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DIGITAL SYSTEMS LABORATORY COURSES AND
LABORATORY DEVELOPMENTS

I. INTRODUCTION

A comprehensive undergraduate engineering program

must provide opportunities for the application of theoreti-
cal concepts to the solution of realistic engineering prob-

lems. As digital system and computer engineering concepts

have been integrated into the undergraduate electrical engi-

neering curriculum, many departments have begun revising

their laboratory programs to include more work with digital

networks and mini-computers. The development of these

new laboratories requires a considerable amount of effort

by the faculty as well as the commitment of financial re-

sources by the department. In 1969 a number of faculty
members approached the COSINE committee, and sug-

gested that a task force be established to study the problem

of developing undergraduate digital laboratory programs.
This suggestion was accepted by COSINE and Task Force

VIDigital Systems Laboratory Programswas established

in the fall of 1969, and charged with the responsibility to
study two major areas. They were:

A. What digital concepts should be included in the
laboratory program and how should they be

presented?
B. What type of laboratory facilities and equip-

ment are needed to carry out the recommended

program?
The first question is treated in Section II which deals

with digital system topics that should be included in the

laboratory program. The recommendations included in this

section cover both introductory material that should be

mastered by all electrical engineering students and material

that is suitable for students who wish to carry out advianced
laboratory project work in the computer engineering area.

Section III considers the problem of specifying the

equipment needed to implement the various aspects of the

recommended laboratory programs. This section provides a

general evaluation of different classes of commercially avail-

able equipment and indicates the types of "in house" equip-

ment that can be constructed. The trade-off between buy-

ing equipment and building it is considered in detail. During

the study a great deal of factual material has been collected

by the Task Force. Since much of this material is of general

interest it has been included as appendices to this report.

II. THE LABORATORY PROGRAM

One of the major problems facing an electrical engineer-

ing faculty is that of making the student aware of how
theoretical material presented in lecture courses can be ap-

plied to solve realistic engineering problems. In particular, it
is extremely important for a student to be introduced to the
practice of engineering as an integral part of his academic

program. This need can only be satisfied if the engineering
curriculum contains a well organized sequence of instruc-

tional and project laboratories which supplement the ma-

terial presented in lecture courses.
The main purpose of a laboratory program is to allow a

student to become familiar with current technology and to

develop the skills and confidence needed to apply this tech-

nology effectively to the solution of complex engineering
problems. However, a well organized and well run labora-

tory program makes other very important contributions to
the educational process. Laboratories can provide an excel-

lent means to motivate a student because they allow him to

pursue a topic.- that interests him for an extended period of
time. As he encounters and solves problems of increasing

difficulty he will also develop the confidence and initiative

necessary to handle complex assignments after graduation.
Another advantage of a well developed laboratory pro-

gram, taught by experienced faculty members, is the close

personal relationships that can develop between the stu-

dents and the faculty. Informal discussions that develop in

the laboratory setting provide an excellent opportunity for

a faculty member to provide professional and personal guid-

ance and encouragement to a student. Through these discus-

sions, a student can be shown the relevance of various as-

pects of his education and he can be introduced to the
professional responsibilities he will be expected to assume

as an engineer.
In the past many laboratory programs have been orga-

nized so that the student is exposed to a series of short ex-

periments designed to illustrate various concepts presented

in the lecture courses. While this approach introduces the

student to a number of different concepts, it gives him the

feeling that laboratory work is only of secondary impor-

tance in his studies.
It is now recognized that the laboratory portion of the

engineering curriculum should be considered equally impor-

tant with the student's lecture courses since the laboratory

is an ideal place to develop the student's problem solving

ability. If the student is to use the laboratory effectively he

must first master the basic technological skills needed in the

laboratory. He then must undertake the solution of a se-

quence of increasingly more complex problems, each of

which involve an extended period of time. A major advan-

tage of this approach, if he is allowed to work on problems

in an area of his current interest, is that it increases his over-

all motivation. This early concentration might, at first, ap-

pear to limit the student's outlook. However, if the labora-

tory program is properly designed, he soon discovers that

there is a body of material that he must know from other

areas. This realization then provides an incentive for him to
seek out information from those areas that he originally

considered of little importance.
The following discussion presents a comprehensive multi-

stage laboratory program that has been designed to cover
the complete digital and computer system area. The initial

part of this program indicates the skill material that should



be mastered by most electrical engineering students. The
more advanced work is designed for those students who
wish to explore the digital area in greater depth.

2-1 General Organization

The development of a laboratory program must be con-
cerned with several different levels of instruction that take
place over a number of semesters. Three distinct types of
laboratory experience can be identified. They are:

a) Introductory
b) Intermediate
c) Project

At the beginning of the student's professional studies he
should be introduced to the basic skills necessary to use a
laboratory and laboratory equipment as a tool in solving
engineering problems. This is a rather critical Tod since

any bad habits learned at this stage follow the ...dent
throughout his professional career. The introductory pro-
gram serves to introduce the student to the equipment and
devices that he will use in later work and provides him with
the confidence that the theoretical material discussed in lec-
ture courses can actually be applied to the solution of prac-
tical problems.

Although the material presented at this level might ap-
pear to be of a routine nature, the way that it is presented
and the quality of the laboratory instruction strongly influ-
ences the students' interest and attitude for later laboratory
work. Every effort should be made to make the experi-
ments interesting with a minimum number of "make work"
type of tasks. In particular, students with previous experi-
ence should be encouraged to use it to carry out higher level
investigations than those expected of students without pre-
vious experience.

The actual material covered and its place in the curricu-
lum will, of course, depend upon the curriculum structure
at each school. However, when a student has completed this
introductory portion of the laboratory program he should
be able to make effective use of the basic laboratory equip-
ment and, hopefully, have developed an interest in conduct-
ing experimental work.

By the time a student has completed his initial engineer-
ing courses, he has started to develop an interest in one or
more specific areas. The intermediate portion of the labo-
ratory program should provide the student with the oppor-
tunities to explore his initial interests to see if he really
wishes to enter a given area of work. This can be accom-
plished by allowing the student the freedom to select in-
termediate level problems from a set of topic areas. Each
problem, which might require three to four weeks' work,
should provide the student with the experience of devel-
oping and carrying out a complete experimental program
from initial problem definition through the presentation
of a final report describing his solution. While working out
these problems, the student should learn how to trouble
shoot his equipment and develop the ability to evaluate
critically his own work. If proper laboratory instruction
and guidance is available he will learn how to document
his work and how to report his results.

As the student successfully completes the tasks neces-
sary to solve each new problem he develops an understand-
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ing of the technology associated with the problem. In addi-
tion he develops the confidence that he can actually solve
complex technological problems by applying, with a little
initiative, the abstract concepts he has learned in his lecture
courses.

After a number of intermediate level tasks have been
completed, some students reach a point where they wish to
attack much more challenging problems. This is an excellent
point to introduce a laboratory project that may take one
or even two semesters to complete. Not all students have
sufficient motivation to tackle a complete project. How-
ever, those who do accept this challenge usually find that
the project is one of the high points of their undergraduate
E du cat i on .

Since a project laboratory is carried out over an ex-
tended period of time the student has enough time to ex-
plore the problem under investigation and evaluate a num-
ber of possible solutions. During his investigations he is
continually faced with the need to make and evaluate as-
sumptions about the system on which he is working. This
provides him with the opportunity to face the situation
where he must use his own initiative to learn and apply
concepts that are not part of his formal classroom work.

In many situations it is possible to coordinate the project
work of the student with some particular research or devel-
opment effort in the department. This approach has the ad-
vantage of allowing the student to work in an environment
that is similar to the environment in which he will wevk
after graduation. A successfully completed project of this
type also gives the student a sense of accomplishment that
is hard to duplicate in any other educational experience.
Not only does the student receive the satisfaction of solving
a difficult problem, but he also sees that his work will mak3
a useful contribution to a larger effort.

This discussion of general laboratory organization has
presented the different types of laboratory activities that
must be considered in developing a comprehensive labora-
tory program. The points discussed have been used to guide
the development of the recommendations gjiven in the next
sections.

L jrourad 'Rules for Recommendations
This report is concerned with the development of th

laboratory program in the digital and computer systems
area. Most of the introductory topics that are recommended
should be considered for inclusion in the curriculum of all
electrical engineering students. The recomnneindations for
the more advanced laboratory work are desigined for those
students who wish to explore digital and cornputer con-
cepts in greater depth and need not be taken by all
students.

No attempt is made to recommend specilic courses since
each school has developed its own philosophy concerning
the introduction of laboratory material into its curriculum.
For those schools that have separate computer science de-
partments, it is quite possibke that some of the recom-
mended work will be offered by that department. Similarly,
some of the laboratory work offered by the electrical engi-
neering department might be included in the computer sci-
ence curriculum. When a situation of this type exists, a



close working relationship should be developed between the
two departments in order to coordinate the development of
the area of common interest.

2-3 The Introductory Laboratory Program
Digital system technology has had a major impact upon

the practice of engineering. Not only must a student be able

to use a computer to carry out lengthy numerical calcula-
tions, he must also be able to use logic elements to con-
struct digital networks and be able to understand the
application of mini-computers as information processing
elements in more complex systems. The introductory por-
tion of the digital systems laboratory program must,there-
fore, be designed to prepare students who wish to go
further in the digital area. It must also provide an appreci-
ation of the operation and use of digital devices for
those students interested in other areas. Thus, the intro-
ductory digital laboratory program has numerous goals,
including familiarity with equipment and measurement
techniques, illustration of various aspects of logical design,
presentation of various practical design techniques for
which there is not adequate theory, exposure to debugging
techniques, and the elements of machine level operation and
programming of mini-computers. These goals can be
achieved by providing the student with a sequence of exper-
iments designed to cover these areas and keyed in with the
student's overall academic program.

To be able to expose students to such a broad spectrum
of topics it is necessary that the digital system laboratory
have available both a fairly extensive set of digital hardware
and a small digital computer (or mini-computer). Equipping
such a laboratory is discussed in Section III of this report.
However, it should be clearly understood that a mini-com-
puter alone does not create a digital system laboratory, but
the machine in thi. problem-solving environment is as neces-
sary as other pieces of digital hardware and instrumentation.

It is recognized that many schools will not be able, due
to limitedlesources, to provide immediately a "total igitui

systems laboratory ,.,luit-onmelit. .letore the following
discussion is divided into two subsections. They are:

Basic:Experiments Involving Digital Logic
Networks.

B. Basic Experiments Involving a Mini-computer.
7.11,Js intrz9ductory material forms the necessary background
or the intermediate and project laboratory work discussed

,Itater.

7-3.1 BASIC EXPERIMENTS INVOLVING
DIGITAL LOGIC NETWORKS

The availability of integrated-circuit digital logic ele-
ments at 'low prices makes. possible a major change in the
desiln and utilization of dilital-networks. No longer do stu-
demts haire to spend:a large amount of time and effort de-
sigraing and testing (tes arnd flip-flops using discrete com-
poments. Instead they are able to use standard integrated
cirmuit gates and flip-flops qo design complete combine-
tioinal and sequentiallogic networks.

The foltowing discussion presents a list of topic areas
that should be includied in the introductory digital logic
edUcatierral program. It is assumed that the student has

taken or is taking a concurrent course that presents the
theoretical background necessary to carry out each of these

tasks. In some czises this material might even be part of an
integrated lecture-laboratory course while in other cases the
material might be integrated into a standard sophomore or
junior laboratory program.

Since most of the material to be covered is of an intro-
ductory nature, the greatest effort of the student outside of
the laboratory should be in preparing for the laboratory
rather than preparing extensive reports describing his re-

sults. At this point it is much more important to awaken a

student's interest and encourage him to try his ideas rather
than hold him to the performance of a rigid set of pre-

defined tasks.
The discussion associated with each topic area illustrates

the type of information the student should have mastered

when he has completed his work in that area. Appendix A
presents a much more comprehensive discussion of the ma-
terial that could be included on the laboratory work sheets
given to a student to cover each of the topic areas. This ma-
terial is included for guidance only and each faculty mem-
ber must develop an appropriate set of hand-outs for his

own particular program. The list of references at the end of
this report also provides an additional source of ideas.

1. Measurement Techniques

It is assumed that the student is familiar with the
standard methods of measuring voltage and current. The
main emphasis in this area should be upon the use of oscil-
loscopes for vise and timing measurements. In particular,
the relationship between pulse width and scope bandwidth,
the use of the delayed trigger and the use of multiple trace
techniques should be well understood by the student.

2. Characteristics and Use of Basic Integrated Circuits

' iiffervit families of integrated logic circuits,
theii Lypical operational characteristics and logic levels
should be examined. The student should explore and under-
stand the meaning_pf fthe fan-in and fan-out characteristics
of logic elements arid.how the load presented by a given ele-

ment can be detemrivhed. Studlies of the inherent delays of
the different typeamf krgic elements should be carried out.

