameters depen­
dent on the specific system application and performance 
requirements. 

Each queue entry is 21 bits wide with the following 
format: 

[ LEVEL I LINE 
o 8 16 20 

The priority level is obtained from the scratchpad; 
the line number and source identification (ID) are 
received from the priority logic. The F (Filled) bit is 
set if the word contains meaningful data, and is the 
mechanism by which entries are automatically shifted 
forward in the queue. When a word is accessed in the 
CAl\1, it may remain there or it may be deleted by 
resetting its F bit. 

The CAl\1 entries are 23 bits wide, as follows: 

I LINE 
o 2 10 18 22 

The R (Running) bit being set signifies that the 
service routine for this level has been activated in the 
CPo The E (Enable) bit in the CAM is updated as 
each new request enters the CAlVI and whenever its 
counterpart changes in the scratch pad. The other 
fields are the same as in the queue. 

Almost all searches in the CAM are conducted on 
the level field (or the combined E and level fields), 
which eliminates the possibility of multiple-matches 
since CAl\1 entries are uniquely allotted on the basis 
of priority level. The CAM may be interrogated by 
line number in order to clear the waiting interrupt 
requests generated by a particular line. It is possible 

to get multiple matches in this situation if the priority 
of the specified line has been recently changed. How­
ever, the mUltiple matches are 6f no consequence since 
they are all simply cleared. When the CAM F bits are 
associatively tested to locate a vacant CAM word, 
the choice among multiple candidates is made by logic 
which selects the responding location having the 
highest conventional address. 

When the CAl\1 is interrogated on the juxtaposed 
E and level fields, what is sought is not an exact match 
as in other cases, but rather the word having the largest 
numerical value in those fields. This process is accom­
plished in the fashion described in Reference 6. 

INTERRUPT PROCESSOR OPERATION 

IP operation can be divided into three independent 
phases: auxiliary functions such as changing the 
scratchpad contents (described earlier) or arming and 
enabling interrupts; inputting interrupts to the queued 
CAlVI; and outputting service requests to the CPo 

Arming and enabling interrupts 

Interrupts are armed and enabled by line number 
rather than level since priority levels are program­
assigned. Interrupt lines may be armed, disarmed, 
enabled, and disabled both unitarily and in groups. 

Unitary arming and disarminv, is accomplished with 
the arm register in the priority logic. The arm register 
bits are individually addressable and may be altered 
by transmitting one or more words from main memory. 

The arm register can also be controlled in 8-line 
groups. Each 8-line group is represented by a single 
bit in a 8-bit (for the minimum 64-line configuration) 
to 32-bit (for the full 256 lines) control word. This 
allows all 32 8-line interrupt groups to be armed and/ 
or disarmed in any combination with a single CP 
instruction execution. 

Interrupts are enabled and disabled both unitarily 
and in groups through the scratchpad (and indirectly 
through the CAlVI). The scratchpad entry for each 
line includes an Enable (E) bit, so unitary enabling 
and disabling is performed by rewriting scratchpad 
words as described earlier. 

Since the scratchpad is also sideways addressable 
in its LSB position, all 32 8-line interrupt groups can 
be enabled and/or disabled in any combination with a 
Bingle CP instruction execution. 

The Enable (E) bit in the CAM is updated whenever 
its counterpart in the scratchpad is altered. If a word 
is changed in the scratchpad, its line and level fields 



are used to search the CAM for a corresponding entry. 
If one is found, its E bit is modified to agree with the 
new value of the scratchpad E bit. In the case of a 
group operation on the combined scratchpad E bits, 
all those levels in the groups affected by the instruc­
tion would be subject to inspection. 

Since the IP components function autonomously, 
facilities are available to provide program control over 
the activity of those lines whose parameters are being 
altered in. the scratchpad and the arm register. The 
modifications (such as enable/ disable, arm/disarm, 
priority reassignment, or a new pointer) are immediate­
ly reflected in any waiting requests. Alternatively 
these requests may be cleared, the modification taking 
effect only with subsequent new interrupts. The CP 
instructions which incur these changes include the 
capability to specify the following modes of operation: 

a. Normal operation-the queued CAlVI con­
tinues to accept and process interrupt requests 
on all armed lines as usual. 

b. Clear affected entries-each line changed in the 
scratchpad or arm register is looked up in the 
CAM, and if found the corresponding queue is 
completely cleared. 

c. Hold all inputs-the queued CAlVI continues 
to process the waiting interrupt requests, but 
no new requests are accepted on any lines until 
all initiated changes have been completed. This 
is accomplished by inhibiting the priority logic 
response to interrupt signals. 

d. Hold affected inputs-the queued CAl\1 con­
tinues to process the waiting interrupt requests, 
but no new requests are accepted on any lines 
for which changes have been initiated but not 
completed. A comparator on the scratchpad 
address register causes those lines which fall 
between the current values of the scratchpad 
upper and lower limit registers to be considered 
disarmed. 

e. Hold all outputs-the queued CAl\1 continues 
to accept new interrupt requests, but no further 
CP service notifications are made for any lines 
until all initiated changes have been completed. 

f. Hold affected outputs-the queued CAM con­
tinues to accept new interrupt requests, but 
further CP service notifications are made for 
lines for which changes have been initiated but 
not completed. The scratchpad address register 
comparator inhibits the IP from signaling. the 
CP in response to interrupt requests on those 
lines which fall between the current values of 
the scratchpad upper and lower limit registers. 
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Any request which is inhibited this way also 
blocks all lower priority requests. 

These CP instruction options are coded to allow 
combinations of input/ output modes. The "hold" 
modes are applicable principally to cases where the 
scratchpad is being loaded from an image in main 
memory, or where a group enable in the scratchpad 
causes several CAM updates. 
input/output modes. The "hold" modes are applicable 
principally to cases where the scratchpad is being 
loaded from an image in main memory, or where a 
group enable· in the scratchpad causes several CAl\1 
updates. 

Detecting and acknowledging interrupts 

When an interrupt signal is detected, it is loaded 
into the appropriate bit of the holding register. If the 
line is armed, it is gated to the priority tree where the 
highest priority line is encoded into an 8-bit scratchpad 
address. The source ID is stored in the queued CAl\{ 
input data register, an acknowledge signal is returned 
to the device, and the line is disconnected from the 
priority tree until the interrupt is reset. Since the 
scratchpad gives precedence to the queued CAl\{, the 
priority logic may have to wait one cycle for service. 
When access is granted, the program-assigned priority 
level is retrieved and included with the source ID and 
line number in the queued CAl\1 input data register. 

Storing and scheduling interrupts 

The word in the input data register is entered into 
the queued CAM by first associatively checking the 
level of the new interrupt request against those already 
there. If a match is found, this level is already as­
signed to a word in the CAl\{, and the new request is 
loaded into the rear of the corresponding queue. If 
there is no match, the request is placed in a vacant 
CAM slot. The CAM is then associatively searched 
for maximum on the combined E and level fields. If 
the entry retrieved is enabled but inactive (i.e., E set 
and R reset), the CP is trapped to initiate the new 
routine. Otherwise, no further action is necessary. 

Any time that data entry is attempted and the CAM 
or queue is filled, a high priority executive trap occurs 
in the CP. The supervisory software then may arrange 
to simulate a portion of the queued CAM in main 
memory to handle the overflow at reduced rates, or 
it may decide to reduce the I/O traffic to within the 
queued CAlVI's hardware capabilities. 
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Initiating CP service 

There are three conditions under which the IP 
notifies the CP to initiate the processing of an inter­
rupt service routine. The first occurs when a new inter­
rupt request being loaded into the CAM is both enabled 
and higher priority than the currently· active request. 
The second case is when the CP enables a level which 
is higher priority than the currently active level and 
which has a request pending in the CAlVI. Last is the 
completion of a higher priority interrupt routine when 
a lower priority request is enabled and waiting. 

When one of these events occurs, the relevant line 
number from the queued CAlVI is put in the scratchpad 
address register. When access is granted, the IP signals 
the CP, sending it the priority level, source ID, and 
service Toutine pointer. These parameters presume a 
software supervisor in the CP, but are rea,dily ex­
tended to interface with hardware-resident schedulers. 5 

Terminating C P service 

When execution of an interrupt service routine is 
completed, the CP returns the priority level of that 
routine to the IP. The corresponding CAM: entry is 
deleted by resetting its F bit, allowing any pending 
request in the queue behind it to move into the va­
cated position. The E bit of the new request is updated 
from the scratchpad, and a new associative search for 
the highest priority waiting request is then initiated 
as described earlier. 

Interrupt processor implementation 

The IP consists primarily of memories which are 
inherently regular and thus readily lend themselves 
to economical batch fabrication. Implementation is 
entirely feasible with the level of integration available 
today in TTL, and will be further facilitated by im­
pending improvements in semiconductor technology. 

An lVISI 8-input priority encoder circuit simplifies 
the task of detecting and recognizing interrupts. Three 
levels of these encoders are cascaded to attain the maxi­
mum 256-line fan-in. A high speed multiplexing scheme 
could be employed instead of the priority logic since 
both approaches establish a somewhat arbitrary order 
in which interrupts are accepted and stored. However, 
cost/performance tradeoffs favor the hierarchical 
technique with the logic functions currently available. 

The scratchpad is conveniently constructed from 
internally decoded ·64-word by 4-bit random access 
memory modules. The associated address, data, and 

limit registers, as well as the comparator, are also com­
posed of standard MSI circuits. 

A substantial reduction in hardware was achieved 
by adapting the CAlVI to take advantage of an existing 
associative memory element. Six of these4-word by 
4-bit blocks are needed for every 4-word by· 23~bit 
CAM increment, plus some auxiliary logic to tie them 
together. The auxiliary logic would be included on 
the chip if a custom LSI circuit were fabricated for 
this application. 

The 8-word by 21-bit queue behind each CAlVI po­
sition comprises sixteen 10-bit register packages plus 
a more general 8-bit register for the F·· bits. Again, the 
extra logic needed· could be integrated into a special 
queue module. 

Control and interface logic constitutes the remainder 
of the IP, or about 10 percent of the total hardware. 

A maximum 256-line configuration having a 32-
word CAlVI with 8-word queues consists of under 1500 
IC's. Maintaining the same relative sizes of the CAM 
and the queues, a minimum 64-line IP would include· 
only about 500 IC's. This suggests that even an ex­
panded IP could be purchased for less than the price 
of a conventional I/O channel on many computers. 
The probable impact of eventual LSI implementation 
would be to reduce the chip count by at least an order 
of magnitude. 

INTERRUPT PROCESSOR PERFORMANCE 

There are four criteria commonly used to judge the 
performance of an interrupt system: reaction time, 
overhead, optimum priority response, and saturation.2 

Reaction time is the time between the occurrence of an 
external interrupt signal and the commencement of 
the first useful instruction in response to that signal. 
(This interrupt is understood to require that the CP 
pursue a higher priority task than is presently under 
way.) A maximum of 5.0 microseconds elapse in a 
256-line IP from the moment an interrupt occurs until 
the CP is notified. This period is nominally 2.5 micro­
seconds but the higher figure arises from worst case 
synchronization of the . priority logic. Subsequent 
interrupts can be accepted by the IP every 1.4 micro­
seconds· and can also be sent to the CP at the same 
speed. The remainder of the computer's reactio.n time 
will be contributed by status preservation activities 
in the CP. A contemporary machine having a multi­
level priority structure may be able to alert the CP 
this quickly, but it cannot so easily divorce itself from 
the CP's participation. When the liabilities of con­
ventional interrupt hardware are compensated for in 



the software, the supervisory bookkeeping can far 
outweigh the hardware delays. 