3. Design ofCCorribinational Logic Networks

The studeut slYiould be required to reduce a word
description of thezoparat:ons that must baperformed by a
given network to aLietvork that will perform the operation.
This task should iruclude costand logic element availability
considerations. The of multiple level NAND logic should
be emphasized sincethis type of logic is in common use.

4. Flip-Flom,Pulse Generators and Multivibrators

Realizatiao of flip-flops, pulse generators and mul-
tikvibrators using MAND gates. Characteristics and use of in-
tegrated circuit fli*P-flops and investigation of the switching
speed of the flip-flops under clocked operating conditions.
Generation and cc..;itrol of pulses and pulse trains.



5. Registers and Counters

The construction and operation of simple registers
and counters using integrated circuit flip-flops. Use of clock
signal to control serial and parallel information transfer into
registers. Design of simple counters, both synchronous and
asynchronous. Introduction to some of the standard count-
ing circuits used in digital networks.

6. Synchronous Sequential Network Realization

Design of the logic circuit necessary to realize a
simple synchronous sequential network represented by a
flow table. Study of the factors that influence the operating
speed of the network. Reduction of a word description de-
scribing the desired operation of a sequential network to the
circuitry necessary to realize the network.

There are a number of different ways that the material
listed above can be presented to the student. The main goal
is to develop the student's skill and confidence in using digi-
tal logic elements to realize usable logic networks. It will be
assumed that a student can use these skills as needed to
solve the problems presented to him in the intermediate and
project portion of the laboratory program.

2-3 2 BASIC EXPERIMENTS USING A MINI-COMPUTER

In the previous discussion a set of experiments was pre-
sented which were designed to give students a fundamental
knowledge of the properties of digital devices and the orga-
nization of these devices into digital networks. In a similar
fashion, it is important that a student have a "working"
knowledge of the operation of a mini-computer and how it
can be used to carry out various information processing

tasks.
The widespread availability of min;-computers at reason-

ably low prices has made it possible to think of the mini-
computers as a laboratory instrument or as a component in
a complete system as well as a straight computing device.
Because of this wide range of applications, the need to pro-
vide students with at least a basic understanding of the con-
cepts of assembler language-level programming and software
design has increased considerably during the past few years.
This need exists for both students who wish to enter various
areas of computer engineering as well as students from
other areas who wish to make effective use of mini-com-
puters as part of other systems.

An understanding of software concepts cannot be ob-
tained by reading texts and instruction manuals or listening
to lectures. A student must write and debug a number of
programs that apply these concepts to the solution of actual
software problems before he can fully appreciate their im-
portance. Fortunately, it is a relatively simple and straight-
forward task to learn how to program and use a mini-com-
puter. However, the design of a laboratory environment
where the student can learn this skill is not an easily solved
problem.

The first laboratory exposure to mini-computers must be
organized to teach each student the skills that he needs in
order to use the computer. He must be provided with an
opportunity to learn how a computer operates and how a
computer's machine language influences the tasks that a
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computer can perform. After the student has mastered the
basic programming skills, he should write, debug, and docu-
ment a number of sample programs.

Experiments designed to provide the student with skills
using a mini-computer should cover (at least) the following
topics. References 1, 3 and 10 discuss these problem areas
in greater detail.

1. Basic Operation of a Mini-Computer

One of the chief advantages of a mini-computer is
the relative simplicity of its machine language instruction
set. The instruction set is usually restricted to data transfer
instructions between arithmetic register(s) [accumulator(s))
and memory, addition, a number of test and skip instruc-
tions for conditional transfers, instructions for transmitting
information over the I/0 channels, and a series of micro-
instructions which manipulate the contents of the arith-
metic register(s), including an instruction to HALT or
STOP the execution of a program. For this reason, pro-
gramming in machine language gives the student an excel-
lent opportunity to learn and appreciate the relatively small
set of basic functions performed by a digital computer (or
digital system). Therefore, the first topic to be covered
should provide a student with an understanding of a com-
puter from the register level. This can be accomplished by
requiring a simple program to be written (such as comput-
ing the sum of rn-numbers or displaying a changing pattern
of lights), then hand-loaded into core, executed, and pro-
vided with the necessary test and HALT instructions to stop
the computer at the completion of the program.

2. System Software and A', " nguage
Programming

The programming of most mini-computers for use
in a system is carried out using the assembler language asso-
ciated with the computer. The writing and debugging cf as-
sembler programs is simplified if the student masters the op-
eration of the assembler used by the computer to process
assembly language programs as weil as such system programs
as editors and debugging programs. Thus, after the student
has been introduced to the basic operation and instruction
set of the computer, he should carry out a series of exer-
cises that will teach him how to develop more extensive
programs using the computer's assembly language.

3. Programming Techniques and Data
Representations

To use a computer effectively, a student must de-
velop such programming skills as counting, indexing, the use
of indirect addressing, the use of pointers, looping, and the
construction and use of subroutines. These skills, while im-
portant in themselves, also illustrate the trade-offs possible
between execution time and the amount of storage required
to perform a given function using different algorithms. In
addition, the introduction of algorithms raises the question
of data representation, symbolic data and numerical data
(fixed point, floating point, signed numbers).

The problems associated with the mismatch in timing
characteristics between a computer and its peripheral input
and output devices must be covered. Solutions to these



problems such as the use of flags and buffers (asynchronous
operation) should be investigated. Once again the student is

faced with the question of data representation, this time
converting from the internal code of a computer to the ex-

ternal code used by the peripheral device (such as ASCII for

the ASR33 teletype) and vice versa. Techniques for packing

and unpacking words when converting from one code to

another should be included here.
After a student has mastered the digital hardware and

mini.computer concepts described above, he will have a

good basic understanding of the operation of digital sys-

tems and he should be able to apply these concepts to the

solution of realistic problems. Thus it is reasonable to ex-

pect that most electrical engineering students would be ex-

posed to most of this material. Those students interested in

exploring digital system concepts in greater depth should be

able to elect additional intermediate and project work in the

digital area.

2-4 The Intermediate Laboratory Program

The main purpose of the introductory laboratory work is

to teach the student the skills that he needs to carry out
more advanced work. As such, the exercises performed by
the student are highly structured and require relatively little
analysis and design effort. When a student enters the inter-
mediate portion of the program it is assumed that he has

mastered the basic skills discussed in section 2-3 and is able

to apply them intelligently. Thus the goal of the intermedi-
ate program is to develop the student's ability to define and

solve realistic engineering problems.
Carrying out the problem solution requires the following

stages: definition of the problem in exact form, develop-

ment of possible solutions, testing and evaluation of solu-

tion, reporting of results. The intermediate laboratory pro-

gram must be organized in such a way that the student is
introduced to each stage of the problem solving process.
This can be accomplished by giving the student a sequence

of problems to solve. Each problem should take about three

or four weeks of work and should require both in-labora-
tory experimentation and out-of-laboratory anblysis, design

and report writing.
The design of the problems to be assigned to the student

will depend upon the facilities available in the laboratorY,

the background of the students and the interests of the fac-

ulty. Ideally, the projects should cover a wide range of top-

ics and require the design of hardware networks, mini-com-

puter software programs and interfaces to the real world for
their solution. Since a laboratory of this type will require
the student to use a wide range of theoretical concepts it is

also assumed that an appropriate sequence of theory
courses is available to the student either preceding or con-

current with the laboratory.
As indicated previously it is not possible to recommend a

"required" set of experiments that should be performed by
all students. However the following set of suggested topic

areas provide guidelines to the type of material that should
be contained in the intermediate level program. Local con-

ditions will, of course, suggest other topics and ways to pre-

sent the suggested concepts.
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1. Transmission and Synchronization of Digital Data

in many digital systems (delay lines, code trans-

mission systems, teletypes) information is transmitted in a

serial form from one location to another. A number of dif-
ferent problems must be solved in developing such a system.

When data is transmitted in serial form the receiver must

be able to be synchronized with the transmitter. This is usu-

ally done by constructing the data sequence in a manner

that allows the receiver to derive synchrcnization informa-
tion from the received data string. Problems involving syn-
chronization techniques provide students with an excellent
opportunity to learn how to handle timing considerations in

digital systems.
In many information transmission systems, error detect-

ing and error correcting techniques are used to handle trans-

mission errors. The design of encoders and decoders to real-

ize some of the simpler error detection and error correction
algorithms provides a good opportunity to introduce the
student to the idea of encoding and decoding data.

2. Basic Information Processing Package

Many of the standard information processing op-

erations such as multiplication, division or square root eval-

uation require extensive digital networks. Designing a net-

work to perform one of these operations using either a

standard or a special purpose algorithm makes an interesting

problem.

3. Analog/Digital and Digital/Analog Conversion

The design of an analog to digital converter and

the use of the converted data in a mini-computer program

provides an excellent introduction to the problem of inter-

facing analog and digital systems. Students can investigate

such things as conversion rate limitations, methods of stor-

ing and using converted data, the effect of limited word

length on calculations using converted data, and the rela-

tionship between computation speed and the bandwidth

of the analog information being processed.

4. Digital Filtering

Study of the use of digital techniques to filter
analog data. A digital filter could be constructed com-
pletely 'from hardware or a mini-computer program could

be developed to carry out the operations. An evaluation of

the factors limiting the bandwidth of the filters that can be

realized should be emphasized in this experiment.

5. Display System Design

Visual displays form a very important class of out-

put devices. A problem involv;ng the generation of simple

patterns on the face of a CRT provides a rich area for prob-
lems. These problems can involve the development of hard-

ware networks, software programs or a combination of the
two to carry out specific display tasks.

6. Hybrid Computer System
Integrated-circuit operational amplifiers make it

possible to construct hybrid analog/digital computers that

can be used to carry out simple information processing



tasks. Problems built around the design of a hybrid com-
puter to carry out a particular task or the programming of
a hybrid system will provide the student with an excellent
introduction to the relationship between analog and digital
systems.

Depending upon the program taken by the student, the
intermediate laboratory program will either be the terminal
laboratory experience in the digital area or it will serve as a
lead in for more advanced project laboratory work. It is
particularly important that the faculty and staff associated
with the intermediate laboratory work closely with the stu-
dent to provide the guidance necessary to develop the stu-
dent's problem solving ability. The student should be con-
tinually asked to defend his work and assumptions. This not
only encourages the student to prepare properly for his in-
lab work but it also builds up the student's confidence that
he can actually carry out a complex design task.

2-5 Project Laboratories

Project laboratories are the least structured of all of the
laboratory forms. The essential feanires of a project labora-
tory are that it permits a student or a group ofstudents to
choose or originate project ideas and enjoy a high degree of
autonomy in the design and realization of the project
These projects do not necessarily have to be practical or
perform any useful function; however, a most important
characteristic of a project is that it "works" and that it ful-
fills some goal close to that stated in the student's initial
project proposal. This is important not only for the evalu-
ation of the student's performance, but also because of the
sense of fulfillment experienced by the student upon suc-
cessful culmination of his project.

Perhaps the most difficult aspect of a project laboratory
is guiding the student in his choice of a project. Care must
be taken to insure that each problem is reasonably complex
as to scale and sophistication of design, yet feasible within
the limitations of time and available equipment. The stu-
dent's previous laboratory work often provides some guid-
ance in the selection of a topic. It is also helpful to have
lists available of possible projects, together with short de-
scriptions of some of the problems involved in carrying out
the project. This list can be the result of suggestions made
by faculty members as well as ideas that have been sug-
gested by previous student projects. A library of previous
student project reports should be available for inspection
by the student.

One of the most difficult tasks that must be carried out
is that of matching the capability of the student to the proj-
ect that he selects. The above average student (and this does
not necessarily mean the student who receives all A's in his
classroom work) will often find interesting projects asso-
ciated with some research program being carried out in the
university. These projects may be of an interdisciplinary
nature and can involve a group of students with varying
backgrounds working together. This can provide an excel-
lent educational experience for the better qualified stu-
dents. However, unless the instructor is willing to devote a
great deal of his time to individual work with a student, av-
erage students should be encouraged to select less compre-

hensive problems.

It has been found that one vei y effective way of com-
municating to the students the scope and complexity of
projects they are capable of successfully undertaking is to
show a video tape recording of student demonstrations of
the previous term's projects. Video tapes used for this pur-
pose need not be of broadcast quality. There are several
brands of home-quality video recorders which are currently
available.

Some possible projects are listed in the following table.
A short description of some of these projects is given in
Appendix B.

Although project laboratories ere the least structured,
the time allotted for any project lab subject is limited and a
set of deadlines should be established so mat the student
knows when he must complete the different stages of his
work. The main checkpoints that should be indicated are:

1. Definition of project
2. Completion of first design and analysis
3. Completion of first working solution
4. Completion of experimental work on project
5. Date project report due
6. Date of oral presentation of project results

The initial definition of the problem should be spelled
out in a brief project proposal that is submitted to the in-
structor either before the student is allowed to register for
the course or shortly after the course begins. Using this pro-
posal, the instructor can decide upon its feasibility in terms
of the availability of adequate laboratory facilities and the
competence of the student. Once the instructor accepts the
proposal, it is helpful to have the student make an oral pres-
entation of his project proposal to an audience comprised
of both instructing staff and fellow students. Very often
this type of presentation with its associated question-and-
answer period clarifies the scope of the proposed project. In
addition, constructive suggestions are often offered both by
other students and teaching staff.

The next phase of the project involves the detailed de-
sign which must be accomplished before any actual hard-
ware construction is undertaken. During this time, the
teaching staff should maintain at ieast weekly contact with
each group of students. This contact should be of a consul-
tive natnr-e and at most supply guidance to the student by
giving helpful suggestions or asking leading questions.

After the initial analysis and design has been completed
and accepted by the instructor, the next task that must be
carried out by the student is to develop the hardware and
software defined during the design stage. The teaching staff
should monitor this work in detail to keep the students
from wasting too much time going down blind alleys. Here
again the instructor should only offer advice and sugges-
tions and should not step in and solve the problem.

At the end of each term, each student should be re-
quired to deliver both an oral presentation of his project to
the instructing staff and other students, and to submit a
typewritten project report. In the case of partners, diagrams
should be prepared jointly with copies included in each re-
port. Project partners should be encouraged to discuss the
content of their reports, but should write their reports inde-
pendently. In both the oral and written presentations, each



student should emphasize those aspects for which he had

particular responsibility.
While the major reward for successful completion of the

project is the satisfaction that it engenders, an additional

and not inconsequential reward is being selected for video
taping when this method of instruction is used as suggested

previously.
Table 11-1 provides a list of representative projects that

have been successfully completed at various institutions.

Table 11-1

Project Suggestions

A. Game playing machines

1. Blackjack
2. Tic Tac Toe
3. Nim
4. Coin flipping prediction
5. Bowling score computer
6. Jigsaw pu:le solver
7. Bridge-opening bid computer
8. Acey-Deucy
9. Roulette wheel

10. Slot machine
11. Space Chase

B. Arithmetic binary or decimal, serial or
parallel, fixed or floating point

1. An arithmetic unit to add, multiply,
divide and form the square root of a
number

2. Log and antilog
3. Binary rate multiplier
4. Difference equation solver
5. Matrix inversion or multiplication
6. Vector operations
7. Polynomial differentiation
8. Determinant evaluator
9. A simple computer

C. Control and Miscellaneous

1. Elevator control system
2. Digital television
3. Juke box control
4. Delay line memory and dynamic

sketchpad
5. Light pen tracker
6. Dot raster numeric display
7. Sampling pen recorder
8. Facsimile transmission
9. Pulse position, pulse code or delta

modulation
10. Error detecting and correcting

codes
11. Digital tape recording
12. Time division multiplexors
13. Scope pattern generation
14. Digital sequence detector
15. Priority nets
13. Edge enhancement
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Table 11-1 (Continued)

17. Character generation (oscilloscope
or paper tape)

18. Digital chord generation
19. Digital cipher machine
20. Interchange sorting
21. Rally computer
22. Flying dot character recognition
23. Music generation
24. Karnaugh map MSP generator
25. Roman numeral reader
26. Hardware test editor
27. Touch tone to dial pulse converter
28. Teletype security system
29. Decode hanowritten numerals
30. Automatic telephone dialer

EQUIPPING DIGITAL LABORATORIES

The discussion in Section II has emphasized the differ-

ent types of laboratory experiences that should be available

to all electrical engineering students as well as the experi-

ences that should be available to those students wishing to
enter the computer and digital system area. To implement
these laboratory programs, it is necessary to have adequate

facilities. In many schools this will mean that a considerable

amount of new laboratory equipment must be purchased.

This part of the report presents the considerations that

must be evaluated when making these purchases and when

setting up the corresponding digital laboratory facilities.
The development of a comprehensive laboratory facility

involves a considerable amount of effort and expense. To

insure that the desired results are obtained, a long range de-
velopment plan should be worked out consistent with the
funding that is anticipated to be available. Under ideal cir-

cumstances, funds should be initially available to fully
equip the laboratory with the equipment necessary to carry

out the introductory laboratory program and to allow a rea-

sonable number of students to carry out intermediate and
project work. After the laboratnry is established sustaining

funds should be programmed to allow for the purchase of

new equipment, expansion of the laboratory, and, of course
for replacement and repair of equipment that wears out
during normal laboratory use. This continual support is ex-

tremely important since the digital system area is changing

very rapidly and new technological changes can greatly in-

fluence the type of equipment that should be included in

the laboratory. Without continual updating of the labora-

tory equipment, the laboratory facilities will become out-
dated in a relatively short period of time.

The following discussion provides a guide to the types of
equipment available for laboratory use, the relative advan-

tages and disadvantages of each type, and makes recommen-

dations concerning the order in which various classes of

equipment should be purchased. Each department must in-

terpret these recommendations in light of its own educa-
tional program, the capabilities of its faculty and the funds
available for laboratory development. In some situations a
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considerable amount of money can be saved, if shop facili-
ties are available, by building some pieces of equipment. A
number of "how-to-do-it" suggestions are included in Ap-
pendix C for those who choose this route. Appendix D pre-
sents a brief review of commercial equipment that has been
designed for laboratory use.

The equipment needed to carry out the laboratory pro-
gram discussed in Section II can be separated rouahly into
three classes. These are:

1. Logic networks
2. Modular components
3. Mini-computers

These classes are listed much in their order of service to the
desired pedagotqy and, therefore, in the order of their most
appropriate acquisition.

Logic networks include the basic logic elements such as
gates, flip-flops, switches, etc. needed to build digital net.
works as well as the associated interconnection scheme such
as bread-board or patch-board devices necessary to inter-
connect these elements. The modular components cor-
respond to complete operational units such as core memo-
ries, delay lines, teletypes, display systems, etc. which may
be included in a complete digital system.

Mini-computers and the peripheral devices associated
with these machines will, of course, play an important role
in the overall laboratory program. However, while a mini-
computer may certainly !)e a more glamorous piece of
equipment than a mere collection of circuits, sockets, and
wires, the temptation to make this purchase must be re-
sisted until the latter equipment, so essential in the basic
digital laboratory, has been obtained. The initial laboratory
planning should certainly look forward to the introduction
of computers in the system, but the initial laboratory ef-
forts should be focused on the fundamental aspects of digi-
tal system design and implementation. It has been correctly
argued that the premature introduction of computers may
actually subvert the pedagogical goals of the digital system
laboratory.

3-1 Logic Networks

In developing a digital system laboratory, the following
questions must be answered:

1. What logic elements must be made available to the
students for system construction?

2. How are the components of the system packaged and
how can they be interconnected?

3. How will the students input digital signals and infor-
mation to the system they are developing?

4. How will the output information generated by the
system be indicated?

5. What types of power sources are needed to supply
power to the system?

6. What type of measuring equipment is necessary to aid
the student in trouble-shooting his system and observ-
ing its behavior?

The following discussion presents some of the different
ways that these questions can be answered and indicates the
relative merits of alternative solutions.

8

3-1.1 LOGIC FAMILY SELECTION

Central to any logic laboratory unit will be the actual
logic elements that form the building blocks of this system.
Virtually all modern digital equipment is now built from
integrated circuits (IC's) rather than discrete components.
There is a prodigious array of IC's available today, and new
circuits appear on the market almost daily. The complexity
of these integrated circuits ranges from those containing
one or two gates, to so-called MSI (Medium Scale Integra-
tion) packages providing, for example, 4-bit adders or shift
registers in one package, to LSI (Large Scale Integration)
units which may contain, for example, a 1024-bit high
speed semiconductor memory array and the associated de-
coding circuitryall on a single silicon chip. Any digital
laboratory program which ignores such rapidly burgeoning
developments as these will be of decidedly limited value to
the students. Without regard to the particular logic opera-
tion, there are a number of different families of integrai.ed
circuits that are commercially available at reasonable prices.
The articles by Garrett (reference 2) gives t1-2 advantages
and disadvantages of each major family.

It is highly recommended that TTL (Transistor-Transis-
tor Logic) circuits be selected for any new laboratories or
for the updating of established laboratories. This logic fam-
ily currently enjoys widespread popularity among designers
and manufacturers of digital equipment because of its low
cost, high speed, good noise immunity, high fan-out capa-
bility, and the variety of available logic functions. Also,
TTL is the most rapidly expanding family, including most
new MSI announcements. TTL integrated circuits are avail-
able in a variety of package styles; however, the dual-in-line
package (DIP) is best suited for laboratory application.
Large and rapidly growing sub-families of TT L circuits
available in plastic or expoxy DIP's are particularly attrac-
tive to logic lab programs because of their low cost and
ruggedness.

The choice of TTL logic as the most desirable logic
family for logic laboratory application is motivated by the
numerous advantages offered by the family as noted above.
As a second choice, DTL (Diode Transistor Logic) would be
acceptable in a logic laboratory. This family of logic is in
some instances slightly cheaper than TTL but has as a major
disadvantage the fact that it is significantly slower than
transistor-transistor logic. DTL and TTL units are com-
pletely compatible and, therefore, a mix of DTL and TTL
1C's in a laboratory should pose no problems of conse-
quence.

Other families of logic, while important to specialized
system designers, are perhaps not too appropriate for gen-
eral use in digital logic laboratories. ECL (Emitter Coupled
Logic) for example, has a number of disadvantages in this
environment. The most pronounced is, perhaps, the re-
quirement for multiple power supply voltages. The ex-
tremely high speed of this logic family also may require
very specific lead dress and mounting requirements. As
another example, the much older RTL (Resistor Transistor
Logic) while still available in fair variety and at moderate
cost, is rapidly becoming obsolete. Thus, its use in a labora-
tory program is somewhat unrealistic and supplies of this
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family of logic are liable to become scarce in the future. In
short, for the present, logic which is compatible with DTL
and TTL should prove quite serviceable in a digital logic

laboratory.
A desirable option for a logic laboratory program might

include the expansion of the facilities to include Metal
Oxide Silicon (MOS) devices. In all likelihood, this type of
device will gain very much in popularity in the next few
years. However, the guarantee of MOS capability should not
defer beginning decisions. It is better to have an on-going
DTL/TTL lab than to postpone the activity while awaiting

decisions regarding MOS compatibility.

3-1.2 SELECTION OF BASIC LOGIC OPERATIONS

Once the logic family has been chosen, the user must
then decide upon the particular logic elements to be in-

cluded in the laboratory. Two types of elements must be

selected, combinational logic gates and flip-flops.
Assuming that TTL or DTL circuits have been selected

for laboratory use, the most likely choice for the basic gat-

ing element is the NAND gate. This is a universal function
for which a number of clever design algorithms exist. (See

reference 13). For introductory laboratory work a collec-

tion of 2, 3, or 4 input NAND gates is satisfactory. How-

ever, as the student progresses to the more advanced work,

it is desirable to provide him with a more extensive collec-

tion of gate types so that he can become familiar with the
full range of possible gate configurations.

The basic storage element is the flip-flop. There are a
number of different types of flip-flops available. For labo-

ratory use considerations of generality and flexibility are
prime considerations. The master-slave J-K flip-flop with
separate preset and clear inputs to each flip-flop is the best

choice for general laboratory use.
The introductory laboratory program can easily be run

with 6 to 8 flip-flops and twenty to thirty gates for each

student station. For intermediate level laboratory work ex-
perience has shown that typical projects may require on the

order of 100 gates and 35 flip-flops. Student projects usu-

ally grow to the limits.imposed by the availability of equip-

ment. It is not unusual 'to find student projects that utilize
150 gates and 60 flip-flops.

3-2 Packaging and Interconnection Techniques

It is perhaps in the schemes used to package and inter-

connect the various logic elements in the laboratory unit
that the systems which are available for use show the great-

est variety. Several qualitatively different schemes are avail-
able for this purpose. Some of the most common of these

schemes are reviewed in this section.
For purposes of discussion, packaging and interconnec-

tion schemes may be organized into three general classifica-

tions. The first class shall be referred to as fixed patching

systems with generally small fixed arrays of logic and some

interconnection facility. The second class is the generally

larger assembly of modules with a removable patching panel

arrangement for interconnection. The third class includes

systems which to some extent resemble breadboards of

conventional construction techniques. This third class of

systems may be further subdivided into two classes depend-

ing upon whether the plugable module is at the printed cir-
cuit card level or at the integrated circuit package level.