Similar considerations apply to the interrupt com­
pletion procedure which is the second half of the inter­
rupt system overhead. This overhead is defined as the 
difference between the time needed to completely 
process the incoming request and the execution time 
of all useful instructions. No more than 1.4 micro­
seconds transpire when a 256-line IP terminates 
an interrupt, for a total IP overhead of 2.8 microseconds 
per complete interrupt cycle. Thus the IP can support a 
sustained throughput rate of almost 400,000 inter­
rupts per second. Additional overhead factors in the 
machine are diminished by the power of the IP, but 
will be determined by the integrated hardware and 
software design of the CP's executive structure. 

The independence of the IP's input and output 
functions implies occasional conflicts in accessing 
the scratchpad. These are resolved in favor of the 
queued CAM but the priority logic will not have to 
wait more than one scratchpad cycle since the CAM: 
cannot supply consecutive CP service requests at 
the scratchpad cycle rate. In the worst case only one 
scratchpad cycle time (about 50 nanoseconds) is 
added to the IP input time. 

The priority logic and queued CAM must also con­
tend with occasional scratchpad updates by the CP. 
This is the lowest priority scratchpad function unless 
the acting CP instruction specifies one of the hold 
modes during updating. However, some interference 
may be precipitated by examination/modification of 
the CAlVI E bits as a result of scratchpad E bit changes. 
This alteration occurs in one CAlVI cycle time (about 
100 nanoseconds) per affected entry. 

Optimum priority response is a measure of the extent 
to which the computer is always executing the most 
important task as determined by the environment. 
The utilization of an autonomous IP for centralized 
control of interrupts assures that the other system 
processors are always devoted to the highest priority 
jobs without diverting their efforts to evaluate and 
manipulate interrupts. 

To maintain accuracy in the priority scheduling, it 
is necessary that the lines which require very fast 
reaction time be attached to higher positions in the 
priority tree. Once in the queued CAl\1, all interrupts 
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are served on the basis of their program-assigned 
priorities. 

Saturation occurs when the system cannot respond 
quickly enough to all of the interrupts causing some 
of them to be disregarded. Protection against this is 
inherently supplied by the queuing that occurs in the 
IP. 

CONCLUSION 

A unique Interrupt Processor has been described which 
uses hardware to perform many of the interrupt han­
dling functions heretofore dealt with by software in 
large on-line multiuser systems. The operation of this 
unit has been described and a brief look at its imple­
mentation and performance has been given. 

The most significant aspect of the IP is the queued 
content-addressable memory which provides an effi­
cient interrupt organization and storage facility. This 
queued CAl\1 concept should also prove to be highly 
effective in many other hardware solutions to super­
visory system problems normally handled by software. 

REFERENCES 

1 S ROSEN 
Hardware design reflecting software requirements 
Proc FJCC 1968 pp 1443-1449 

2 E R BORGERS ' 
Characterics of priority interrupts 
Datamation June 1965 pp 31-34 

3 R J GOUNTANIS and N L VISS 
A method of processor selection for interrupt handling in a 
multiprocessor system 
Proc IEEE December 1966 pp 1812-1819 

4 R J GOUNTANIS and N L VISS 
Methods of interrupt routing in a multiprocessor system 
IEEE Twin Cities Section November 1967 

5 B W LAMPSON 
A scheduling philosophy for multiprocessing systems 
CACM May 1968 pp 347-360 

6 M H LEWIN 
Retrieval of ordered lists from a content-addressed memory 
RCA Journal June 1962 pp 215-229 

7 J G BENNET 
Letter 
Datamation October 1965 p 13 

8 R V BOCK 
An interrupt control for the B5000 data processor system 
Proc FJCC 1963 pp 229-241 





A language-oriented computer design* 

by CLAY McFARLAND 

First Business Computing Corporation 
Dallas, Texas 

INTRODUCTION 

Learning to program in a general-purpose, high-level 
language is a formidable task for a person who simply 
wishes to use the computer to solve his problems. He 
must learn how to express his problems in algorithmic 
form in the language, the constraints and idiosyn­
crasies of the language, and the mechanics of running 
a program on his computer. If he wishes his programs 
to be efficient, he must learn which constructions in the 
language use the machine effectively and which do not. 
This is complicated by the unpleasant fact that effec­
tiveness in the language may not correspond to effec­
tiveness in the machin~. A concise, well constructed 
statement may use much more machine time than an 
ungainly structure that does the same thing. 

Part of this learning process is quite beneficial; for 
example, being forced to state a problem precisely 
enough for a computer solution can cause a significant 
increase in understanding of the problem. System pro­
grammers can ease the user's task by providing a 
language whose terminology is close to that of the types 
of problems to be solved, or by constructing a simple 
job-control language. Difficulties in using computers 
are often the result of either poor system design or a 
mismatch between the language and the computer 
being used. Thus, while it is the user's responsibility to 
produce good algorithms for solving his problem, he is 
entitled to assume that a good construction in the lan­
guage he is using will produce an efficient program in 
the machine. 

Computer users can be roughly divided into four 
classes: 

1. Non-programmers 
2. Occasional users 

* A portion of this research was supported by Air Force Avionics 
Laboratory Contract F-33615-68-C-1682, at Texas Instruments, 
Inc., Dallas, Texas. 
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3. Professional programmers 
4. System implementors 

Historically, very little has been done to make the 
computer usable "by class 1 and class 2 users; question­
naire programs and languages such as JOSS and a sub­
set of APL are changing this to some degree. Computers 
and systems have traditionally been more or less 
optimized for the class 3 user, although this is prob­
ably accidental in most cases. Historically, the only 
consistent optimization has been the minimization of 
machine hardware. 

Unfortunately, on most systems the class 4 user is 
forced to design his structures using bits and fields in 
machine words, and to design his systems to be written 
in assembly language. Special languages such as APL, 
LISP and the various compiler-writing languages have 
been developed for this user, but these languages have 
been designed for a narrow range of information struc­
tures and a slightly wider class of problems. The only 
general-purpose languages that have met the needs of 
the sophisticate~ user are Burroughs extended ALGOL 
and PLjI. While it is feasible to write an operating 
system in PLjI, there has been a large loss in efficiency; 
this loss is justifiable only in a system of the order of 
magnitude of MULTICS, which simply could not have 
been written in assembly language. Systems written 
in extended ALGOL, on the other hand, are among the 
most efficient in existence. Table I shows the results 
of a comparison between the Burroughs B5500 and 
IBM 360 j 40 for an ordinary numerical problem. The 
test was run by W. M. McKeeman. The reason for this 
performance difference is straightforward: the structure 
of PLjI does not match the structure of either System 
360 or the GE 645, 'while the Burroughs machines 
faithfully mirror the structure of extended ALGOL. 

This last class of user is often producing systems that 
will be used by many other users of all classes. It is 
therefore of primary importance to optimize the ma­
chine hardware for this user. To do this, the hardware, 
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TABLE I-Operating System Comparison 
Burroughs B5500 vs IBM 360/40 

B5500 (ALGOL) 
360/40 (PL/I) 

B5500 
360/40 

Debug 

2 days 
2 months 

Memory Cycle 

6,us 
2.5,us 

Read 

< 1 sec. 
22 sec. 

operating system, and primary languages of a system 
should be designed as a unit. This implies that machine 
hardware should be designed to make it very easy to 
produce powerful programming languages, arid to allow 
the production of an operating system that presents a 
simple, understandable face to the user. The hardware­
language-system combination should be designed to 
minimize the total cost of production of the application 
programs of the class 3 user; this cost includes pro­
gramming time, machine time, and the cost to a project 
to any delays in debugging, etc. As a side effect, a 
system designed in this way will provide aid and com­
fort to the class 1 and class 2 users by reducing the 
cost of their answers. 

The hardware in a total system design would have 
the following characteristics: 

1. Information structures used by class 3 and class 
4 users would be basic structures accessible to a 
machine language; operators normally used on 
these structures would be built in as machine 
instructions. 

2. Control flow and data access methods in the 
machine would be the same as in its basic lan­
guages and its operating system. 

3. The system would perform implicit functions 
for users, but would avoid producing unexpected 
side effects. Further, any implicit functions could 
be overridden by the user. In other words, the 
system would appear simple to the casual user, 
and as complex as desired to the sophisticated 
user. 

The remainder of this paper will describe a language 
and computer structure designed to lfleet the criteria 
discussed above. The programming language for the 
system is called simply "the programming language" 
(TPL); the comput.er system is named the Hydra. 

Compile Link-Edit Run 

3 sec. none 7 sec. 
180 sec. 69 sec. 22 sec. 

Word Length Floating Multiply 

48 bits 30,us 
16 bits 80,us 

Both the computer and language are experimental and 
in a state of continual change. The system is described 
as it is conceived at this writing. 

TPL 

The aim of the TPL design is to produce a language 
that will be an aid to the programmer in thinking about 
his problem and the processes he is using to solve the 
problem. Our purposes are quite similar to those of the 
ELF project of Cheatham, Fischer and Jorrand. 3 How­
ever, we are not constrained, as they were, by the neces­
sity of producing a language compatible with current 
computing systems. Many of the constructs in TPL 
are the same as or similar to the corresponding BASEL 
(the base language of ELF) construct, but the parts of 
the languages that deal with their machine environment 
are quite different. The operator structure of TPL is a 
generalization and expansion of the Iverson notation 
data operators9 and the control operators of EULER18 
and Linear C.ll The data operators are essentially those 
in the appendix of A Programming Language, and the 
control operators have been extended to all compatible 
data structures. 

Several departures from the traditional structure of 
expression-oriented languages have been made. 

1. The go to operator has been eliminated. This 
should make programs easier to read and good 
programs easier to construct. Without the go to, 
labels are unnecessary, and without labels the 
syntactic type (statement) is unnecessary. 

2. The assignment expression has been restricted. 
An assignment can change the value of vari­
ables defined in its block at its own level and no 
others. 

These t.wo changes have many good effects. Their 



only bad effect is making coroutines more difficult to 
construct (though possibly easier to understand after 
they are constructed). Although programming without 
go to's is unnatural when first tried, the resulting pro­
grams are invariably superior in both structure and 
readability to conventional programs. 

3. A process is a basic data type, and includes the 
concepts of macros, subroutines, and procedures. 
Functionally, these structures differ only in 
binding their variables to a fixed reference at 
compile-time, load-time and run-time, respec­
tively. The differences in binding time can be 
explicitly controlled by the programmer. Pro­
cesses can be called implicitly, i.e., 

A+-B+C 

where B is type real and C is type process, would 
cause C to be executed and the value it returns 
checked for compatibility with B. If it were 
compatible, A would be marked defined, and as­
signed the value and attributes of the result. If 
the value of C werE~ a process, it would be exe­
cuted, and so on. 

4. The operator-operand structure of TPL is quite 
regular. Operators are valid only for strictly 
compatible data types (i.e., ">" and "<" are 
not defined for logical variables, true is not 
equivalent to the number 1, etc.), although ob­
vious automatic conversions such as integer to 
real, real to complex, etc., are provided. If an 
expression is valid, it remains valid if variables 
of any structure class are replaced by 
A. A process, block, or expression whose value 

is a variable of the same type. 
B. An implicit process call, if a variable of type 

process is not compatible. 
C. A variable of a different structure class that 

is compatible mathematically with the ex­
preSSlOn. 

The strict application of (3) and (4) create some 
collisions. For example, suppose we write 

a+-begin new c ... end 

and we want a to be type process, with the value given 
by the program on the right of the assignment. How­
ever, the program will be executed and its value assigned 
to a. To allow the former option, we have added an 
operator, " ... ," which protects its operand from im­
mediate execution. The statement 

a+-"begin new c, ... end" 

would produce the former result. 
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Program structure 

The syntax for TPL is shown in the Appendix. In 
TPL, declarations are expressions to be evaluated at 
compile-time. A simple declaration, such as 

new b, 

establishes the scope of b as starting with the block 
containing the declaration; storage for b will be allo­
cated when b is given a value, and freed when the block 
is no longer active. If a value or attributes are assigned 
to a variable, as 

new integer c+-6, 

storage is allocated for c when it is given a value (in 
this case, at compile-time), and freed when the main 
program of which c is a part is no longer active. 