This classification of interconnection schemes is some-

what arbitrary and some few systems do not fit into this
classification while others may cross class boundaries. This
discussion will deal with the general characteristics, advan-

tages and disadvantages of each of the main classes. Appen-

dix D presents a survey of the different typesof commer-
cially available equipment that fits into each of these
classifications. Appendix C illustrates how similar equip-

ment has been constructed at various schools.

3-2.1 FIXED PATCHING UNITS

One common method of mounting logic elements is the

fixed patchboard scheme. In this arrangement, a panel is

provided on which standard symbols for gates and other
logic elements are silkscreened or otherwise displayed. Cor-

responding to each such symbol is a "live" logic element
hidden somewhere beneath the panel or elsewhere with its

input and output terminals electrically connected to jacks

in appropriate positions on the patch panel. Switches for

input levels or pulses and lamps for output indication are
typically provided. Qften, a clock pulse and delay multi-
vibrator are available. The units are usually self-contained
including power. Typical units have some eight or so flip-
flops and perhaps as many as forty gates available for inter-
connection. In order to experiment with a logic circuit of
his own design or from a "cookbook," a student need only
interconnect the jacks corresponding to the appropriate

leads of the logic element with one another in the proper
fashion using patch wires with suitable plugs on each end.

Since the actual logic elements are soldered in some hidden

part of the units they can neither be easily interchanged nor

replaced. Thus it is of crucial importance to make certain at

the time of purchase that a lab unit of this type uses a suit-

able family of logic and provides a sufficient number of
logic elements. Expansion beyond the initial choice or any

changes in the logic will be very expensive if, indeed, pos-

sible at all.
Two typical fixed patchboard units are shown in Figures

3-1 (a) and (b). The first unit is homemade while the second

unit is the Computer Lab made by Digital Equipment Cor-
poration. Units of this type are best for introductory lab
work where students are working on relatively simple cir-

cuits. More ambitious projects ordinarily require the con-

nection of two or more units. Because of their size, it is
usually not practical to try to construct circuits that require

more than two units.
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(a)

Homemade Unit

(b)
Commercial Unit

Two Typical Fixed Patchboard Units

Figure 3-1

3-2.2 REMOVABLE PATCHBOARD UNITS

The second variation of patching schemes employs a re-
movable patchboard as illustrated in Figure 3-2. In this
scheme, the pins of the integrated circuit modules are
mapped to a receiver. The receiver accepts a removable
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(b)

Removable Patchboard Units

Figure 3-2



patch panel upon which the students may connect their
logic system. Typical systems of this sort may also have
switches, lights, clocks, etc., associated with certain posi-
tions on the patch panel. In some situations, larger func-
tional modules such as counters and registers are accessible
by patching. Patching points may be provided for commu-
nication links to mini-computers, teletypes, delay lines, A-D
and D-A converters and other similar types of equipment.
Typical units of this construction (one type is detailed in
Appendix C) may have some 65 flip-flops and some 160
gates available for interconnection.
This scheme has the advantage of permitting a large number
of students to time-share a rather extensive collection of
equipment at modest expense. If the patchboard is small
enough, students can take it home, wire up their logic de-
sign, and later plug it into the carrier which interfaces the
patchboard to the logic elements. This arrangement can
make considerably more logic elements available to each
student than the fixed patchboard.

3-2.3 LOGIC CARD UNITS

In one version of the third class-of mounting and patch-
rag schemes, integrated circuit modUle.s may be mounted on
printed circuit cards for insertion into,zonventional card
sockets. The socket pins may be mapoed onto a panel for
patching as in the Digital Equipment Corporation Logic Lab
(Figure 3-3 (a)). This unit has module diagrams which may
be inserted on the patching panel in association with the
printed circuit card plug-in. Optionally, the socket pins may
simply be made available for interconnection patching at
the socket terminals as the homemade equipment shown in
Figure 3-3(b). In this instance, the logic system wiring re-
sembles the back panel wiring found in many contemporary
digital systems. In either the panel or socket connection
scheme, the required modules for a given system are in-
serted in the connectors and appropriate interconnections
are established between these chosen modules. The inter-
connections may extend to additional panels or certain con-
nectors may be routed to additional panels for switch input
levels or pulses, output indicating lights, or other external
equipment. Generally, a power supply is included with a
rack of such card sockets and the cards are arranged so that
all cards are powered at the same pins. This permits power
and ground circuits to be bussed throughout the system and
only the interconnecting logic signals need be patched. Sys-
tems of this class are readily expandable in terms of module
complement. The typical units shown in Figure 3-3 can be
used to build systems with 60-80 flip-flops and 160-200
gates.

1

Commercial Unit
(a)

1 3

Homemade Unit

(b)

Two Typical Logic Card Units
Figure 3-3



3-2.4 SPECIAL CONNECTOR SOCKET BREADBOARDS

The second version of the third class of mounting and
interconnecting schemes involves a rather special connector
socket which accepts the integrated circuit in DIP or TO-5
packages as a plug-in device. This socket allows each termi-
nal of the IC to be fanned out to multiple tie points so that
the interconnecting wiring may be accomplished. Commer-
cially available systems using this technique are shown in
Figure 3-4 (a) and 031 and "homebrew" versions using this
concept are shown in Figures 3-5 (a) and (b). An analogy to
current construction practices for this scheme is found in
the "mother board" concept which is employed in many
contemporary digital systems. Generally, the subunits of
this type of system carries several IC packs. Other sub:- "s
of the system may supply facilities for patching input
switches, output lights, etc. Numbers of such boards may
be assembled on common rails or in common packaging
configurations. The assembly of subunits (mother-board)
may have a multi-pin connector which allows the entire
unit to be plugged in to a larger system assembly. Again
systems of this class are readily expandable in terms of
module complement. The systems shown in the above fig-
ures have the capacity to handle 8 dual inline packages per
mounting strip. Systems involving 50 such packages can
easily be constructed.

(a)

,(5)

Commercial 'Breadboard Units

Figure 3-4

112

,

(a)

(b)

Homemade Breadboard Units

Figure 3-5

3-2.$ SYSTEM COMPARISONS

At this point it is possible to compare the relative advan-
tages and disadvantages of the different classes of patching
and interconnecting schemes described above. There are a
variety of factors that must be considered in evaluating any
given unit for use in a given laboratory program. Some of
these are:

a) Initial Cost
b) Expandability
c) Flexibility
d) Ease of multiple student Lose
e) Portability
f) Cost of operation and mdintenance
g) Size of projects that can be carried out



The weight that should be applied to each of these factors
depends upon the type of laboratory program being de-
veloped.

The fixed patching scheme has a number of advantages
because they are designed to be simple to use. These units
are typically self-contained and highly portable, having
their own power supplies and pulse generators for clocking
signals. If such units are available, students prefer to take
them to their home or dormitory so that they may pursue
their problems at their own pace.

The small size of these systems may be deceiving. It is
true that a problem such as the realization of a twenty-four
bit counter is out of the question; however, the realization
of a full flow table with, say, eight input variables and eight
internal state variables is quite a large and formidable prob-
lem. Such a problem can be quite adequately patched on
any of these small systems. For this reason, the small sys-
tems find considerable use by intermediate and advanced
students for flow table realization or the painstaking de-
bugging which may be necessary in the design of some small
subsection of a larger system.

The results of a survey conducted by this COSINE Task
Force (Appendix E) indicate that this fixed panel patching
scheme has been the type of logic laboratory equipment
that has won the quickest favor with educational institu-
tions. This popularity is not surprising in view of the fact
that commercial units of this type are specifically designed,
promoted, and widely distributed as foundation blocks for
student laboratory programs. These units are often supplied
with a comprehensive description of particular laboratory
programs in which they may be employed. Of course, such
teaching or self-teaching aids reduce the faculty work load
involved with establishing a new laboratory program. The
obvious trap is that such "cookbook" programs cannot long
serve an active digital laboratory. Further, the usual gamut
of "cookbook" experiments hardly explore the real possi-
bilities of these systems.

Obvious disadvantages also accrue to these systems.
These, again, largely stem from the design which is directed
at simplicity in use. The mapping from logic element to
logic symbol often implies that the module is in an inacces-
sible position and hence, difficult to service. Most commer-
cial units also require leads with special plugs to intercOn-
nect the various logic elements. These leads are usually
expensive and are easily lost. In addition, the basic logic
operations provided are fixed. Thus there is little flexibility
in the choice of components available to the student. The
design of the fixed patching scheme is not directed to the
large project type of experimentation and it is not an ap-
propriate piece of laboratory equipment for some of the
more ambitious system realizations. Perhaps the major dis-
advantage of the commercially available systems is in the
cost of providing facilities for student use. For their in-
tended use as a unit to introduce a student to basic logic
design concepts, their convenience of use compensates for
their high cost per logic unit available. However, this cost
factor makes these units entirely unsatisfactory for project
work.

The units employing removable patchboards (Figure
3-2) probably provide more logic power per student for a
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given capital expenditure than any other system scheme
which can be employed. Unfortunately, there are currently
no systems commercially available that employ this ap-
proach. The lack of availability on the commercial market
of such removable patchboard units will dictate that any-
one wishing to use this scheme must build his own equip-
ment. Plans for a logic laboratory unit employing this
scheme are given in Appendix C of this report.

The major advantage of the removable patchboard sys-
tem stems from the fact that the patching panel is remov-
able. By this technique, for a cost of perhaps thirty dollars,
the studerr' ^in have available to him the! time-shared facil-
ity of several thousand dollars' worth of logic and periph-
eral equipment. The patchboard portability allows the stu-
dent to tronsfer his design from paper to wiring at his own
pace in V- laboratory or in the comfort of his home or
dormitory room. The modest expense of the removable
patchboardaiso makes it possible for the student to retain
his design fcr an extended period of time. Here again, the
modifications which he wishes to make to his design can be
made at his leisure. Of course, the actual time during which
the student may test out his design is limited since a num-
ber of students would typically be sharing equipment con-
nected to the patch panel receiver.

The actual logic elements of such a system are decidedly
not portable and can be used only in the laboratory in
which they are installed. The majority of the logic elements
must be preconnected to specified connections on the
patch-panel receiver and these locations must be thor-
oughly documented. It is, however, desirable to include a
"free patching area" where a set of special modules may be
plugged in by the student at the time he inserts his patch
panel. This of course increases the setup complexity for
students who must use the special module sections. It may
cause some concern to users of quite high speed circuits
that some long lead lengths are generally involved in the
mapping from receiver to patchboard. Successful systems
have been fabricated using DTL but none have yet been at-
tempted using TTL or faster logic families. The cost of leads
used with the patch panel can often represent a major sys-
tem cost.

The Logic Card Units (Figure 3-3) which employ printed
circuit cards and a facsimile of back panel wiring generally
exhibit considerable flexibility. This scheme offers some
good pedagogy in that there is a strong resemblance be-
tween the patched system and regular digital systems. The
user is free to choose the required modules and he is further
free to exercise his discretion as to module placement.
Schemes which allow for logic diagram identification of the
modules (Figure 3-3 (a)) generally are not able to achieve
the logic density which has been obtained with the locally
constructed systems (Figure 3-3 (b)). Information relating
to the construction of the latter system is presented in Ap-
pendix C.

Systems of this back panel wiring class allow a modular
equipment configuration to be allocated to the needs of an
individual student project. This allocation provides for max-
imum equipment utilization. This is important, since in this
scheme, all of the logic equipment associated with a partic-
ular project must be dedicated to that project for the dura-



tion of the student's activities. If one is to maintain a rea-
sonable budget, then it is important that modules not sit in
idle rack positions because of inflexible hardware. Projects
using these systems may require several thousand patch
cords. In some versions, the cost may approach a dollar per
cord while others employ wire with rather inexpensive taper
pins or slip-on connectors. In these instances, the ratio of
logic power per student to the capital expenditure is gen-
erally moderate.

The breadboard patching scheme (Figures 3-4 and 3-3)
which employs IC's plugged into special sockets and a fac-
simile of "mother board" wiring have many of the proper-
ties of the previous class. This system is pedagogically good.
The user is free to choose modules (IC's) which suit his re-
quirements. The system is highly modular and can be con-
figured in almost any size from a "take home" version with
about eight IC's to a very large project involving several
hundred IC's.

This subcla,-, of schemes is available commercially or can
be easily constructed from the specifications in Appendix
C. Even if purchased commercially, the ratio of logic
power per student to the capital expense is moderate.

The lack of symbolic identification of logic function
may be a disadvantage especially to beginning students. In
addition the IC's are used with no special packages or car-
riers. Thus they are quite vulnerable to physical damage
through carelessness on the part of the student. Damaged
units are, however, easily replaced.

3-3 Auxiliary Devices
Each laboratory station must have one or more means to

interface with external devices and systems. This section
briefly indicates the types of components that should be
planned as part of the logic units selected.