Expressions that are not part of declarations are 
evaluated and replaced by their value as soon as their 
variables become fixed in value. If an expression's vari­
ables are fixed at compile-time, the expression functions 
as a macro. The only explicit transfers of control in 
TPL are a repeat operator, which repeats the innermost 
block or compound expression in which it is imbedded, 
and an exit, which causes execution to resume at the 
first instruction past its block or compound statement. 
Every expression in TPL has a value, which is placed 
on top of a system-value stack. Operators manipulate 
the stack implicitly, and the top of the stack (the value 
of the last expression) can be referenced explicitly with 
the reserved identifier sysval. An expression can be 
terminated with a semicolon, colon, or period, which 
respectively throwaway, save, and execute the system­
value. 

Figure 1 is an example of an ALGOL-like TPL pro­
gram, the Euler precedence parse. This is an exact copy 
of the Euler algorithm as presented in Part I of (15), 
with precedence relations represented correctly as 
matrix· entries. The program in Figure 2 improves on 
the algorithm by producing a vector of character vec­
tors, eliminating the necessity to scan both forward and 
backward for relations. The program in Figure 3 is the 
same as in Figure 2, but it uses the implicit TPL value 
stack to avoid explicit temporary storage. 

Data 

Each data item in a TPL program has a value and 
several attributes, including data type, structure class, 
defined, size, length, etc. The data types currently al-
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begin new vector 5i new integer ii ji ki 

(1) 5~P[O]i i~Oi k~l; 

(2) While p[k] " '.L' do 

(3) 

(4) 

end 

(i~j~i + 1; s[i]~p[k]; k~k + Ii 

while m[s[i] : p[kl]= 3 do 

(while m[s[j-l]; s[j]]= 2 do j~j-li 

s[j]~leftpart (w(i-j+l)/S)i i~j; 

1. Initialize string indices 

2. until end symbol (L) increment pointers to 

s get next input symbol, increment input index. 

3. Perform the next statement only if sri] ~p[k] 

4. Back up j to last <., reduce resulting string, 

reset i. 
Relations in Figures 1,2,3 

are coded 

<. = 1 

~ = 2 

to> = 3 

Figure l-The EULER parsing algorithm 

lowed in TPL are: 

1. Logical 
2. Integer 
3. Real 
4. Character 
5. Reference 
6. Process 
7. Pattern 
8. Mixed. 

The first four types are conventional. A variable 
of type reference simply points to another variable. A 
variable of type process is a macro, subroutine, or pro­
cedure. A variable of type pattern has attributes but no 
value, and is used in creating other similar structures. 
A mixed variable is a structure other than scalar where 
the elements may vary in type. These types may be 
expanded (although not necessarily in TPL itself) to 
include other types desired by the programmer. 

The structure classes currently allowed in TPL are: 

1. Scalar 
2. Vector 
3. Matrix 

4. Array 
5. Tree 
6. List 
7. Set. 

l\1: athematic ally , there is a lot of redundancy in 
this set of structures, but the redundancy mostly 
disappears when the machine and operating system 
in which the language is imbedded are considered. For 
example, a matrix may be sparse or triangular, and the 
storage allocation may differ for these special cases. 
A set is a collection of elements with no implication 
as to ordering or any other relationship between the 
members of the set. A set is stored in lexical order to 
make set operations more convenient. A tree is stored 
in end-order with an index, and storage allocation 
methods for a list have special provisions for self­
containing lists, etc. 

Each variable has a definition attribute. A scalar 
may be defined or undefined; a variable with more than 
one element may also be partially defined. Other at­
tributes are length of each element of a variable in 
units appropriate to the variable, size of each dimen­
sion .of a variable, and various special attributes for 
variables of type process. 

(1) 

(2) 

(3) 

(4) 

begin ~ vector Si integer ii ki Xj 

end 

~ parse~"~ x~m[w(l)/s[i-l]: s[i]] of 

i+i + Ii 

s[i-l]+-s[.i-l], sri] j 

(s[i-l]+leftpart (s[i-l])j i+i-lj) 

end 

if x = 3 then repeati" 

S+P[O]i i+li k~lj 

While k<size p do 

(s~s, p[k]j parse. k+k+lj) 

1. parse is a case statement on the precedence 

relation code 

2. ~, leave symbol as a single vector element, 

increment pointer 

3. ~, concatenate symbol with previous vector 

element 

4. 0, s[i-l] can be replaced with its leftpart 

(the case is then repeated to compare s[i-2] 

and leftpart (s[i]). 

Figure 2-Modified EULER parsing algorithm 



. Attributes are manipulated both implicitly and 
explicitly. Any operation includes checking of its 
operands to insure that they are compatible with 
the operation, and any conversions that may be neces­
sary. In 

a+-b+c 

where b is real, c is integer and a is undefined, the system 
will floatc, add the result to b, allocate storage for a, 
store the result of b+c in a, and set a to defined, real. 
If c were type logical, an exit would be taken to the 
currently active error procedure. At the system level, 
an error- and interrupt-handling procedure is prede­
fined. The programmer can change this for any block 
by writing 

error+-thiserr 

and defining thiserr to be any error-handling mechan­
ism he wishes. Error-handling procedures have access 
to all system parameters and to an error vector which 
indicates the error or errors that have occurred. The 
programmer can also directly access attributes by 
writing 

s'lze (a) (a structure containing an integer for 
each dimension of a), 

length (a[iD (an integer), 

defined (b) (a logical variable), etc. 

In general, an attribute for a structure will be a struc­
ture of the same class (except for size, which is always 
a vector). If an attribute is uniform throughout a struc­
ture, it will belong to the same class as the structure 
but will have only one element. 

Any attribute of any variable defined in an active 
block is available to the programmer, but the memory 
address of a variable is never available. If a block is 
not active, access to its variables can be allowed by 
setting up a chain of variables of type reference going 
up the program tree structure, and procedure calls 
going down the tree structure. Any block can reach 
any other block, but only through a strictly regulated 
transfer of information. This structure more or less 
forces operating systems written in TPL to be of the 
type proposed by Dijkstra.5 In fact, an operating 
system is being designed in conjunction with the 
language and machine, called the TPL-Hydra-Operat­
ing System Environment (the THOSE mUltipro­
gramming system). 

Some interesting games can be played with the defini­
tion attribute. If a structure is partially-defined, it will 
have a map of identical structure to it containing the 
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begin ~ t; x; y; k; 

(1) next+"y+if x = 3 then t e·lse (k+k+l; p[k])" 

(2) p[O]: k+l; x+l; 

~ k<size p do 

(3) ~ x+m[w(l)/sysval: next] of 

(4) y: 

(5) sysval, y: 

(6) t+leftpart(sysval) 

end 

end 

1. next gets the next test symbol and saves it 

in y 

2. Place p[Ol on top of stack, initizlize indices 

3. Find relation code of last element of vector 

on top of stack, save in x. 

4. Place symbol on top of stack 

5. Concatenate symbol with top of stack 

6. Save leftpart of string on top of stack in t, 

then pop stack. 

Figure 3-Modified EULER parsing algorithm using implicit stack 

definition status of each element. Consider the situa­
tion where we are writing a program to define a struc­
ture element by element, and we have several al­
gorithms for defining elements. Each algorithm may 
be recursive or iterative, and may define some unknown 
number of elements on each pass. We can call each 
algorithm in succession, with the exit condition from 
the algorithm being a comparison between the number 
of defined elements before a pass and after a pass. 
This allows the programmer to say, in effect, "Do this 
until it doesn't do any more good." 

Any of the complex structures in TPL may contain 
any arbitrary collection of other structures as elements. 
It is possible, for example, to have a vector whose ele­
ments are trees of processes. 

Operators 

The basic operator set of TPL is that contained in the 
Iverson notation.9 All the Iverson data operators 
are included, but the operators on the program stream 
are written quite differently. 

The inclusion of the process as a basic data type 
allows the Iverson data operators to be used for con-
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trol operators. For example 

1. if u then b else c 
is equivalent to 

2. /c, u, b/ 
and 

3. case d of (Sl; S2; Sa; S4;) 
is equivalent to 

4. x [d], x = (S1, S2, Sa, S4). 

The more familiar operators were included for two 
reasons. First, the data structures must sometimes be 
expressed differently; in (1) band c could be vectors 
and u scalar boolean, while in (2) band c would have to 
be one-element vectors with vector components to 
be compatible with u being scalar boolean. Secondly, 
readability of programs is usually better with the con­
trol operators written out, and many programmers 
will find this notation easier to think in than the more 
abstract Iverson forms. 

One departure from Iverson that must be allowed 
for is the incompatibility of integer and logical variables. 
The compatibility of integer and logical causes anom­
alous results in Iverson, PL/I and other languages. 
As Cheatham noted, the PL/I expression 

7 <6<5 «/(7,6,5) in Iverson) 

has the value true (1 in Iverson), which is certainly 
not what one expects. In TPL, 7<6<5 will produce 
an error, since (7 <6) is logical and 5 is integer. How­
ever, the epxression 

</(7,6,5) 

is defined. A reduction with a type-changing operator­
operand combination such as a relational and integers 
is defined differently. For example, if R is any rela­
tional and the vector to be reduced is not logical, 

R/(V1, V2, ... Vn ) = 

(V1RV2) J\ (V2RVa) J\ ... (Vn- 1RVn). 

This produces the value one expects, i.e., false for 
</(7,6,5). 

The Iverson principle of extending scalar operands 
to vectors and matrices, etc., is followed with respect 
to the control operators. In the expression 

if <expression-l>then <expression-2> else 
< expression-3 > 

< expression-I> may have any structure of booleans 
as a value. The structure of the values of < expression-
2> and' <expression-3> must be the same as that 
of < expression-1 >, (if < expression-1 > is not a 
scalar boolean), and the if operator is applied to cor­
responding elements of the structures. 

In the expression 

case (index-valued-expression) of (expression-list) 

the expression operand may have any structure, and the 
value of the case is a structure of the same class as the 
(index-valued-expression), with the indices replaced by 
the corresponding members of the (expression list). 
Similarly, any structure class can be executed, so long as 
all elements of the structure that are actually executed 
are of type process. Likewise, for and while operators 
may have compatible structures as their operands. 

In all instances where these structures are composed 
of processes to be executed, there is a question of order 
of evaluation of the elements of the structure. The rules 
for each structure for evaluation order are as shown 
below. 

Structure 

vector 
matrix 

array 

tree 
list 
set 

Order of Evaluation 

left to right 
left to right on rows, top to bottom 

on columns, no other implied order 
(i.e., a12 and a21 have no implied 
order). 

low indices to high indices on each 
dimension, no further implied 
order. 

pre-order 
pre-order 
no implied order 

In all cases where there is no implied order, there is, 
of course, a further implication that the processes can 
be executed in parallel. 

THE HYDRA COMPUTER 

Introduction 

ALGOL-like languages have many features in com­
mon which are not adequately supported by conven­
tional hardware. Among these features are 

1. Run-time binding of variables, including dy­
namic storage allocation. 



2. Procedure calls, particularly recursive calls and 
procedures which have variable-size arrays as 
formal parameters. 

3. Block structuring, which requires a subroutine 
call for begin and end statements on conventional 
machines. 

Since TPL allows the type and structure class of a 
variable to vary dynamically, it requires even more 
run-time checking than ALGOL or PL/I. The class of 
problems for which TPL would be an effective language 
is therefore quite small on a conventional. machine. In 
order to make TPL (and other ALGOL-lIke languages) 
effective, the host machine must be. designed to pro­
vide hardware support for the features described above, 
as a minimum. 

Run-time binding of variables impiies the need for 
descriptor information associated with each variable. A 
variable's descriptors should be modified automatically 
by the system, and the descriptor information should 
be available to the programmer. For maximum ef­
ficiency, descriptors should be kept in a fast register 
descriptor file while a variable is active. Descriptor 
manipulating routines can be hard-wired, as in the Bur­
roughs B6500-7500 machines,2 or microprogrammed, as 
in the 360 implementation of Euler.17 Dynamic storage 
allocation should be done interpretively; producing the 
code in...,line, as is done in some PLjI implementations, 
slows down the compiler drastically. Storage allocation 
can be done much more efficiently in microcode than 
with higher-level machine instructions. It would seem 
that a system must have at least its basic allocation 
routines microcoded to be really efficient. 

Procedure calls can be handled quite easily with a 
hardware program stack, as in the Burroughs machines. 
The stack maintenance routines must be either hard­
wired or microcoded ; machine instruction subroutines 
will lose most of the speed gained by putting the stack 
structure in hard ware. 

The necessity for subroutines to implement block 
structuring of programs is partially eliminated by the 
program stack. The remainder of the block mechanism 
is handled by coding each variable reference as a two­
component address of the form 

(level, variable number). 

The level number is used to get a pointer into a de­
scriptor file from an address table, as shown in Figure 4. 
The variable number is then used. as a displacement 
from. the pointer. 

Several other forms of hardware support for TPL 
are desirable. Run-time optimization of programs al-
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LEVEL 0 
1 0 DESCRIPTORS 

"'-
I 1 

, - LEVEL 1 
1 2 \0. 

r 

0 2 ............. LEVEL 2 

~ (ACTIVE) .. 
A DDRESS TABLE 

LEVEL 2 
(INACTIVE) 

DESCRIPTOR FILE 

Figure 4-Descriptor addressing 

lows programmers to express algorithms in a natural, 
readable manner and have them executed in an efficient 
manner. The producti()n of code from compilers is 
also much easier if run-time optimization is done. A 
hardware mechanism to allow user-defined structures 
and operators without machine-language subroutines 
is also desirable. This would be implemented most 
flexibly with a writeable control store, but it is feasible 
to consider· hard-wired extensions if an operator or 
structure is to be used often in a machine's job load. 
Finally, parallel . (or at least partially overlapped) 
operation of checking and operand location with nor­
mal execution is desirable. This parallelism is particu­
larly desirable since TPL contains many complex 
operators which will require long execution times. If 
the operations in a program are sufficiently complex, 
i,he operand checking and locating features may run 
With no overhead at all. 

Processor organization 

The Hydra computer has been designed to provide all 
of the hardware support features described in the last 
section. It is felt. that the projected relative costs for 
hardware and software during the next few years justify 
including all desirable software support features in the 
machine hardware. Another design feature is the maxi­
mum use of microprogramming in the system. This was 
done for two reasons. First, microprogrammed as op­
posed to hardwired implementation replaces random 
logic with more regular memory hardware structures. 
It appears that the greatest cost savings available from 
MSI and LSI techniques will result from the use of 
regular structures, such as memories. The cost and dif-
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begin new ai b; a+Oi b+doiti 

a+a+xi 

end 

TPIJ program 

ha, b 
<1 load a load 0 + load b 

doit + i load a load a load x 

Hydra program 

Figure 5-Main memory program 

ficulty of producing random logic will remain high, even 
in LSI. Second, it is quite difficult to determine in ad­
vance which operations will limit the speed of a system; 
the limiting factors will almost certainly be different de­
pending on job mix. It seems a sensible design procedure 
to microprogram everything possible, and produce logic 
chips for the critical functions for each application. 

The logical structure of the Hydra consists of four 
separate functional units operating in parallel. Each in­
struction is pipelined through the four units. The degree 
of parallelism required in any actual implementation 
would be a function of the relative time required for a 
logic state, a micro-memory access, and a main memory 
access. The four units of the Hydra are 

1. Instruction Acquisition Unit (IAU)-
Locates a program and its fixed variables and 
reads them into fast temporary storage. 

2. Program Stream Unit (PSU)-
Locates executable instructions and places them 
in a queue. It also performs some code optimiza­
tion. 

3. Operand Acquisition Unit (OA U)-
Fetches the operands for each instruction. It 
also does type checking and initiates procedure 
calls. 

4. Execution Unit (EU)-
Performs the actual execution of operations, and 
stores the results in temporary storage. 

We will give a brief description of the construction 
and operation of each unit, and its relation to the TPL 

I language structure. 

Instruction acquisition unit 

A program in main memory has the structure shown 
in Figure 5. Instructions and their operands are kept 
in a reverse Polish string. Each instruction and pointer 
is one byte long (the size of a byte may vary in different 
implementations of the Hydra). The program is called 
by inserting its descriptor information into a set of 
hardware stacks which hold program parameters (the 
initial parameters for a program are kept in its descrip­
tor entry), called the Status Stacks. The Instruction 
Acquisition Unit (IAU), Figure 6, then uses the Status 
Stack information to read the program into a fast 
memory for holding active programs, called the In­
struction File (IF). The first item read is a pointer to 
the static-variable descriptor file entries for the pro­
gram, which will usually be in main memory. The IA U 
uses this pointer to load the Static Variable Descriptor 
File entries for the program. 

The Hydra is effectively interpreting a TPL program 
with microcode. The IA U structure decreases the main 
memory bandwidth required for the interpretation 
process. 

Program stream unit 

The Program Stream Unit (PSU) , Figure 7, works 
on the IF representation of a program. Its output is a 
stream of executable instructions which are passed on 
to the Operand Acquisition Unit (OAU) through an 
Instruction Queue (IQ). 
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The first time a program is processed, the PSU will 
simply pass all instructions that are not the operands 
of a conditional operator into the queue. If a sequence 
of instructions is the operand of a conditional, the 
sequence is given a Temporary Descriptor File entry, 
and a pointer to this entry is placed in the queue. This 
scheme allows code that mayor may not be executed 
to be bypassed until its conditional is resolved, avoiding 
the necessity of stopping instruction lookahead or 
guessing the value of the conditional. 

The PSU also examines each operator to determine 
if the value of its result is fixed during this activation 
of the program. If the value after the operation is exe­
cuted is variable, the operator is placed in a fast memory 
which holds the expressions in a program that can 
have variable values, called the Dynamic Instruction 
File (DIF); if the value is fixed the operator is dis­
carded after being placed in the IQ. If an iteration or 
recursion occurs, the reduced program in the DIF will 
be executed. This process amounts to a run-time com­
pilation of each program. This allows a better code 
optimization than is possible at compile-time, and also 
allows programmers to put computations where they 
occur logically in a program, without worrying about 
introducing inefficiency at run-time. 

The PSU provides hardware support for the run­
time optimization described previously, and for the 
block structuring of TPL. 

Operand acquisition unit 

The OAU, Figure 8, removes instructions from the 
head of the IQ, and prepares them for the Execution 
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Figure 8-0perand acquisition unit 

Unit (EU). It locates operands, does type checking, 
executes procedure calls and load instructions, and 
maintains the descriptor files. 

Each load instruction is followed in the instruction 
stream by a pointer to the descriptor file entry for the 
variable to be loaded. A load is processed by placing its 
pointer on top of the System-Value Stack, and setting a 
code associated with the pointer to indicate which de­
scriptor file the pointer refers to (this is determined by 
the kind of load instruction). 

An operator causes the OAU to build a vector for 
the Operation Unit, as shown in Figure 9. The operator 
is placed directly into the operation vector, and the 
type and length of the operands are obtained from the 
descriptor file entries for the operands. The operand 
entries are pointed to by the top n entries in the Sys­
tem-ValueStack for an rz-ary operator. The types of the 
operands are checked for compatibility with each other 
and with the operation being performed. The result of 
the operation will be placed in temporary storage, with 
a pointer to a Temporary Descriptor File entry on top 
of the stack. The OA U creates the temporary descriptor 
entry, pops the operand pointers off the stack, and 
places the temporary pointer on the stack. It then 

OPERATOR TYPE LENGTH NUMBER OF OPERAND 1 
OPERANDS 

I OPERAND 21. . .1 OPERAND n I RESULT I 

Figure 9-Operation vector 
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marks the vector ready for execution (the operation 
vector will be queued if necessary). 

If an execute jnstruction or an implicit procedure 
call appears, the OAU places the procedure's descriptor 
entries into the corresponding status stacks, and pushes 
the IQ stack. The Instruction Queue is a queue in one 
direction and a stack in another, as shown in Figure 10. 
Execution of the called procedure begins as soon as the 
IQ is pushed. A block end or an exit instruction causes 
the OAU to pop the status stacks pushed by the block 
(or procedure), and pop the IQ, thus restoring the previ­
ous machine conditions. 

The OAU implements the self-describing data feature 
necessary to support dynamic binding of variables in 
TPL. 

Execution unit 

The EU, Figure 11, requests operands from main and 
temporary storage, breaks down complex operators 
not actually implemented in the Operation Unit, exe­
cutes each instruction, allocates a block of temporary 
storage for the result and places the result in temporary 
storage. 

The EU resembles the central processor of a con­
ventional computer, with all functions associated with 
operand location and instruction sequencing removed. 

The logical separation of the four Hydra units 
allows whatever parallel operation is necessary to be 
implemented, thus lowering the overhead associated 
with .the procedure-call oriented structure of TPL. 
This separation also makes extending the language 
easier; new structures and operators will require new 
microprograms only in the EU, and new codes for de­
scriptor entries used by the OAU. 

SUMMARY 

It has been recognized for several years that, since 
pure hardware cost is a small percentage of the cost of 

ownership of a computer, improved hardware tech­
nology should· be used to decrease costs other than 
hardware. There has been quite a bit of discussion about 
implementing software functions in hardware, but very 
few concrete proposals have been made on exactly how 
this should be done. Outside of specific applications, it 
is quite difficult to assign portions of a system to hard­
ware or software. The Hydra has been designed with 
the idea of putting operations and structures normally 
used in operating systems into the basic machine hard­
ware. This has been done by designing a language with 
data structures and operators suitable for writing 
operating systems, and then implementing the language 
structure as directly as possible in hardware. It should 
then be relatively easy to build software functions into 
hardware in specific instances. 

The Hydra processor design is currently being studied 
using a simulator being written in ALGOL-SIMULA 
for the Univac 1108. The simulator is necessary to 
answer questions such as: 

1. Should we add a control store to handle storage 
allocation and related activities? If not, how 
should these routines be divided among the 
present control stores? 

2. What are the optimum sizes for each of the 
fifteen memory units in terms of both per­
formance and cost effectiveness? 

3. Would the activity balance in each unit be im­
proved by relocating some functions (for ex­
ample, the OAU might handle decomposition of 
complex operations instead of the ECU)? 

4. How does the Hydra's performance compare 
with 
a. conventional machines 
b. conventional machines with cache memory 

OPERATION 
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EXECUTION 
CONTROL 

STORE 

Figure ll-Executien unit 



c. Hydra-type machines with cache memory in­
stead of memories with assigned functions? 

There are reasonably appealing intuitive answers to 
all these questions, but the simulation is vital for 
authoritative answers. Intuition has not proved very 
accurate when applied to very complex systems. 