3-3.1 INPUT DEVICES

The most common input device for laboratory logic sys-
tem projects is the simple switch. Slide, rocker or toggle
switches are typically used to provide level inputs, i.e. con-
stant logical zero or logical one signals for an extended pe-
riod of time, while push-button or some other type of mo-
mentary-contact switches are necessary to provide pulse
inputs. For the latter types of switches it is necessary to
provide some type of debounce circuitry to eliminate mul-
tiple pulses which can result from contact bounce in me-
chanical switches.

In addition to level inputs many logic circuits require
various timing, control and clock signals. These signals are
usually provided by a pulse generator which may either be
built into the basic lopiu unit or be a separate piece of
equipment.

If the systems under design in the laboratory are to be
interfaced with other devices, a connector strip having as
many as 100 different contacts on a single printed circuit
card edge should be provided. For more advanced projects
analog-to-digital converters, shaft encoders, telephone dials,
keyboards and other special input devices should be avail-
able in the laboratory. These devices are particularly impor-
tant if experiments involving hybrid or real-time systems are

planned.
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3-3.2 OUTPUT DEVICES

Certainly the most importer'," output device for an ele-
mentary logic laboratory unit is the indicator light. Simple
incandescent lamps are the most common type of lamp
which can be used for this purpose. However, the steadily'
decreasing prices of much more sophisticated devices such
as light-emitting galium-arsenide diodes will pg.mbably makk:

these devices very useful for tnis purpose in the near future.
For more special purpose applications, numeril indicators
such as 7-segment display units (which may also utilize
galium-arsenide light-emitting diodes) may alsolbe a valu-
able asset in a laboratory unit Multiple-corn:tut:Tor connec-
tors similar to those used as input connections-also provide
a useful output function when the basic logic dab is to be
used as an element in a larger system.

Digital-to-analog converters, stepping motom and other
such special output devices are very desirable tor use in
more advanced projects. Many of these devices can be pur-
chased as a standard logic package that accept digital signals
as inputs. Here again the ability to interface logic networks
to the analog world is a very desirable feature AD include in
the laboratory.

3-3.3 POWER SUPPLIES

The choice of logic elements to be used for the logic lab-
oratory will determine the power supply requirements for
the unit. If TTL and/or DTL is selected as recommended
above, then the power supply requirement is simply 5 volts
at a sufficient current rating. This supply may be as simple
as a set of dry cell batteries or as elaborate as a supply regu-
lated by an integrated circuit regulator. The use of battery
operated logic lab units will probably be confined to very
small scale units as battery Me for experiments employing
more than perhaps a half-dozen IC's will be very short in-
deed. Provision should also be made, if possible, for the
addition of auxiliary supplies providing 15 to 30 volts for
use with MOS logic devices. A supply providing -±15 volts is
also desirable if analog elements such as operational ampIli-
fiers are to be used as part of a project.

For line-operated power supPlies it is highly recom-
mended that the supply be regulated and current should be
limited for its own protection. Such features as these in-
volve relatively little additional expense now that integrated
circuit regulators are available at very modest cost.

The current requirements of the power supply in the
given lab unit depends very much on the ncumber of logic
elements being used, as well as on the power requirements
of such peripheral elements as indicator lamps used for out-
put. As a rule of thumb, one can plan for about 2 milli-
amperes of current drain for each gate anci33 milliamperes

per flip-flop when using the Series 74 TTL logic. As an ex-
ample, for a student project employing 100 series 74 NAND
gates and 60 series 74 JK flip-flops together with a 12-lamp
indicator circuit where each lamp consumes 40 to 50 milli-
amperes, a 1% 2 ampere current power supply will be

ample.
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3-4 Make or Mey tbe EQyalprmant?

-The decision to r.rnake cri/ the laboratory units to be
utvAl in a given laboratory c..101onh/ be answered after evalu-
at'n9local conditions. In some 'es-/ances this question will
fit:B"s only one possible answer. C.Jr2e wishing to establish a
'Qv:c laboratory employing, -for example, the removable
patchboard scheme will have little choice but to build his
own equipment. In other instances commercial equipment
is which more or less fulfills the needs of a particu-
lar plan for a logic laboratory. In some instances, however,
the commercially available equipment which is most su:t-
able will be pr;ced beyond the limits of one's budget. In this
case, very satisfactory lab equipment can be made, if one
has available adequate shop facilities and adequate support
personnel with the necessary skills. The construction of
homemade equipment is frequently only "less expensive" if
the cost of faculty and technician time is not included in
the price of the equipment. However, there are often many
fringe tenef its to be gained by using in-house facilities.

The design and construction of lab equipment can be a
very educational process, particularly in the area of eco-
nomics, both to faculty and any students involved. Any
equipment built in-house can be optimized for the needs of
the local laboratory program. If the operation of all the de-
partmental laboratories is coordinated it is often possible to
obtain a higher use factor of equipment and in this way jus-
tify the purchase of a number of more expensive items.

The necessary labor to design and construct equipment
can often be obtained from the student body through vol-
unteer help or paid student labor. At many schools the fed-
erally sponsored work-study program will provide funds for
hiring students, provided they have a recognized financial
need.

3-5 Modular Componerrts

Modular components needed in the laboratory can be
classified as test equipment and digital system components.
Because of their size and complexity it can be expeeted that
these components will be portable enough so that they can
be shared by all the students in the lab. However, a suffi-
cient number of units should be available so that a student
can expect to obtain a needed unit for a reasonable amount
of time.

3-5.1 TEST EQUIPMENT FOR DIGITAL
LABORATORIES

There are two types of measurements which must gener-
ally be made in digital laboratories: levels and pulses. Levels
are most easily and simply measured by using the lamps
which are an integral part of most digital laboratory
equipment.

Both pulses and levels can be measured by the mainstay
of the digital laboratorythe D. C. coupled wideband oscil-
loscope. The bandwidth of the scope required is a function
of the speed of the logic in use in your laboratory. How-
ever, as a guideline, typical propagation delay times asso-

ciated with the two type.% of I Us retzommended previously
are:

DTL - 25 ns
TTL - 10 ns

Generally, instruments -vti a 30'MHz bandwidth are used
for DTL and 50 NIHz b width lorTTL. There are two
other essential features -he laboratory oscilloscope. The
first is the ability of theY- vstrument to display at least two
signals simultaneouslly. oe second -.feature is the delayed
trigger which alkikws thu t,..;:ler to delw the trigger of one or
more of the scope traccoc4wKiith respect to another trace or

)nal. These feattures are. Oost helpful when one is debug-

gitng timing problisnns in quential circuits.
There is one tallatively .nexpensive oscilloscope accessory

without which thousanft-ol dollars worth of laboratory
equipment can be..rendert:ed useless. That accessorythe
high impedence oscilloscagte probeshould be provided in
adequate quantity so th:Elvcprobe es'aring among students is
not necessary evem thouen several probes are "broken or
misplaced."

A pulse generator islorpa other piece of laboratory equip-
ment which may be necessary iflit is not built into the lab
equipment. This equipment does not have to be exotic with
such features as variable -.;te=time or bipolar output but
should have variable putan width, amplitude, and frequency
and positive going output for EVIL and TTL logic. The rise-

time of the pulse generat:for. however, must be fast enough
to drive the logic system use. There are several such pulse
generators presently on toe market for less than $200.

3-5.2 LARGE SCALE MODULES

Although large scale rrnodules are not required for newly
developed laboratories, one undoubtedly will require one or
more of them as lab experiments become more complex or
especially if one gets involved in project laboratories. These
modules should be easily interfaced with the logic labora-
tory equipment andihus it is often desirable to build the
logical interface circuitryAirectly into the large scale mod-
utles. The following is a list of large scale modules which
have been found useful in laboratory work at several
universities:

1. Teletypes. This is a relatively inexpensive and versa-
tile input/output devicewitness its popularity with
mini-computer manufacturers. The interface circuitry
is simple and easily built into the unit. The main dis-
advantage of the teletype is its fixed lifetime (approx-
imately 1000 hours for an ASR 33) and the mainte-
nance expense associated with this rather complex
mechanical device.

2. Electronic Keybmards. A simple,
free input device which can be purch,,-/K1 fim several
manufacturers or built in the lab from anyone of
several kinds of switches expecially designed for this
purpose. Typically low activation force micro or reed
type switches are used. Use of a standard code such as
ASCII is recommended as this will allow simple inter-
faces to be built-for other systems or large scale mod-
ules such as paper tape readers, punches, and tele-
types.



3. Core Memory. Small core memories such as 8 bit by
256 words complete with driver, address and buffer
circuitry are now available from several manufac-
turers. Many of these memories come on a large
printed circuit card and therefore only power sup-
plies, cabinet, and connectors must be assembled by
the user. Also, since most of the memories made
today are DTL/TTL compatible, interfaces to logic
lab systems which are not DTUTTL compatible
must often be constructed.

4. Delay Lines. Delay lines, such as the wiresonic lines
presently available for a modest cost, can easily be
used as a dynamic store for laboratory experiments.
These delay lines which may have delays for 1 to 10
milliseconds can store from 1500 to 15000 bits of
information. Generally electronic driving and pick-up
circuitry as well as the interface logic can be easily
and inexpensively configured by the user.

5. Paper Tape Handling Eqruipment. Paper tape readers
and punches can be a useful adjunct to a digital labo-
ratory for two reasons. First, they provide relatively
permanent storage for information and programs
which are to be used in delay line or core memories
associated with lab equipment. Second, they provide
a relatively simple mechanism through which infor-
mation associated with a lab experiment can be trans-
ferred to a mini-computer system.

6. Digital-to-Analog and Analog-to-Digital Converters.
D/A and A/D converters are useful large scale mod-
ules not only for application in experimental systems,
but they are also interesting devices for study in and
of themselves. Experiments or projects in process
control and digital filtering are possible when these
devices are available. D/A converters and the hard-
ware for constructing high quality A/D converters are
now becoming available in IC form at continually de-
creasing costs.

7. Displays. Large scale modules which can be used to
display output data graphically are often useful in the
digital laboratory. Experiments involving the genera-
tion of alphanumeric symbols or the plotting of dy-
namic data usually create a great deal of student in-
terest. Game playing projects can often be enhanced
by providing a graphic output. The simplest display is
the laboratory oscilloscope connected to the logic
system through D/A converters. The use of a storage
type oscilloscope or display eliminates the need to
continually refresh the displayed data. Other graphi-
cal display devices such as x-y recorders can also be
used effectively in this application.

8. Graphical Input Devices. As laboratory equipment
and experiments become more involved, one often
finds a need for rapid input to a system which is more
"humanly" rather than "machine" oriented. Graphi-
cal input devices such as the Rand Tablet and light
pen can serve these purposes nicely. A simple light
pen can easily be constructed with a photo-diode and
appropriate electronic circuitry.

9. Magnetic Tape. An input-output medium which is be-
coming more attractive for use in digital laboratories
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are the cassette, cartridge, and reel-to-reel tape re-
corders and players. Several manufacturers are now
offering specially constructed decks for application in
the digital area. On the other hand it has been re-
ported that commercially available analog type re-
corders can be adapted for use in the digital area.
(reference 15).

10. MODEM's. A modulator-demodulator system which
can be used to couple digital devices through the tele-
phone system is another large scale module which
often finds application in the digital project labora-
tory. Remote data gathering experiments are easily
accomplished when one of these modules is available.
Another application is the coupling of large time-
sharing systems into the laboratory's mini-computer.
These modules are commercially available for from
$300 to $500; however, these devices can also be
constructed locally. (reference 18).

3-6 Mini-Computers

initially the price of a computer syr.tern was so large that
it was only practical for universities and colleges to buy a
single system and install it in a central computer center for
general computational use. Because of this initial policy de-
cision most faculty and administration members think of
computers only in terms of their use as a large scale com-
puting device. However the availability of low cost mini-
computers has created the need to reevaluate this policy
decision.

It is becoming quite common to find digital computers
included as an integral part of on-line control systems, data-
retrieval and signal-processing systems and other similar
real-time applications. In applications of this type, the com-
puter operates in an entirely different environment from
that found in a computer center. Consequently, it is reason-
able to expect that a well equipped digital system labora-
tory will have one or more mini-computers available for
on-line use by students in the laboratory.

There are several mini-computers on the market that
fall within $5,000 to $15,000 for the basic system. These
computers, although physically small, have capabilities that
allow them to carry out a wide variety of on-line informa-
tion processing tasks. The versatility and power of the mini-
computer thus makes it as valuable to an electrical engineer
as an oscilloscope. It almost ranks with operational ampli-
fiers, filters and signal generators in the electrical engineers'
"bag of system-;.ealization tricks." If students are to under-
stand and master the use of computers in the context of
system applications they must be able to use them in a lab-
oratory environment. Therefore, it is important that the
digital system laboratory be equipped with one or more
mini-computers. These computers should be considered as
laboratory equipment and be completely independent of
the control and use of the central computer center. Al-
though it might serve in an auxiliary function as a com-
puting device, in The laboratory its main use should be as
an experimental and instructional tool.

The versatility of the mini-computer is somewhat of a
mixed blessing because that versatility, coupled with the
tremendous variety of manufactured versions of such ma-
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chines, has made the problem of selection of a mini-com-
puter more than a trivial task. The very detailed specifica-
tion of a machine in terms of concepts such as how much
core storage, what cycle time, what instruction set, what
input-output capability, etc., complicates the problem of
selection. There are presently some one hundred or so dif-
ferent machines which may, in some sense, reasonably meet
the objectives of a digital systems laboratory. A recent
article by Jurgen (reference 10) discusses the general capa-
bilities of mini-computers and how they can be used in var-
ious system applications.

Currently the mini-computer field is undergoing a very
unstable period of growth. New machines are announced
almost daily and mini-computer manufacturers seem to
have a tendency to fade away. Thus in selecting a computer
one should limit his search to the machines that are offered
by the more experienced and better organized manufac-
turers. A more subtle caution is that many of the usual

parameters which are used to judge a computing system are
simply not relevant to the selection problem for a digital
systems laboratory. Therefore, do not pay too much atten-
tion to the manufacturer's sales brochure or sales presenta-
tion. Try, instead, to consider how each computer would
fit into the goals set for the planned laboratory.

The selection of a mini-computer, like the purchase of a
new car is a very personal thing and involves a considerable
number of intangible considerations. This section will,
therefore, not recommend any specific computer or con-
figuration. It will, instead, point out the important factors
that should be considered in selecting a computer for use in
an undergraduate laboratory situation.

3-6.1 CRITERIA FOR COMPUTER SELECTION

The computer market is rapidly changing, with new
computers or modifications of old computers announced
monthly. Consequently, one of the first decisions that
often must be made is whether to buy a new computer or
accept an older computer that has been offered to your de-

partment as a gift or at what appears to be a very attractive
price. Unless the used computer is a relatively new model
that is in current production, it is strongly recommended
that the offer of the older computer be politely but firmly
rejected. Similarly, military surplus computers should not
be looked upon as a substitute for the purchase of a mini-
computer.

The main reason for this recommendation is that the
changes in computer structure and organization which have
occurred in the past few yeats makes any computer more
than a few years old a bad investment. Older machines are
more costly to maintain, they are more expensive and dif-
ficult to add peripheral equipment to, and they do not have
many of the expanded computational capabilities of the
newer machines. The price of computers has also decreased

very rapidly during the Past few years. For example, the
PDP-5 basic cost in 1964 was approximately $28,500. The
new PDP-8E, which has essentially the same instruction set
as the PDP-5, but is a much faster and better organized
computer, is currently selling for approximately $7,000.
Thus, even though older machines might appear to be an
attractive gift, if one looks at their original price, it must
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be remembered that they have relatively little current value

in the used computer market.
The selection of a mini-computer for undergraduate lab-

oratory use is an entirely different problem from the selec-
tion of a computer for a computer center. In most problems
that a student will be assigned, the mini-computer will be
part of a complete system and the student will have to carry
out both hardware and software design efforts in order to
solve the problem on which he is working. Thus the follow-
ing requirements must be placed on the mini-computer se-
lected for laboratory use.

The basic machine language should be easy to learn and
use by the student and the computer should have an ele-
mentary I/0 structure that makes it easy to interface it with
either student constructed or purchased peripheral equip-
ment. The simplicity of machine organization implied by
these conditions is extremely important because the success
of the laboratory will depend a great deal upon how deeply
the student can become immersed in the total system
environment.

It is important that the student be able to obtain a com-
plete view of his entire problem and seek a solution which
may well involve all of the activities of developing proce-
dures, algorithms, hardware and interface constructions,
software support and perhaps even interpreting the final
system results. It is important that the role of the computer
be properly placed as only one of the blocks in his solution
to the problem. Hence, while the range of problems which
could be approached might be much greater if one acquired,
say, a medium size rather than a mini-computer for this ap-
plication, such an acquisition might defeat the real purpose
of the laboratories in that the limited time available to the
student to carry out his laboratory work might all be spent
in learning to effectively code the larger machine. Thus, the
more meaningful aspects of the project would likely escape
his attention. There is time in the student's later develop-
ment for him to pursue much more exotic systems. It is
tacitly assumed that this laboratory experience may well be
one of the student's first solo ventures in an in-depth study
of a significant problem. It is, of course, required that the
problem challenge him, but it is not necessary to over-
whelm him.

The maintainability of a computer is another important
consideration. Under ideal circumstances, the department
should obtain a maintenance agreement along with the
computer. Thus, the location of the manufacturer's nearest
service center is of critical importance. When a computer is
in use in the laboratory program, it is critical that it not be
inoperative for any extended period of time. Same day or
one-day service should be available on an "on call" basis
and replacement parts should be readily available without
a long delay while an order is "sent to the factory" for a
new part.

In most applications the software supplied by the manu-
facturer of the computer is not of much use in the labora-
tory environment. Except for the editor, assembler and de-
bugging programs that are supplied with every machine, all
of the other software will- probably be disregarded by the
students in favor of programs that they develop themselves.
Some special software packages aimed at the instructional
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needs of a laboratory have been developed by facuity mem-
bers at different schools but these programs are usually not
available from the manufacturer.

In most problems that the student will solve, the com-
puter must be interfaced to other parts of a complete sys-
tem. Since the computer may be required to communicate
with man or with the real physical world, this interface ca-
pability should be as flexible as possible. In order to sup-
port the problem environment, it may be necessary to es-
tablish links between the computer and analog signals,
switch contacts, elements of digital hardware, data modems,
musical instruments, monkeys, mosquitoes, and you name
it.

Not only must the immersion of the computer in the
laboratory system be versatile, the techniques employed
must provkie for very rapid and reliable establishment of
the interface for a particular problem. Unless one can afford
the luxury of a mini-computer and interfacing hardware for
each student, a sequential time-shared use scheme is forced.
This almost begs for a patchable or plugable arrangement
which allows for the rapid establishment of many connec-
tions between the computer and its peripheral elements.

Analog-to-digital and digital-to-analog converters can be
used to handle analog signals and special buffer registers can
be added to interface digital signals.

Another critical problem is that of reading information
and programs into and out of the computer. Most mini-
computers come equipped with an ASR33 teletype/paper-
tape reader/paper-tape punch configuration. This is a very
inefficient means of transferring data between the user and
the computer. With the teletype paper-tape input it takes
an average of twenty minutes to read the assembler into a
typical mini-computer. Under the hard usage a teletype ex-
periences when it is the only input/output device, one may
have dreadful weeks in which he experiences something on
the order of ten minutes of successful reading between tele-
type failures. Moreover it is next to impossible to find ade-
quately trained service personnel to repair the teletype unit.

The solution to this problem requires an alternate high
speed input/output device. At present a high-speed paper-
tape readerpunch is the best solution. However, an alter-
nate solution which is certainly attractive from its usage
standpoint but not as yet from a cost standpoint, would be
one of the variety of keyboard to tape cassette devices, with
a cassette reproducer in the computer interface. Either of
these devices may yield a spectacular result of reducing the
load time of various programs. For example, the load time
of an assembler program can be reduced from twenty min-
utes to something under one minute. This allows the stu-
dent to get on with the more meaningful aspects of his
problem and permits him to get on and off of the machine
in a relat. iely short time. The investment of some three to
four thousand dollars additional will permit one to cer-
tainly double and perhaps triple the number of students
that can make effective use of the system during a given
period of time.

The various manufacturers have a full line of additional
peripheral equipment that can be added to a mini-computer;
however, none of this equipment is as important as the
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items already mentioned and should be added only if extra
money is available.

In summary, the basic mini-computer installation for use
in the undergraduate digital system laboratory program
should have the following basic configuration:

A. Basic computer with at least four thousand words of
memory.

B. A high speed reader/punch
or

a keyboard/cassette device.
C. An A/D and D/A converter.
D. Digital interface capabilities through a buffer register.

The mini-computer associated with the laboratory program
should be considered as a laboratory instrument and housed
in the digital system laboratory under the direct control of
the electrical engineering department. In fact for larger de-
partments, it might be desirable to have more than one
mini-computer installation in the laboratory.

IV. CONCLUSIONS

As an initial project, the Task Force conducted a survey
in the spring of 1970 to determine the amount of digital
system laboratory activity presently underway in various
electrical engineering departments. The results of this sur-
vey, which are summarized in Appendix E, indicate that an
increasing amount of interest in digital system concepts is
occurring in most departments. The recommendations con-
tained in this report have been based upon the collective
experiences of the task force members in developing under-
graduate laboratory programs. However, it is obvious that
the digital area is still in a state of flux and continued de-
velopment work will be needed to keep any digital labora-
tory program up to date. The following observations indi-
cate some of the trends in digital components equipment
that will influence future laboratory development.

MSI and LSI integrated circuits are becoming more read-
ily available at continually lower prices. In the near future,
it will be possible to use integrated circuit registers and
complete logic networks to implement a system design
rather than using individual logic element gates and flip-
flops. As MSI and LSI circuits become standardized, stu-
dents will be able to construct and test complete digital
systems in the intermediate and even introductory labo-
ratories. This capability will in turn require a re-design of
the basic theory courses to keep pace with the new design
techniques that are being developed to analyze and synthe-
size systems from these new components.

In many schools the curriculum is becoming more design
oriented. If this trend continues, project laboratories and
design courses will probably be combined into one package.
One interesting concept would be to organize a course of
this type so that junior, senior and graduate students would
work together, along with a faculty member, to solve a
given problem. Each student would be expected to contrib-
ute according to his capabilities, with the more advanced
students supplying the leadership and guidance necessary to
carry out the project selected by the class.
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The decrease in the price of mini-computers will prob-
ably not be as rapid as has been the case in the last few
years. Although the price of these computers may remain
relatively fixed, their capability should continually increase.
the price of peripheral equipment will continue to decrease
and better man-machine communication devices, such as
graphic display systems, should become available at much
more reasonable prices. As theSe changes occur much more
sophisticated real-time information processing problems can
be explored by the students.

Digital system concepts are having a large impact upon
many non-computer areas of electrical engineering. Digital,
rather than analog, signal and information processing tech-
niques are being used extensively in control and communi-
cation systems. These changes will create a greater demand
for digital system laboratory work by students from these
areas. Long range laboratory development programs will be
necessary in these areas to introduce these digital systems
concepts properly into the related laboratory program.

A properly equipped laboratory supervised by a group of
interested faculty members can provide a very stimulating
educational experience to the undergraduate student. Un-
fortunately the development of a laboratory and a labora-
tory program takes a considerably larger amount of time,
effort and money than the development of a lecture course.
A major effort is needed to communicate new developments
and ideas among the faculty members who are working on
laboratory development projects. The following develop-
ments would help in the development of digital system
laboratory programs.

a) There are a large number of theoretical books that
deal with switching theory and the theoretical properties
of solid state circuits. However a reference book is
needed that will discuss the practical aspects of digital
system design and digital system measurement tech-
niques.

b) A considerable amount of time is involved in the
development of new educational hardware and software.
Whenever 3 new idea proves successful every effort
should be made to publish the results in a journal such as
the IEEE Transactions on Education, In this way faculty
members at other schools will not have to waste their
time designing equipment that has already been devel-
oped.

c) A considerable amount of the introductory mate-
rial that a student encounters is intended to teach him a
"skill" that he will need in later work. Self-teaching
techniques should be developed to allow the student to
learn these skills at his own pace. Self-teaching tech-
niques, if properly done, not only motivate the student
but they also allow more efficient utilization of the lab-
oratory equipment.

d) The full potential of mini-computers in a teaching
laboratory situation is currently hampered by the lack of
software that has been explicitly designed for the teach-
ing situation. A development effort is needed to develop
programs that will reduce the amount of time a student
needs to master the use of the computer and to carry
out his experimental work.



APPENDIX A

An Expanded Outline of the Introductory Laboratory Program

The general structure of the introductory laboratory
work was presented in section 2-3.1. This appendix provides
an expanded outline of the typical material included in each
topic area. The final selection of topics will, of course, de-
pend upon local conditions. All indicated references are
listed at the end of this report.

A-1 Measurement Techniques

References 1, 17, 21, 23

The main purpose of this experiment is to introduce the
student to the problem of measuring the different param-
eters of importance in digital circuits. It is assumed that the
student has already been introduced to the basic operation
of oscilloscopes and is familiar with the basic terminology
used to describe signals in digital circuits. (i.e. rise time, fall
time, pulse width, pulse rate, positive logic, negative logic
etc. See reference 21 for discussion of oscilloscope opera-
tion and references 1, 21 and 23 for discussion of signal
characteristics).