Work is also proceeding on a TPL compiler for the 
PDP-lO. It is a reasonable assumption that there exist 
programs that require data structures that are suffi­
ciently complex to allow TPL to be efficient on a con­
ventional machine. Th~ PDP-lO rrPL will allow us to 
test this assumption and discover any hidden difficulties 
in using TPL. 
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APPENDIX 

Syntaxjor TPL 

{program): : = {block) 
{block): :. = begin {block body) end 

{blockbody): : = {dec-list) {exp-list ) 
{dec-list): : = { declaration) I {dec-list) 

{ex-sep) {declaration) 
{declaration): : = new {dec-comp) I {declaration) 

{ex-sep) {dec-comp) 
{dec-comp): : = {attribute-list) {expressIon) 

{attribute-list): : = {nUll) I {attribute) I 
{attribute-list) {attribute) 

{attribute): : = real I integer I logical I 
character I reference I process I 
scalar I matrix I array I tensor I 
tree I list I set 

{exp-list):: = {expression) I {exp-list) 
{ex-sep) {expression) 

{expression):: = {control-expression) I 
{n-expression) I {assn-expr) 

{n-expression):: = {element) I {expression) 
{element) I {expression) 
{operator) 

{control-expression): : = {if -expr) I {case-expr) 
{for-expr) I {while-expr) 
{I -0 expr) I repeat I exit 

{assgn-expr): : = {expression)~{expression) 
{element): : = {variable) I {compound-expr) I 

{block) I ( {expression» 
{compound-expr): : = begin {exp-list) end 

{if-expr):: =if {expression) then 
{expression) else {expression) 

{case-expr): : = case {expression) of 
{case-list» 

{case-list): : = ( {expression) I {case-list) 
{expression) 

{for-expr):: = for {variable)~{expression) 
{for-compI) do {expression) 

{for-compl): : = {null) I step {expression) 
until {expression) 

{while-expr): : = while {expression) do 
(expression) 

·{null): : = 
{variable) is as usual 

{operator)::=+ I-I X 1+ Idivlreml 
AIVI11=1~1<1>1 
~1~liltI61~1 
abs I , I / (expression) : 
{expression): {expression) / I 
(operator )/[expression] I 
{operator) [expression] I 
I / {expression): {expression): 
(expression) \ 
I {operator). (operator) I 
[ (exp-list )] 

{ex-sep):: = ;/:/. 



Analog/hybrid-What it was, what it is, what it may be 
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THE ZEROTH GENERATION 

Introduction 

The history of the analog computer goes back to 
antiquity, where tax maps were first reported being used 
for assessments and surveying. However, I shall confine 
this paper to the analog computer as it evolved from 
World War II to the present time. For those interested 
in the history of the analog computer, from antiquity to 
World War II, I refer the reader to an excellent 
introductory article by J. Roedel, Reference 1. The 
"Palimpsest" in which Roedel's history of the analog 
computing art is included is in itself an excellent history 
of analog computers in the early days d~ting from 
World War II to about 1954. From page 4 of the 
Palimpsest, I would like to show a diagram of computing 
devices as visualized by George Philbrick for an article 
in Industrial Laboratories in lVlay, 1952. Of interest to 
us in this diagram on the analog side, is the separation, 
at the bottom, between fast and slow analog which I will 
discuss shortly. We will'also note the presence of hybrid 
at the very top, and this article was written in 1952! Of 
course, l\1r. Philbrick's "hybrid" was reserved for the 
use of the analog computer first to obtain a ball-park 
idea of a solution, then followed by a separate digital 
solution to obtain a more accurate answer to the same 
problem. I am certain that very few people thought of 
this as being hybrid computation at the time. However, 
consider this definition in the light of later work reported 
by Mark Connelly (Reference 2) in his use of a 
"skeleton" representation of a problem on the analog in 
conjunction with a more accurate representation of the 
problem on the digital. 

It is interesting to observe the basic operations as 
defined by Roedel in Reference 1. This is shown in 
Figure 2. Note that the early practitioners of the 
analog art considered differentiation to be a basic linear 
element for the fast speed computers and did not show 
potentiometers, since the latter must have been taken 
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for granted. Furthermore, an arbitrary function genera­
tor was also not shown. Apparently, that device, which 
is necessary to make analog computation capable of 
solving any problem, was developed later or was 
considered an oddball, along with the comparator 
(which is really represented by the dry friction element, 
provided that the output of the dry· friction element is 

Figure I-Structure of computing devices as visualized in 1952 
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BASIC LINEAR COMPUTING ELEMENTS 

SCHEMATIC DIAGRAM BLOCK DIAGRAM MATHEMATICAL OPERATION 

Rf 

~ 
el ~A ~ .. Rf R f 

el 
RZ ~Z 

eo. el-. eZ-
Rl RZ 

e Z ADDITION 

~ ei -f ~ .. Rf 
ei eo_-~i 

R. 
SCALE CHANGE 

I 

Cf 

~ e, D·· e o--

1

-fi dt -i CfR, 

INTEGRATION 

Rf 

~~ 1D ~ .. de· e, e, eo.R C·_1 

f I dt 

DIFFERENTIATION 

NON-LINEAR OPERATIONS 

MULTIPLIER 
e. 

ez 
=lM ~ .. eo· Ke,el 

-sf-
for -C< e i < C. 

---1" ~ .. eo- K_, 
LIMIT I e. e. 

I +C 
I 

for _,<-C, e,>C, -0- Con.tant 

#-
for -C<ei<C, 

e. -1' ~ .. -0· 0 

DEAD ZONE 
- C e. I 

" +C, I for -, <- C, e i> C, 
eo· Kei 

~ 
for -i>O, 

eo·+A 
OR Y FRICTION e i 

e. eo for e i< 0, -A I 

Amplifier -o--A 

ABSOLUTE VALUE + .. e i -1" ~ .. e o- Kleil 

Figure 2-Basic linear and nOll-linear analog operation and components 



Figure 3-Pullman-Standard Car Manufacturing Company's 
analog computer installation 

used to drive a switch or a gate connected to some other 
computing element). There was a great deal of emphasis 
in those days on the solution of linear differential 
equations, obviously because those required the simplest 
computing components. Perhaps also, because one could 

Figure 4-Computing equipment in a typical rack assembly 

Analog/Hybrid 643 

Figure 5-Boeing analog computer, courtesy of 
Boeing Airplane Co. 

obtain check solutions to such equations with pencil and 
paper, and computers, being relatively new, could not 
yet be trusted. 

Hardware 

The major manufacturers during this initial period 
were the Boeing Company which made the BEAC 
computer, the Berkeley Scientific Computing Company 
which made the EASE computer (Berkeley subse­
quently became part of Beckman Instruments), the 
Goodyear Aircraft Company which made the GEDA, 
the IDA computer with which I am not familiar at all, 
the George A. Philbrick Research Company which 
made the GAP /R computer, and finally, there was the 
Reeves· Instrument Company which made the REAC 
computer. Some pictures of these early analog computers 
are shown in Figures 3 through 8. Figure 3 shows a 
GAP /R installation while Figure 4 shows a close-up of 
how those computing components were interconnected. 
You will note an absence of a patchboard. Can you 
imagine checking this one out today? 

Note the telephone jack panels on the Reeves 
computer and note also that the Berkeley and the 
Goodyear computers are the first ones with patch 
panels. These figures date from about '1952 or 1953. 
EAI, which was just beginning to build analog comput­
ers, does not even show. The typical size of computers 
in those days ranged from about 20 amplifiers up to 80 
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Figure 6-Goodyear GEDA computer installation, courtesy of 
Goodyear Aircraft Company, Akron, Ohio 

amplifiers, which was considered to be fairly large. One 
manager, in fact, was proud of the fact that he could 
expand his 80 amplifier installation to 160 without 
requiring any additional wiring. The accuracy of the 
components was of the order of one percent (and that 
applied to resistors and capacitors as well as to the 
electrical components). Overall solution accuracies on 
what was then considered medium size non-linear 
problems was of the order of five percent. One final point 
of interest is that several of these manufacturers, 
mainly Boeing, Goodyear, and Reeves were primarily 
aerospace/defense manufacturers who saw the obvious 

Figure 7-Berkeley EASE computer, courtesy of J. B. RAE, 
Los Angeles 

need for such devices in the design of their own equip­
ment, whether it was airplanes, electronic gear such as 
radars, or control systems. Philbrick, on the other hand, 
and possibly also the Berkeley Company, concentrated 
from the very beginning on the process control 
applications. 

Applications 

The 2nd page of the table of contents of the 
Palimpsest is reproduced here in Figure 9 and shows the 
wide variety of applications that were actively in­
vestigated in the early 1950's. You will note in parti~ular 
the beginnings of an analytical attack on our environ­
mental problems in the papers on the freezing and 
thawing of soils as well as flood routing. The analog 
equipment, especially that which did not have patch 
panels was generally purchased for a particular problem 
or problem type. For example, the Pullman Car 
Company would buy one for solving their "transporta­
tion equipment design" problem. An aircraft manu­
facturer would buy a computer to study the control 
system of a particular airplane. There was an almost 
complete lack of user conveniences leading to the 
ridiculous situation of being able to obtain a complete, 
single solution to a complex set of differential equations 
in 5 milliseconds, but having to wait several days, at 
least, to change to another problem, due to the lack of a 
patch panel and other amenities, such as a readout 
system. This type of inaccessibility (to the Hnext" 

Figure 8-Reeves computer installation, courtesy Reeves 
Instrument Company 



problem) has been at the root core of the ailment in the 
analog field and has given the analog computer the 
reputation of being "inflexible." This ailment is still 
with us, albeit to a much smaller extent, and a cure is 
visible on the horizon, as we shaH see later. For further 
information on techniques and methods that were 
expounded in the early years of analog computation, the 
reader is referred to References 3, 4 and 5. This by and 
large represents the first generation analog; however, 
since I seem to have too many generations, as we shall 
see later, I will term this the heroic age, or the zeroth 
generation. This generation coexisted with the heroic 
age digitals, such as the ENIAC, EDVAC, the 
ORDV AC, l\1ANIAC, and the UNIVAC. 

THE FIRST GENERATION 

The next generation, here termed the first, more or 
less coincided withthe arrival of EAI on the scene, with 
its establishment of the firm need for a patch panel and 
an integrated set-up and readout console as part and 
parcel of the analog computer. In other words, human 
factors entered into the picture, also, this generation saw 
the arrival of the .01 percent component, such as resistors 
and capacitors, which allowed linear problems to be solved 
more accurately than the solutions could be dispJayed 
on a strip chart recorder, X - Y plotter, or oscilloscope. 
The credit for this shift in emphasis on more accuracy 
and more user conveniences must go to the manufac­
turers who went against the ideas of some of the then 
old line users, who kept pointing to the problems that 
were being solved and observing that much of the input 
data was unknown perhaps even within a factor of two 
of the correct value. These old time analysts recognized 
that there was no need for obtaining very accurate 
solutions to such problems. However, they overlooked 
the crutch available to the insecure analyst if he can get 
a repeatable, accurate answer even though the model 
is not exact. This analyst then has fewer questions from 
his management, because when he goes back for reruns, 
he gets the same old answer to compare with at the same 
time, the solutions for the new set of parameter values. 
Thus, he and management both think they understand 
the problem. 

(Aside-I learned this trick early in the game. In 
order to convince my management and customers as to 
the validity or correctness of a set-up to a problem, I 
always went back to a "standard" solution, if a check 
solution was not available. And if the standard or check 
didn't repeat, then I would hopefully "tune-up" the 
equipment to produce a "replica" of the check solution. 
In some cases, I must confess, I may have "de-tuned" 
the equipment to produce the so-called "check".) 
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Figure 9-A portion of the table of contents of the Palimpsest 

Conveniences such as a digital volt meter readout of 
amplifiers and all other components via push-button 
selectors, servo set pots as well as experiments with 
quarter-square multipliers and time division multipliers 
were introduced. The second phase lasted roughly from 
1955 to 1960 and saw the rise of EAI from the position 
of young upstart to that of the major supplier of analog 
computing equipment. While EAI was rising, the 
period saw several companies such as Boeing, Goodyear, 
IDA (or perhaps Mid-Century) drop out of the industry. 
After these defections from the ranks of the manufac­
turers, the field of slow speed analogs was split amongst 
EAI, Berkeley, which by this time had become merged 
with Beckman, and Reeves Instruments. The high speed 
analog now had two manufacturers, the old Philbrick 
Co. and a newcomer to the high speed camp, the GPS 
Company. This period saw the 31R and the 131R and to 
lesser extent, the Reeves' C400 gain wide distribution. 
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Miller and Enger, "Liquid Transfer and Storage System Simulation by Active 

Element Computers" 

Azgapetian, "Some .Aircraft Probl_ S1aJlated by "ean8 of Z-forms" 

Boxer, ''Z-forms, and the Digital St.ulation of Dynamics" 

Nemerever, "A New Technique in System Perfor_nce Evaluat ion" 

Gilbert, ''Linear System Approximation by Differential Analyzer Simulation 

of Orthonormal Approximating Functions" 

BrllllllDer, "Solutions of Convolution Integrals by Analog Computers" 

Rideout, "Some Applications of a High-Speed Analog Correlator" 

Rawdin, "A Time ~ltiplexing Technique" 

Heffron and Bristow, "A Method for Helicopter Rotor Performance SilllUlation" 

Bush and Orlando, "A Perturbation Technique for Analog Computers" 

The end of the period saw the introduction of the 231R 
computer, (See Figure 13) a machine which was to see 
much service in the '60s. 

Applications 

The applications of this era (the end of the first 
generation) perhaps are best described by scanning the 
list of titles of papers that were presented at the 1958 
Fall National Simulation Council Conference (Figure 
10). From the list of titles it is clear that the aerospace/ 
defense industry dominated applications, but there were 
a significant number of papers reporting new mathemat­
ical techniques and even applications of digital 
computers to the field of simulation. New hardware 
circuits such as the card programmed diode function 
generator and a quarter square multiplier were first 
described. Also included were descriptions of a much 
later transistorized analog, a computer optimization 
study by analog computers, as well as discrete event 
simulation by digital computers. 

1958 NATIONAL SIMULATION CONFERENCE, continued 

Ehlers, "Standard Simulation Circuits" 

Gilbert, '"rhe Design of Position and Velocity Servos for Multiplying 

and Function Generation" 

Sinker, "The Card Programmed Diode Function Gener-ator" 

Shen, ''Multiplier Circuits Utilizing Squaring Property of a Triangular 

Wave" 

Pfeiffer, "A Four Quadrant Multiplier Using Triangular Waves, Diodes, 

Resistors, and Operational Amplifiers" 

Ehlers, ''General Purpose DC Analog Computer with Transistor Circuitry" 

Pritsker, Buskirk, and Wetherbee, "Simulation to Obtain Systems Measure 

of Air-Duel Environment" 

Billinghurst and Single, "Extending the bandwidth of Precision Analog 

Systems" 

Bekey and Whittier, ''Generalized Integration on the Analog Computer" 

Bruns, and Wilcher, '"rransistorized Relay Amplifier" 

Neshyba and Coffman, "Airborne Radar-Beacon Traffic Simulator" 

Munson and Rubin, Optimization by Random Search on the 'Analog Computer" 

Schwarm, "Computer Systems for Jet Transport Simulators" 

1958 NATIONAL SIMULATION CONFERENCE, continued 

Morrison, "APPR-I Simulator Description" 

Meilander and Hellman, "A Technique for Absolute Measurement of Analog 

Computer Capacitors" 

Gerlough, "A Comparison of Techniques for Simulating the Flow of Dis-

crete Objects" 

Figure 10-1958 National Simulation Conference 

THE SECOND GENERATION 

The next generation which I must here call the 
second, lasted roughly from 1960 to 1965. The size of the 
analog computer at the upper end was getting physically 
larger and larger, which by virtue of the vacuum created 
at the small end led to the design of a small desk-top 
computer, which was the logical outgrowth of the 
transitorization of analog components. The first tran­
sitorized computers were of the small desk-top type and 
had a voltage range of plus or minus 10 volts. They 



coexisted with their big brothers, the 100 volt vacuum 
tube computer, during this period. Another hardware 
innovation sa \,. the combining of heretofore separate fast 
and so called slow analog into a single machine. This 
occurred in both the desk-top machines as well as the 
large 100 volt machines. This latter turn of events, was 
brought about by the introduction and the widespread 
use of quarter square multipliers, replacing the old slow 
servo and time division multipliers. At the same time, 
manufacturers introduced the fixed diode type of 
function generator for such analytical functions as sines 
and cosines of angles and exponential functions. The 
above developments, in conjunction with the introduc­
tion of solid state highspeed switching made the high 
speed and the low speed analog in a single computer a 
practical reality. 

Two new companies were formed during this period 
that proved to be significant factors throughout the 
'60s. These were Comcor, Inc., which subsequently 
merged with Astrodata, and Applied Dynamics, Inc., 
which subsequently merged with Reliance Electric. 
These companies helped to fill the partial vacuum 
created by the withdrawal of GEDA from the field 
during the second generation and the subsequent rise 
and fall· of several other companies. During the same 
period (1960 to 1965), the Reeves Instruments Com­
pany, which had been in the business of manufacturing 
analog computers from the very beginning, more or less 
indicated that it was finished with this activity. 

The second generation equipment brought to fruition 
the concept of patchable, parallel, digital logic as an 
integral part of the analog computer. At the same time, 
it should be noted that the first conference on the use of 
combined analog and digital computers in a single 
problem simultaneously, (the first conference on 
essentially hybrid applications) was held in 1960, 
Reference 12, which is why I chose 1960 as a key date 
for the second generation. 

Hybrid computation evolved along several different 
paths. In one path a "stand-alone digital," was placed 
next to a "stand-alone analog" with communication 
between the two allowed via logic lines, control lines, 
an AD (analog to digital) converter with a multiplexer, 
and several D / A (digital to analog) converters. Along 
another path a "logic computer" was developed by 
Electronic Associates which consisted of a number of 
parallel, patchable circulating (memory) delay lines, 
"and" gates, "or" gates, flipflops, four bit registers, 
shift registers, and one shots (mono-stables) to the point 
where, if a programmer were clever enough, he could 
devise and patch together his own special purpose 
digital computer. The logic computer ultimately got 
reduced to a reasonably small, manageable complement 
of logic functions (see Figure 14) on later analog 
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SIMULATION 

Figure ll-Index to Vol. 4 SIMULATION, June, 1965 

computers and became fully integrated with the analog 
computer instead of being a separate device. 

The largest analog computing consoles had upwards 
of 200 amplifiers in them. One example is the Applied 
Dynamics 256 (Figure 15) which had 256 amplifiers. 
There was a movement towards more "committed" 
amplifiers such as the class 0 type quarter square 
multiplier with many of the largest, most sophisticated 
users trending towards the class 0 resolver as well. This 
meant the computer was easier to use, but it became 
more expensive. 

The applications of analog during the period 1960-
1965 are more difficult to characterize since by this time 
the well known industry-wide Spring and Fall Joint 
Computer Conferences, which are sponsored by AFIPS, 
had replaced the old National Simulation Conferences. 
To help plug the information on applications gap, 
a significant event occurred during the second genera­
tion, which was the launching and the publication of the 
new journal SIMULATION by Simulation Councils, 
Inc., under the editorship of John McLeod. The index 
of articles published in Volume 4 (June, 1965) is shown 
in Figure 11, as an example of the type of applications 
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that were being done on these bigger, better and more 
powerful systems. It may be remarked in passing that 
even during this second generation period, indeed 
throughout the history of the analog, the analog has 
been used very much as it was originally used when there 
was no patchboard on the analog console. This method of 
use consists of committing the analog to a single 
problem, of very high priority, and tieing it up full time 
doing the same job over and over and over again, as 
exemplified by the.typical hardware or man-in-the-Ioop 
simulator. Very often when the project that required the 
simulator was completed or nowadays we would say 
cancelled, there was no further use or need for the analog 
computer, since no one else had been able to get at the 
machine during the "fat" days. Those analysts who had 
short duration, small problems, which can be considered 
to be ideal candidates for the analog computer, especially 
during the development or the "model" stage of the 
problem, were forced to go against their own wishes to 
the, by then, widely .available large, fast, digital 
computer of the 7090 class. These small, repetitive, 
studies went to digital not because the machine was fast, 
not because the digital was cheaper, not because it was 
better, not because it was more accurate, but simply 
because it was available! 

THE THIRD GENERATION 

The third generation has shown itself to be in 
existence from roughly 196,5 to the present time, 1970. 
The major hardware characteristic of this generation is 
the complete transitorization of the analog computer, 
for both the large scale 100 volt machine and the small 
scale 10 volt machine. A new scale machine evolved in 
between these two extremes, called the medium scale. 
A major hardware feature is the integral design of 
digital logic as part and parcel of most analog consoles, 

~ Typical Computer 

1962 231R (EAI) 

continued 

1964 231RV (EAI 

Beckman 

recorder now compatible with accuracy and re-

peatability of computer. More useful bandwidth. 

Electronic mode control of integrators, time­

scale selection (6 decades) via push buttons, 

more accurate multipliers and sinusoid genera-

tors. Digital logic control capability - for 

the first time analog has a full 10KC bandwidth 

in all components, Variable breakpoint and po-

larity, card-programmed function generators. 

This allows instant set-up of DFGs (takes only 

one hour to turn around a problem). (Mostly 

pot set t ings time.) 

!!!!: Typical Computer 1966 Ci-5000 Fully tranSistorized, more accurate, more reliable 

1951 ClOO (Reeves) 20 amplifier computer; servo multipliers intro-

duction .of removable patchboard. 

1954 3lR (EAJ) 20 amplifier computer, expandable to 60; more 

accurate servo multipliers; integrated slaving 

system; .01% capacitors; .01% resistors, both 

temperature controlled. 

1956 l3lR (EAJ) Integrated readout; human engineered for faster, 

C400 (Reeves) easier programmer use; electronic time division 

multipliers; mechanical digital voltmeter; tube 

diode function generators. 

1959 231R (EAJ) 100 amplifier computer; modular concept patchboard; 

significant improvements in amplifier bandwidths 

providing faster response and switching ti~es; 

compressed time capability (some jobs can be run 

as fast as 10:1 real time instead of all at real 

time); faster potentiometer readout; electronic 

digital voltmeter; solid state diodes in function 

generator; repetitive operation capability. 

1962 Improved More accurate 1/4 square multiplier; electronic 

231R (EAI) sinusoidal generator; point storage via trans is-

tor circuit; card-set function generators; Mark 200 

ADI-4 

EAI 8800 

EAl 680 

~ Typical Computer 

1968 to ADl - Various 

Present EAI - Various 

analog cOlllputer - all gates (reset, hold, operate, 

are electronic) bandwidth up to and beyond 100 KC, 

reliability e.timated as 60,000 hours KrBF for 

_plif1ers vs. 5,000 hours measured on 231R-V. 

C_puters can have 300-400 a .. pl1fier. in one 

console. Analog directly controllable by .... 11 

digHal c_puter. Easy ... ting with digital for 

hybrid co.putation. Self-contained patchboard _ 

digHal logic (much, IlUch larger than in 23IR-V). 

Card-set DFGs progr_ble from a standard IBM 

card. 