After the student has become familiar with the equip-
ment to be used he should carry out the following exer-
cises:

1. Measure the rise time, fall time and pulse duration of
a number of different pulse sources.

2. Investigate the relationship between pulse width and
the bandwidth of the oscilloscope needed to observe
the pulse. The student should prove that his rise time
and fall time measurements are those of the pulses he
is observing and not the response characteristics of
the scope.

3. The sync and trigger inputs should be used to observe
repetitive and non-repetitive pulse trains. Particular
properties of each type of pulse trains should be
measured to show that the student actually under-
stands the operation of these two inputs.

4. The operation of a multiple-trace scope should be
thoroughly investigated. The measurement of the
delay between the input and output of a logic e!e-
ment makes a good measurement problem.

5. If a sampling oscilloscope is available the student
should be introduced to its operation.

A-2 Characteristics and Use of Basic Integrated Circuits

References 2, 4, 6, 11, 16, 20

Before beginning the experiment portion of the labora-
tory work the student should be introduced to the general
types of IC's (RTL, DTL, TTL) and.the main characteristics
of each type. (References 2 and 4). A film such as reference
22 can be used to familiarize the student with IC fabrica-
tion. Several samples of unpackaged units can be used to
give further insight into the physical form of the different
devices.

A complete set of specification sheets describing the
logic packages to be used in the lab should be available.
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Using these sheets a student should familiarize himself with
the basic parameters of each unit before carrying out the
following exercises:

1. Measure the switching threshold of typical gates and
the range of voltage levels that indicate the different
logical quantities. Determine how the gate's operation
is influenced by output loading.

2. Measure the propagation delay, rise time and fall time
of various gates under different loading conditions.
Indicate the maximum operating speed of the net-
works constructed from these gates.

A-3 Design of Combinational Logic Networks

References 1, 5, 12, 13, 20

The biggest difference between the theoretical discussion
of combinational logic networks and the use of typical iC
packages are the practicai restrictions imposed by the prop-
erties of the family of IC units available in the laboratory.
For example a theoretical design might call for a 5 input
NAND gate and the student finds that there are only two
input and three input NAND gates available for his use.

In this part of the laboratory program the student should
be given a number of problems to solve. Each problem
should involve the design, construction and test of a com-
binational logic network. The statement of the problem
should be presented so that the student must make a num-
ber of judgments in order to come up with the "best" net-
work. In particular one or more of the problems should in-
volve minimizing the "cost" of the overall network. Several
different "cost" criteria should be indicated such as (a)
minimal financial cost, (b) minimum number of intercon-
nections, (c) minimum delay, (d) minimum number of
types of logic packages used.

A-4 Flip-flops, Pulse Generators and Multivibrators

Reference 14

This part of the laboratory program is designed to intro-
duce the students to different types of circuits that can be
used to store information, delay information and generate
pulses. The following exercises illustrate these concepts.

1. Mechanical switches exhibit contact bounce which
make their direct outputs unsuitable for generation of
pulses. A simple contact bounce eliminator can be
constructed (p227 of reference 14) to eliminate con-
tact bounce. This circuit uses a simple S-R flip-flop.

2. The students should construct several of the standard
flip-flop circuits using NAND gates. Clocked, un-
clocked and master-slave operations should be inves-
tigated. The factors influencing the maximum oper-
ating speed of each flip-flop configuration should be
considered.

3. In many logic networks it is necessary to generate a
single standard pulse from a non-standard pulse or a
level change. Monostable multivibrators are useful for



this purpose. The student should construct a mono-
stable multivibrator using NAND gates and study its
properties.

4. Astable multivibrators are useful in generating a pulse
train. An astable multivibrator should be constructed
and its properties investigated.

A-5 Registers and Counters

References 1, 5, 14

Registers and counters form one of the basic building
blocks of digital systems. Once a student understands the
general operation of these devices it is much easier for him
to understand the operation of general sequential networks.
The following exercises are designed to cover a number of
the typical registers and counter networks encountered in
digital systems.

1. The students should build a shift register from flip-
flops and investigate the maximum operating speed
possible with the flip-flops available.

2. Let A be an r bit register and X an r bit input signal.
The student should construct a simple circuit that
would form, say X AND A, and place the result in A.
This should be a synchronous circuit.

3. The students should build a scale of n counter for one
or more values of n.

A-6 Synchronous Sequential Network Realization

References 1, 5, 14
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The investigation of registers and counters introduces
the student to the general operation of flip-flops in circuits
that involve feedback as well as input information. The fol-
lowing exercises are designed to introduce the student to
the general properties and design of synchronous sequential
networks.

1. The student should build a sequential network to
realize a given simple transition table. The influence
of the flip-flops chosen to realize this network upon
the complexity of the network should be considered.

2. A work statement describing the desired operation of
a given sequential network should be presented to the
student. He should then be asked to develop a se-
quential network to carry out the desired operation.
Some typical problems would be a combination lock
(input sequence recognizer), an automatic change
maker or a control sequence pulse generator for some
logic unit like a serial adder.

References

At the present time there is not a single book that can
be suggested as a reference for all of the topics suggested
above. The references indicated provide a discussion of
much of the material needed by a student to prepare for his
laboratory work. It is suggested that a representative collec-
tion of these references be easily available to the student
for use before, during and after his actual laboratory work.
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APPENDIX B

Some Typical Student Projects

The following collection of short project summaries
illustrates the types of projects that can be successfully un-
dertaken and completed by students in a project laboratory.
These are actual student summaries which have been taken
from the files of Dr. Don Troxel and represent projects car-
ried out at MIT. Similar projects have been carried out at
other schools. All of these projects are within the capabili-
ties of electrical engineering students interested in working
in the digital area.

1. Word Sorting by Interchange: Peter Stoll

The device as built sorts words composed of four ASCII
characters into numeric order of the ASCII codes. This
means that alphabetical characters are in alphabetical order,
and numeric order is preserved for numeric characters. For
convenience of use, input/output is performed by teletype,
which provides the ASCII coding.

On account of its availability in the laboratory and its
low cost, a delay line is used as the base of the memory. By
operating the line at a bit rate of about 130 kHz, storage is
obtained for thirty-two iuur-character words.

To reduce the size of the working registers, all data
handling within the machine is by character, not by word.
This leads to a requirement for some rather complex con-
trol sequences.

Pairs of words having adjacent addresses are compared
one character at a time. If they are in the wrong order, pairs
of characters are pulled out into the working registers and
interchanged until the whole words have been interchanged.
Repeated runs of this kind are made through the list until
no more interchanges are to be made. Then the device
prints the list as four-letter words.

2. Song Programmer For Tape Recorder: Lloyd Marks

The object of this machine is basically to play, in order,
a list of five songs recorded on tape. Each song has asso-
ciated with it a letter of the alphabet. The letters desired
are typed in on a teletype, in the order in which they are to
be played. Then a search operation is executed. When the
song is located, it shifts into play mode. When it is over, it
begins to search for the next song, while at the same time,
opening up room for a new title if so desired.

There are several basic sub-units to this machine. First
there is a counter which serves as the location memory. It is
clocked on pulses recorded on a parallel track to the music.
It can count up or down depending on the mode of move-
ment (play, fast forward, rewind). Each pulse is detected in
its rather imperfect form (a tape recorder acts as an essen-
tially low pass filter) bv comparing the output voltage with
a reference threshold level, that ignores successive decayed
components of the impulse response. The pulses are placed
such that one is located at the point where the machine
should be cut off fast forward to glide into the dead space
between two songs, another at the point where a rewinding
should be stopped to glide into the dead space, and another,

right in the dead space. Thus, by counting through a Mod-3
counter followed by a main counter, we are aware of all
necessary positions.

The second main unit is a shift register which provides
memory for up to five song titles (letters). A "title" in the
form of a five bit binary number is shifted into one end of
the shift register. (There is a sixth bit which serves as a
"contents" bit, which indicates if the title is information to
be used). The last five bits of the ASCI I code for alphabetic
characters are numbers ranging from 12 to 322. Thus, they
are used directly to correlate with the position indicated by
the main counting unit. The shift register is designed so that
all usable information is shifted as far to the end as it can
without running into other usable titles. When a song is ter-
minated, the entire register shifts over.

The next unit is a comparing unit consisting of five cells,
to determine whether the counter is greater than, or equel
to the contents of the last column of the shift register. This
serves to inform the main state machine as to which mode_
of movement should be implemented at a given time.

The main state machine makes a variety of decisisons
based upon the information from essentially four source5,
the comparing unit, the Mod-3 counter, the start or con-
tents bit, and a delaying pulse, which gives about a half
secondrrest period for the manual tape recorder controls_
Basically, it waits until a start bit appears in the shift regis-
ter. It then looks at the comparing unit. If it gets "a greater
than," it rewinds. If it gets a "less than," it fast forwards. If
it gets an "equals to," then it plays. If it fast forwards or re-
winds, it keeps moving until it gets an "equal to" at which
point it goes back to the beginning and enters a play mode.
When a song is finished, (determined by the Mod-3 counter
state) the register shifts and a search for the next song
begins.

3. Numeric Display and Editor: David Quimby

Any number of keyboard/cathode ray tube remote ter-
minals have appeared recently in the literature; their advan-
tages over the more common terminals such as Teletypes
include higher speed and a great deal more flexibility. The
numeric display and editor is an attempt to incorporate
into a project lab scale device some of the more important
features of these systems.

The typical commercial system consists of an operator
keyboard and the computer communicating through the
common medium of the memory and display. Besides dis-
playing the memory (or the active portion of it), the unit
should provide flexible editing features to allow data to be
corrected on the screen before it is sent to the computer,
and to indicate specific sections of text to be transm:tted,
and so forth.

The condensed version implemented in this project dis-
plays seven numeric characters (or fewer) on the screen of
an oscilloscope. The input device is a Teletype, and as well
as accepting sequential input of characters, some flexibility



is added by including a character (the rubout) which erz
the screen, and another (the back arrow) which erasesitrm
most recent character typed in.

While the features of this limited system sound feeble,
the logic needed to implement it was not negligible. About
250 RTL integrated circuits plus a diode matrix read only
memory were used to support the implementation. Once
the system is conceived with basic features, however, an
economy of scale sets in, and additional features are not as
marginally difficult to incorporate.

4. A Digital Capacitance Meter: Lawrence Schmutz

A digital capacitance meter is constructed. Built to
measure capacitances from 1 pf to 20 Atf, it includes auto-
matic range switching, and 100% overrange for each nor-
mally 3-figure output. Capacitances beyond the range of
the meter's ability are so indicated visually and audibly.
The measurements are output on a CRT character display.

The parameter actually measured is the current source
charging time of the test capacitor. A capacitor is charged
by a precision operational amplifier current source, buff-
ered comparators detect the crossing of two successive volt-
age thresholds, defining a voltage increment. The first
threshold gates a clock into a BCD accumulator, the seconum
gates it off. The accumulator contents are then displayed.
An accumulator overflow causes a slower clock to be se
lected, discharges the capacitor and zeros the accumulator
for another test. This process repeats mitilkaither a meas-
urement is completed or the capacity of the meter is
exceeded.

5. Real Time Rally Computer: Benjamin Roberts

The rally computer system designed in this project was
originally conceived to provide a continuous output of in-
formation to a car driver during an actual rally situation.
Basically, what was wanted was a device which would proc-
ess data on course lengths, specified speed, and miles trav-
elled to produce in suitable form information on time lost
or gained and course speeds to recover time lost or gained.
The design called for six basic arithmetic operationstwo
additions, two divisions and two subtractions, performed
by three arithmetic unitsa divider, a subtractor and an
adder. These units were interfaced in such a way as to allow
sequential data flow between them and to secondary units
such as memory elements and display units. All data was in
ten bit form and all operations were performed sequentially
instead of in a parallel manner. This technique added time
to the computation but greatly reduced the logic usage,
which was deemed the most important factor. The project
provided many insights into the complexities of arithmetic
processing and sequential data management.

6. Parallel Arithmetic Unit: Paul Magerl

This project consists of a design of a fast arithmetic unit
capable of adding, subtracting, multiplying and dividing. It
is to be used as part of a larger computing system where
speed and repeated use of arithmetic operations justify its
cost. Inputs to the machine consist of two binary numbers
in wo's complement format, an operation code specifying
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which of the four processes is tabe carried out, and a start
signal, indicating to the arithmetic unit that the other in-
puts have been correctly applied. The machine carries out
the algorithm for the selected operation at a speed deter-
mined by its own clock. The outputs of addition and sub-
traction are one number of length equal to that of the in-
put numbers. Multiplication outputs one number of length
equal to twice that of the input. Division forms a quotient
and remainder, both equal in length to the input number.