Digital pots for microsecond (electronic gate) 

setup - or millisecond (reed relay setup), 

large scale use of MDACs in hybrid interface, 

software developed for autaaatic setup and 

checkout of hybrid analog computers. Direct 

digital/analog function generator (more accurate 

than card set diode function generator) com-

pletely controllable from digital computer. 

Figure 12-History of analog computer evolution since 1951 



Figure 13-231R computer, courtesy Electronic Associates, Inc. 

small and large, which has certainly made pure analog 
computation, if we include this digital logic, more 
powerful than it has ever been. Another hardware 
feature is the complete flexibility of the multi-time scale 
integration capability of the analog, wherein one can 
have a choice of fast, slow or in-between speeds of 
solution as well as the flexibility of using any integrating 
capacitor as an integrator gain. The most versatile 
machines have. a choice of 6 capacitors, giving the 
programmer a five-decade range of integrator gains or 
time scales. Examples of this class of computer are the 
Applied Dynamics AD/4 (Figure 16), the Electronic 
Associates, Inc. 8800 (Figure 17) . and the Comcor 
Ci-5000 (Figure 18). Note the two patchboards in each, 
one for digital logic, and one for analog components. 

This· period also saw a more intimate ·tie-in of the 
analog computer with a digital computer due to the 
development of such true hybrid devices as the lVIDAC 
(multiplying D/ A) and the "digital attenuator" or 
"digital potentiometer." So widely accepted has the 
hybrid aspect of analog computation become that it 
appears that close to half of the larger consoles that are 
being sold at the present time are going into hybrid 
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Figure 14-Digital expansion system by EAI (allows parallel 
patchable digital logic expansion to 10 volt systems, in a 

self-contained desk top frame . 

systems. This in turn has led to the need, and the 
development of software specifically designed to aid the 
hybrid programmer and operator. The large systems 
have grown larger and larger and now are truly pro­
digious, consisting of 300, 400, even 500 amplifiers in a 

Figure 15-Applied Dynamics large scale 256 amplifier computer 
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Figure 16-Applied Dynamics AD /4 analog computer 

single console. At the low end of the scale, the 10 volt 
desk-top computers have grown larger and larger until 
they are no longer desk-top and now are fully grown 
consoles consisting of several hundred amplifiers, as 
exemplified by the EAI 680 computer shown in 
Figure 19. 

The solid state revolution, which only overtook 
analog in the third generation has led to the concept of 
the class 0 type component or "blackbox" use of the 
analog components to help minimize patching and to 
make it easier for the more casual user of the machine to 
program, patch, and obtain solutions by himself. 
Another reason for this trend is that the solid state 
amplifiers are obviously less costly and more reliable 
than their vacuum tube predecessors. Analog speeds of 
solution which could be too fast to be absorbed by 
hUrhans, or recorded by devices, even back in the early 
50's, are even faster. Present day bandwidth ranges 
from a minimum of 100 KHz to over 1 MHz. Some of 
the other important equipment improvements are 
quarter square multiplier accuracy of close to 0.01 
percent and arbitrary function generation performed by 
a true hybrid device, the digitally controlled function 
generator (DCFG), which eliminates >spurious·· drifts, 
non-repeatability;, and difficulty in setup of the old 
diode function generator. These, together with the new 
digital potentiometer, a good hybrid interface with good 
software, and a well integrated system design, make it 
theoretically possible to setup and checkout an analog 
computer in a few seconcls. 

Some persons have been lmown to state the opinion 
that an analog computer of today is not much different 

than one of 10 years ago. A reading of this paper should 
dispel such a notion. To make clear the advances that 
have been made in the analog field, from post W orId 
War II to the present time, I have summarized in 
Figure 12 the major hardware improvements by year 
of general availability showing the typical computers 
incorporating the named improvements. It is obvious 
that these improvements have come at more frequent 
intervals than analog computer generations as I have 
defined them, and shows that major improvements have 
come along in the analog field at an average spacing of 
about 23-1 years. This interval of time is, interestingly 
enough, approximately equal to the half-life of a 
"generation" of analog computers. This fact might lead 
to the conclusion that one generation of computers 
cannot survive (or absorb) two sets of major hardware 
improvements, but that the manufacturers have been 
reasonably successful in extending the life of a generation 
of their computers through . at least one significant 
hardware evolution. Perhaps it is the ability to extend 
the life of a "generation" of analog computers, because 
of the nature of the organization of analog computers 
(parallel building blocks) which has led to the inaccurate 
observation that "analog computers of today are not 
much differen.t than they were 5 or 10 years ago." 

ANALOG/HYBRID TODAY 

We have now come to the point in analog/hybrid 
developments where not only do we have more raw 
computing speed than it is possible to take full ad­
vantage of, for solutions, but we also have more speed 
in terms of setup and checkout than we have customers 

Figure 17-680 lOV computer with display wing 



who understand this type of computation. Or to put it 
another way, we've reached the stage in evolution where 
we can get a customer on, get his answers for him, and 
get him off, far faster than is justifiable based on the fact 
that we have a highly serial, slow input, mainly the 
input from a single man, to a very fast parallel console. 
We have almost reached the stage, as a matter of fact, 
where the slow recorders on the outputs from the analog 
are one of the limiting output factors. We've reached 
the point where we can make many, many solutions in 
a very short time. In other words, we are production 
oriented in terms of solution speed. At the same time, 
we have retained all of our man-machine interactive 
capabilities which everyone says is desirable in the 
engineering use of computers, but which obviously work 
against production. In fact, production capabilities are 
so great that I have estimated that for every hour of 
production running on our modern hybrid systems, the 
amount of post run data reduction of the results by a 
large fast, stand alone digital computer operating in a 
batch mode would be at least two and possibly as high 
as five hours depending on how much analysis is 
desired, or more realistically, how much the project can 
afford. 

The application of hybrid equipment is still heavily 
oriented toward the aerospace-defense industry where 
most of the large systems are installed. The chemical 
process industries have maintained some interest in 
these systems over the years, but not at an increasing 
rate. The education field has interest in the small and 
medium size systems. Nuclear and power technology 
have shown signs of increasing awareness of the 
':lap ability of hybrid systems for their highly complex 

Figure 18-Comcor Ci-5000 analog computer 
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Figure 19-8800 100V transitorized computer with display wing 

design, control, and training studies. Other popular 
applications are as an on-line testing device, such as 
measuring the amount of pollutants in an automobile 
engine exhaust (Reference 6); measuring the roundness 
of tires (Reference 7) in acting as an on-line predictor or 

/ 

ad;iptor-controller for a wide variety of processes 
(Reference 8), and for helping to control the quality of 
s~el (Reference 9). 
, So what is the hybrid/analog system of today? It is a 

highly efficient fast production device when the user or 
man is not allowed to intervene and interfere with its 
operation. This is in direct contradiction to its other 
main feature, that is, its ease of man-machine communi­
cation which almost cries out for man's intervention. 
I would say that the analog/hybrid computer exhibits 
schizophrenic characteristics which may explain why 
not too many people understand it. It is almost 
impossible for a device to be responsive to man's 
intervention and at the same time to be highly produc­
tive. At leaSt not the way the hybrid systems are 
configured today. It is this paradox that limits the 
expansion of· the analog/hybrid field. 

The analog hardware today is far more reliable than 
its early beginnings. The MTBF for a transistorized 
amplifier is somewhere between 30,000 hours and 
60,000 hours. The high quality, chopperless amplifier, a 
recent development, brings us back, almost full circle to 
the point where we were with the very first analog 
amplifiers, that is, a chopperless, unstabilized amplifier 
with a virtually instantaneous overload recovery. This 
is a feature that all users will appreciate. However, it has 
taken 2.5 to 30 years, an electronic revolution, and 3 or 4 
generations of computers to eliminate the drift and 
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unreliability of the first unstabilized amplifiers, while 
retaining the desirable features of simplicity and quick 
overload recovery. 

The future 

The analog/hybrid computer could become more 
widespread in its use and acceptance by industry if it 
can eliminate its schizophrenia and solve its paradox. 
Hardware a;nd software ideas have been mentioned for 
doing just this, such as an automatically patched analog 
computer (Reference 10), coupled with a high level 
language for programming the machine in user oriented 
language, such as APSE and APACHE, all of which is 
made highly accessible and productive with many 
interactive graphics terminals (Reference 11) controlled 
and hybridized by one of those next generation, fast, 
cheap, can-do-anything digital computers that I keep 
hearing about. 

At the very least, it will continue to be used in those 
on-line experiments, those teaching-learning situations, 
those high frequency problems, that saturate large 
digitals, and by those specialists who are addicted to 
analog, as it has been used in the past. 
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The hologram tablet-A new 
graphic input device 

by lVIITSUHITO SAKAGUCHI and NOBUO NISHIDA 

Nippon Electric Company, Ltd. 
Kawasaki, Japan 

INTRODUCTION 

Graphic data tablets are input devices which digitize 
coordinate positions of topological patterns. 

The graphic data tablet is a powerful tool with 
respect to applications of man-machine communica­
tions: 

1. Terminal for Computer Aided Instruction. The 
graphic data tablet plays a role as a selector of 
an item from an array of items which are 
displayed on a screen or printed on a paper, 
or as a highly versatile programmable keyboard. 

2. Terminal for Data Communications requesting 
information guidance or information retrieval 
by hand-written characters. 

3. Input terminal of pictorial informations for a 
graphic manipulation such as Computer Aided 
Design of integrated circuits. 

For the sake of applications, the graphic data 
tablet should satisfy the following conditions. 

1. Simple and easy to handle. 
2. Compact size and light weight. 
3. Easy to interface or connect to the associated 

computers. 
4. Low price. 

Conventional devices such as the RAND tablet! 
and the sylvania data tablet2 do not seem to satisfy 
conditions (2) and (4), because they emp16Y different 
hardwares for quantizing the coordinates and encoding 
the positions. 

Hologram tablet, shown in Figure 1, provides a 
new graphic input device in which the quantizing 
function and the encoding function are carried out in a 
single hologram plate which contains a two-dimensional 
array of small holograms recording the encoded position 
signals. 

653 

Immediate generation of encoded binary signal 
without complicated electronic means, which is achieved 
by use of holography, is the most important merit of 
the hologram tablet. This leads to the realization of 
high speed, high resolution, compact size and. low 
price. 

In the prototype device, the tracing speed 104 

positions per second and the resolution 2 lines/mm 
were obtained. 

Principle of the hologram tablet 

Holography3 is a two-step imaging process. One 
step is the recording of wavefronts of coherent light 
beam spatially modulated by an object in the form 
of interference pattern with a reference light beam, 
and the other is the reconstructing of the object 
image by illuminating the interference pattern (holo­
gram) with a coherent beam. Hologram tablet was 
achieved by introducing a new function to hologram 

Figure l-Prototype device of the hologram tablet in operation 
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HOLOGRAM PLATE 

PENCIL OF LASER BEAM 

ZERO ORDER DIFFRACTION BEAM 

LENS 

Figure 2-Schematic diagram of the hologram tablet 

memory4,5 in which small holograms of memory 
plane contain arbitrary informations. The location 
of a small hologram in the hologram memory is an 
area of "temporary residence" recording information. 

In a hologram tablet the location of a small holo­
gram expresses the decoded signal of the position 
information recorded in the small hologram. The 
location of a small hologram and the information 
in a small hologram are connected each other by 
logical functions. Thus the area of a small hologram 
in the hologram tablet is considered to carry out the 
quantization or the smoothing of input patterns 
drawn by stylus. 

Figure 2 shows the principle of hologram tablet. 
The hologram tablet consists of a hologram plate 
containing small holograms recording the binary­
coded position informations, a stylus emitting a pencil 
of laser beam and photodetectors to receive the laser 
beams diffracted from each of the small holograms. 
When the stylus moves on the hologram plate, the 
pencil of laser beam illuminates the small hologram 
just below the stylus and generates the first order 
diffraction beams expressing the binary-coded signals 
of coordinates X and Y indicated by the stylus, which 
are detected by photodetectors. The output.s from 
the photodetectors are fed to computer memories. 

Since the zero order diffraction beam traces the 
movements of the stylus, it is possible to take a hard 
copy 'of the trace of the input pattern on the photo­
sensitive paper behind the hologram plate, or access 
simultaneously several hologram plates aligned in 
cascade. 

If there are 2n X 2m small holograms, then the 
position-code consists of (n+m) bits.' Thus (n+m) 
photodetectors should be prepared. 

Size of hologram plate and that of small hologram 
are determined by the dimensions of input patterns 
arid the quantization size,' respectively. The diameter 
of the pencil of laser beam should be small enough to 
smooth the meaningless movement of the stylus such 
as tremors in the small hologram. Each photodetector 

should have an area wide enough always to receive 
the reconstructed image beam whose position might 
undergo random fluctuation due to that of the inci­
dent beam direction and aberrations of hologram 
plate. In ideal conditions the photodetector diameter 
Dp is given by 

where 

DH = 2SHWH , 

DH = small hologram diameter, 

F = distance from the hologram plate to the 
reconstructed image position, 

A = wavelength, 

SH = smoothing factor of the small hologram, 

SD = safety factor for the photodetector, 

W H = beam waist of the pencil of laser beam. 

Dp should be greater than 3.2 mmet> for the values 
utilized for the prototype device described below, and 

WRITING SURFACE 

HOLOGRAM PLATE 

MONITOR' 

OUTPUT INTERFACE 

Figure 3-System block diagram of the prototype device, "G" 
indicates a gate circuit. 



DH = 0.5 mm, F = 200 mm, A = 0.6328 Jotm, SH = 2, 
and SD = 5. 

Data input rate is restricted only by photodetector 
and amplifier response. 

System description 

A prototype hologram tablet was constructed in 
order to confirm the expected performance, particu­
larly the accuracy of the code-generation and easy 
handling. 

The accuracy of the code-generation is determined by 

1. Overlap of position-coding masks at the time 
of constructing the hologram plate. 

2. Uniformity of the reconstructed image intensity 
over all of the small holograms in hologram 
plate. 

3. Fluctuation of the reconstructed image beams 
on photodetector surfaces. 

Handling of hologram tablet is affected by the 
smoothness of· the movement of stylus link and the 
flexibility of the optical guide guiding the pencil of 
laser beam. 

Figure 3 shows the system block diagram of a holo­
gram tablet. The pencil of laser beam emitted from 
the light pen should be held normal to the hologram 
plate in order to let the reconstructed image beams 
fall correctly on the appropriate photodetectors. On 
the other hand the stylus combined with a ball-point 
pen to take hard copies of input patterns on the writing 
surface is required to be movable freely and easily. 
The ball-point pen and the light pen were connected 
tandem by a pantograph link in order to carry out 
the same movement with respect to the coordinates 
X and Y. The touch of the ball-point pen onto the 
writing surface was detected by a microswitch installed 
at the top of the pen point, and the signal from pen­
touch detection circuit was used for the on-off control 
of the brightness of the monitor CRT. The laser 
beam with a spot size of 0.25 mme/> was guided from a 
compact He-Ne gas laser (size 300 mm x 50 mme/>, 
output 2 mW) to the light pen containing an optical 
guide. 

The bleached hologram plate contained 64 x 64 small 
holograms (each small hologram 0.5 x 0.5 mm2) , in 
each two pairs· of the Gray code of six bits and one 
sign bit were recorded. Each of the Gray codes of six 
bits indicated the coordinates X and Y of the small 
hologram in hologram plate. Thirteen solar cells 
(size 5 x 5 mm2) were placed at each of the recon­
structed image positions (intervals 6;2 mm). Twelve 
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I M.n 

Figure 4-Photodetector and Amplifier circuit 

of the solar cells were used to receive the Gray coded 
image beams corresponding to the coordinates X 
and Y. Inspection of encoding operation was carried 
out by detecting the diffraction intensity of the sign 
bit by the thirteenth solar cell. Output in the sign bit 
controlled also the on-off of the monitor brightness. 
After the photo currents from the solar cells were 
amplified up to the logic level of DTL by the opera­
tional amplifier circuits shown in Figure 4, the Gray 
to binary code-conversion was made in parallel. Each 
bit of the binary coded signal was compared with 
that of the previous signal stored in the register. When 
the mismatch of a single bit was found by mIsmatch 
detection circuits, the present binary coded signal 
was stored into the register and a pulse of 10 JotS width 
was generated to brighten the monitor. The operation 
was carried out in order to check the exact change 
of the Gray code and protect the screen of monitor 
CRT. The binary code stored in the register was 
changed into analog voltages by D-A converters and 
fed to Tektronix type 601 storage CRT in order to 
monitor the pen movement. Hologram plate and the 
light pen are the essential components of the hologram 
tablet. 

Hologram plate 

We have two methods to form the hologram plate, 
viz., serial-recording of each small hologram, and 
common-bits-recording in which each of the bits 
common to· all of the small holograms is recorded 
individually. We employed the latter to form hologram 
plate, because the method is similar to that making 
integrated circuits, and considerably economizes the 
labor to make hologram plate. 

A schematic diagram showing how to form holo­
gram plate is given in Figure 5. We have employed 
the method of the image hologram. 6 The thirteen 
masks for the Gray code were prepared. Each of them 
consisted of transparent or opaque patterns expressing 
"Il! or "0", corresponding respectively to each of 
the bits common to all of the small holograms. 
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Figure 5-Schematic diagram forming the hologram plate 

An imaging lens was set to form a magnified image 
of a mask for the Gray code on a photographic plate. 
When a collimated laser beam was used to illuminate 
the mask for the Gray code, the spatially modulated 
beams emerging from the mask (object beam) were 
converged at the rear focal point of the imaging lens 
and then imaged on the photographic plate. A plane 
wave laser beam (reference beam) was made to illumi­
nate all over the photographic plate and then interfere 
with the object beam carrying the mask pattern for 
the Gray code. Recordings for different masks were 
made in a similar way, provided that the incident 
directions of the reference beam were shifted each 
time. 

The reconstructed images are the replicas of the 
object beams and converge on the array of the solar 
cells. The distance from hologram plate to the array 
of the solar cells is the same as that from the rear 
focal point of the imaging lens to photographic plate. 

The angular separation between the adjacent re­
constructed image beams falling on the solar cells is 
equal to the angular shift imposed on the reference 
/Jeam at the time of recording. 

Figure 6 shows the hologram plate recorded on a 
Kodak 649-F plate and the Gray-coded images recon­
structed from a small hologram of the hologram plate. 
The overlaps of the masks for the Gray code were 
achieved with an error less than ±0.05 mm. The 
hologram plate of higher resolution will be formed by 
utilizing the ability of holography to achieve high bit 
densities with a great spatial redundancy and lens­
like nature. The transmittivity of the hologram plate 
was about 80 percent. The diffraction efficiency better 
than 0.1 percent was obtained for each reconstructed 
image. 

Light pen 

Figure 7 shows the construction of the light pen. It 
consists of a light focusing glass fiber named SELFOC,7 

Figure 6-Hologram plate and reconstructed images 

lens and a prism. We call it SELFOC light pen. SEL­
Foe is a lens-like optical guide of glass fiber with a 
parabolic distribution of refractive indices. SELFOC 
has the following advantages as compared with a 
clad type optical fiber. 

1. Laser beam transmission without band-limita­
tion and waveform distortion. 

2. Low-loss transmission and conservation of 
polarization plane of incident beam. 

LASER BEAM 
---r::=:::::::::::~ 

LENS 

Figure 7-Construction of the SELFOC light pen 



3. Realization of a lens with tiny aperture and 
that with an ultrashort focal length. 

4. Increased flexibility due to a small diameter. 

The refractive index n of the fiber in the radial 
direction is given by n = noCl-ar2/2), where no, r, 
and a are refractive index on the optic axis, distance 
from optic axis, and a constant, respectively. 

At present SELFOC optical fibers with diameters 
from 50 JLm to a few mm are available. Although a 
varies with fiber diameter, the difference between 
the refractive index on the optic axis and that at the 
periphery can be made O.l. 

The SELFOC optical fiber used in the SELFOC 
light pen was 50 cm long with a diameter of 0.2 mm. 
The coefficient a was 0.5 mm-2, and the transmission 
loss was less than 0.3 dB/m. The mode pattern of a 
laser beam after passing through the SELFOC light 
pen was scarcely deformed as shown in Figure 8. The 
SELFOC could be bent with a radius of curvature 
less than 10 cm without a noticeable deformation in 
pattern. The lens. on an end of the SELFOC light pen 
was used to collimate the emerging laser beam to a 
spot size of 0.25 mm</>. 

Performance 

A paper placed on the writing surface provided hard 
copies of input patterns written or drawn by a ball­
point pen. Movements of ball-point pen were followed 
by the SELFOC light pen and were instantaneously 
encoded as reconstructed images from the hologram 
plate. The solar cells adequately covered the fluctua­
tions of the reconstructed image beams caused by 
jolting of the SELFOC light pen and aberrations 
of the hologram plate. The signal-to-noise ratio of the 
Gray-coded images on the solar cells was greater than 

Figure 8-SELFOC light pen guiding a pencil of laser beam 
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Figure 9-Monitored characters drawn by the stylus on the 
hologram plate 

7 dB, even when the hologram plate was disturbed by 
dust and scratches. Since the output voltage of the 
amplifiers was higher than 3 volts, it was found possible 
to use a laser source with an output less than 2 mW. 
Data rate was limited by the frequency response of 
the solar cell and the amplifier, and was obtained up 
to 104 positions per second. 

Figure 9 gives an example of the monitored patterns 
displayed on the storage CRT. Deviations between 
the input patterns on paper and the displayed patterns 
on monitor CRT were within ±0.5 mm. This is con­
sidered to be caused only by the essential disadvantage 
of the Gray code. 

The pantograph link and the SELFOC light pen 
could be moved lightly and freely making the handling 
of hologram tablet easy. Excellent stability was 
confirmed for a long period of operation. 

l\1ost part of the cost of a hologram tablet consists 
of that of laser source and SELFOC light pen. In 
the prototype device, a laser source of three hundred 
dollars and a SELFOC light pen constructed at the 
expense of one hundred dollars were used. However, 
the price would be reduced to half by mass production. 
If we consider the possibility that a hologram tablet 
with a larger capacity is constructed by using only 
hologram plate C the number of record of the masks 
for the Gray code is made to be equal to the encoded 
bit number), the encoded bit number of photo detectors 
and amplifiers, the cost will not increase to a great 
extent. 

CONCLUSION 

It has been confirmed that the hologram tablet has 
many advantages such as high data rate, high resolu­
tion, compact size and low price. 



658 Fall Joint Computer Conference, 1970 

These advantages have been achieved by utilizing 
holographic techniques, and SELFOC. The essential 
components of hologram tablet are the hologram 
plate containing small holograms, each records the 
Gray-coded coordinate X and Y and the SELFOC 
light pen. The techniques in the hologram tablet can 
be utilized several ways such as the position control 
of NC and the feature extraction for pattern recogni­
tions (using the smoothing function of small hologram 
in the characterized hologram plates). 

Although experiments were carried out with a 
prototype hologram tablet having 64 x 64 small 
holograms of 0~5 ·mm pitch, hologram tablets with 
much larger capacity and higher density could be 
constructed without great difficulty. The possibility 
that the increase in capacity and density will not 
bring a considerable rise in cost is to be found. 

Experiment of graphic manipulations with the 
hologram tablet connected to a computer system is 
in progress. 
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