7. Logicalodeon: Mike Bromberg

The Logicalodeon is two digital devices. The first ma-
chine is fed a signal consisting of a series of musical tones,
and decodes these tones by their frequencies, then punches
this information into paper tape. The second machine takes
this tape, or a similar handmade tape, and reproduces it as
audible music.

The first machine operates on the principle that the pure
major notes of the "C" scale are even multiples of 11 Hz. in
frequency. Thus, by simply gating the incoming signal peri-
odically for some multiple of 1/11 sec- and by counting thie
numberaf cycles in this time period, it can distinguish the
frequency *of the note.

Thiarnechine will accept any musical sour= producing
square-orsine-wave tones within -1----111 Hz. of the pure tontn.
Only oroe note at a time may be presented; thus,. chords and
complen vroveforms are unacceptable. Greatestsuccess has
been obtained with a digital tone generator assisijnal source,
because:got-accuracy of tuning and waveform.

8. Game cif "37": George Poonen

This machine plays the game "37." This game is played
between two players with a die. Initially either player is
allowed to choose a particular number on the die manually
or by a roll of the die. Thereafter, each player alternately
turns the die 90 degrees to bring a new number on top.
Thus at each instance only four of the six numbers on the
die are available, e.g., if the number on top were 6, the only
numbers available to the next player would be 2,3,4 and 5.
6 together with 1, which is directly opposite 6, are not
available. A running total is kept of the numbers so chosen.
The aim of the game is to reach 37 or to force your oppo-
nent to go over 37, e.g. if the running total were 35 and the
last number chosen were 5, the appropriate play would be 1
so as to force your opponent over 37 (note: 2 is not avail-

able since it is opposite 5)-

9. Pinball Machine: Jim Stahler and Joe Holmes

The system described is a programmable digital pinball
machine. It is designed to receive properly encoded data
from a teletype's paper tape reader, which data is then
stored in a delay line memory, and used as the description
of the pinball machine's geometry. The system draws the
specified geometry on the screen of a CRT, showing line
segments as a series of dots, which are either blanked or
made bright depending on whether the line segment is to
be a flipper, an exit, or a normal edge, such as the edge of
a target. The line segments are restricted to angles of 0°,
45°, and 90°; furthermore all collisions are perfectly elastic,
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and the machine is without gravity. In addition to the CRT
output, the systern has a buzzer that sounds whenever a

point is scored, ,a counter that keeps sco re on a bank of
lightsnad a ball-in-play indicator light.



APPENDIX C

Construction of Digital Laboratory Equipment

In this appendix, plans, specifications and ideas aro
presented for several digital logic interconnection schem
which may be constructed for laboratory use. These systems
have all been employed in university digital systems labora-
tories and have proved useful in those environments. The
various systems may be easily constructed with a minimali
shop facility. The systems described include an example&
a small fixed-patching scheme, a removable patchboard
scheme, two versions of printed circuit card breadboard
schemes and several variations of integrated circuit bread-
board schemes. Each of ahese schemes is described in suffi-
cient detail so that construction may proceed withotat un-
due difficulty. In those instances in which special tools, con-
nectors, plugs, etc., are xequired, commercial sources are
specified. All commermal sources are listed at the end of
this appendix. Only approximate cost information is given.

In several instances, -the designers-of this laboratory
equipment have had printed circuit boards fabricated by
commercial shops. In each case where this has been done,
the commercial shop hs retained the art work and has been
instructed to supply the cards to anyone vita wishes IP
order therm. Information has been supplied for each of-these
cases describing the supplier and appropriate ordering.epeci-
fications. Prices are!denerally quite nominal (in the rarrge of
$4 to $8 per board in small quantities); however, quotations
should be obtained directly from the respective suppliers.
The name of the designer of each unit is indicated so that
the reader may write directly to the designer for any needed
additional information.

A Fixed Patching Scheme: (Designer: Professor David
Robinson, University of Delaware)

Plans and specifications for the construction of a fixed
patchboard logic laboratory unit are presented in this
section. This unit can provide a simple, inexpensive logical
realization facility for the introduction of digitai system
concepts. The facility may also prove to be an asset to more
advanced students for testing and debugging or simply ob-
serving the detailed operations of a subsection of a large
digital system. A photograph of this unit is shown in Figure
3-1 a of Section II I of this report.

The unit provides the following input-output devices and
complement of DTL logic:

8 general purpose flip-flops
32 NAND gates (mix of 2,3,4 and expandable

inputs)
8 diodes for gate input expansion
1 variable delay one-shot
1 variable frequency dock
2 debounced pulse switches
8 input level switches (variable and complement

available)
4 output indicating lights

All outputs from the pulse devices (one-shot, clock and
switches) have both the variable and complement available
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and are power driven for a fan-out Pf 25 DTL loads. The
light inputs are power NAND gates and hence represent one
unit DTL load.

All of the devices are presented on a single printed cir-
cuit board and they are described crn that board by a stand-
ard logic diagram graphic:symbol (MI L-STD-80613).* The
interconnection scheme is.simple, rapid and inexpensive;
round wooden toothpicks are used,-to restrain quite ordi-
nary hook-up wire (almost any gauge from 18 to 24 solid or
stranded) in eyelet connection poinri.s. These connections
have proved to be stable and reliable.

Reduced scale drawings are provided for both the wiring
side (Figure C-1) and the symbolic legend side (Figure C-2)
of the circuit board. The normal size of these drawings is
10" x 12-1/2". (Note that the spacing for I.C. packages, is
.1 inches). A full scale reproduction of the drawings suitable
to use-to fabricate the boards lomilty can be obtained.firom
Professor Robinson at a most of $16.--for the set of two
drawings. If on-campus facilities ,x<ist for printed circuit
fabrication, it should prove to he.,'e.simple matter-to
produce the circuit. board. If suzillrfacilities are non-existent,
it may not be difficult to find a litiAal manufacturer who
would be willing to fabricate themards or the proprietor
of a local silk-scrm,n shop may-Offer assistance with the
project.

cr
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Wiring Side Pixed Patchboard Logic Unit.
C-1

The circuit board should be 3/32" glass base epoxy
(G-10) and the circuit should be etched from 2 oz. copper
clad material. The fabrication should include an over-plating
or solder coat on the etched copper side and the legend side
should be screened with a heat setting epoxy ink. Estimates
of about $70 for commercial preparation of the board do
not seem unreasonable.

The drilling schedule of Table C-1 should be observed in
drilling the boards.

*Note that MI L-STD-806B may be obtained by writing to: The
Naval Publications & Forms Center, 5801 Tabor Ave., Phila., Pa.
19120.
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Legend;Side Fixed Patchboard Logic Unit.
C-2

After all holes are drilled and burrs removed, the eyelets

may be set in all 1/8" drill holes. All remaining components
are then simply inserted into the marked positions and sol-
dered. Two points on the board require comment. All
center switch terminals go to the ground bus, and one
jumper wire is required to connect:the two pads marked
with a minus sign () on the wiring side of the board. Other

Table C-1

Drilling Schedule for Circuit Board

Lights (4 holes)

Mounting (6 holes)

Switches (11 holes)

All large lands

Wire and I.C. lands, etc.

#10 drill

#27 drill

1/4 drill

118 drill

4M drill

than-those cautions, all wirmng is routed to the closest avail-

able lyad and is quite straichrtforward.
-rittre components listedirin Table C-2 are required to

implement the logic laboretmry unit_ irn thiis listing, very
spedific components aye imitated. Substitutions may be

ma&e, of course, but tile llina-acal, as well as electrical, char-
acteristics should be checked. All components were avail-

able from Allied Electroni.industrial catalog at the time
that:-this report was prepared.COne should check with local

suppliers, however, for the best price_
Eased on current prices; Lthe total component cost is esti-

mated at about $120 per board in single quantities. This
does_not include the cozzoi--Irte printed circuit board.

In addition to theseil,..tierliels, it is also necessary to pro-
vide a sheet of 1/4" plexigkiitb.sor similar material as a bottom

Table C-2

Parts List for DTL Logic Board

No. Req. Component Type Value

2 Resistors (IRC) RC1/4 5% 000n

2 Resistors (I RC) RC1/4 5% 15002

2 Resistors (I RC) RC1/4 5% 36002

1 Resistor (I RC) RC1/4 5% 910(K2

2 Potentiometers (Bourns) 3009Y 5000S2

4 Capacitors (TRW) 663UW

1 Capacitor (CD) CD6 20pf

2 Capacitor (CD) CD7 470pf

12 Diodes (SYL) 1N914

9 Switches (ALCO) 105D

2 Switches (ALCO) 105F

11 Switch Caps (ALCO) C-10

2 Transistors (RCA) 2N5186

4 Lights (D IALCO) 252-9951-0975

6 Posts (H.H. Smith) 8349

300 Eyelets (G.C.) 7257-C

6 B. H. Screws (G.C.) 7153-C

6 Lock Washer (G.C.) 7326-C

6 Oval H. Screws (G.C.) 6540 C

2 I. C. (MOT) MC 830P

8 I. C, (MOT) MC 845P

4 I. C. (MOT) MC 846P

1 1. C. (MOT) MC 851P

2 1. C. (MOT) MC 857P

1 I. C. (MOT) MC 858P

4 I. C. (MOT) MC 862P
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plate. This is to be.cut to the same dimensions as the
printediboard .and to be drillied) (6 holes) and countersunk
for 6-32 body Will) to match the holes in the board. Includ-
ing the,prfintt circ.oit board and bottom plate, the cost per
student should:certainly be bounded by $200.

No power-supply is included with the logic board. Most
conventional !laboratory supplies (5 volts) should prove
adequate for thlistask. Total current demand is on the order
of 600MA.
A RemovablePatchlooard Scinerne: (Designer: Professor
David Rinluirumn University of Delaware)

The construmtion of a removable patchboard system is
not a siiiff icult:taak .and provides a system which yields a
relativeiy largetogical :array for time-shared student use at a
'very:small cost perstudent. In the particular unit shown in
Figure C-3, thefollioWing input-output devices and comple-
ment of DTL bpaic is provided;

60 flip--flops
160 IRMAII:Eligates (1,2,3:and expandable inputs)

2 .variialcifeidelay onershots
1 varkahiliefrequency clock

28 outputc: lights
24 inputAevel -switches (output and complement

mailable)
4 debounced switches

;

A At( 9?"
01,6°Villt

WAF-'"fam

Removable Patchboard Logic System

C-3
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All outputs from the pulse devices (one-shot, clock and
switches) have both the variable and.momplement available
and are power driven for a fan-out of:25 DTL loads. The
light inputs are power NAND gates and hence represent one
unit DTL load.

Of course, the logic complement of this device is flexible
and cards may be plugged in for arrangements which are
more suitable for your particular appliication. It is desirable
to freeze the logic configuration for laboratory use to as
great an extent as possible so that set-up time is minimized.
Experience has shown that it is advisable to leave 2 or 3
card positions free so that special circuits (as an example a
D-A converter) may be plugged irr when required.. This par-
ticular system is arranged to interface a mini-computer. It,
therefore, has a front panel patching arrangement which
provides access to the 144 pins of a PDP-8E OMNIBUS.

The logic functions for this system are all derived from
only four different types of printed circuit cards. The func-
tional pin-outs of these cards are shown in Figures C-4 and
C-5. It should be noted that the pin-out arrangement has
been organized for ease of patching in the finally completed
system. All these circuits (photograph in Figure C-6) are
printed on cards which have the same outline shape as the
Digital Equipment Company double-height modules. These
cards are available from Electrum, Inc. and may be ordered
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aing University of Delaware Printed Cirauit Board
trmal-letter designation GENF, GATE, FOR F, or
iLL:The cards are supplied, printed, etched, drilled and
ercoated with gold-plated contact fingers. The cards
rinted on both sides from double copper-clad materials.
41m:should be inserted in all through,drilled holes (GC
!)72. 51-C) and soldered on both sides of the card. The
grated circuit complement for each card is designated in
ores C-4 and C-5. The circuit cards have printed I.C.
gnations which direct insertion into the appropriate
i positions so that assembly takes only moments and
fires no separate instructions. The cards may be
ipped with handles for insertion and removal (Vero
:tronics Ltd. #10037) as shown in Figure C-6.
rhe printed circuit cards may be inserted in a standard
ital Equipment Corporation mounting panel (19"
inting panel Type K943R). This panel is supplied with
A and C bussed common for power and ground connec-

is., This panel may be mounted in any standard 19" relay
cmitt set back from that front panel as shown by using
itai:Equipment Corporation's K980 end plates.
liThelg3anel which carries the input switches and output

..-

=1W2ure C-7) is assembled from three identical printeja
rarpis which are available from Electrum, Inc. An
iropriakely drilled mounting panel is required and the

-"NIMEna

P.C. Cards for Logic Systems

C-6
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Switch Input and Light Output Panel

C-7

printed circuit card itself provides an adequate drilling jig.
The ordering designation for this printed circuit card is

University of Delaware Board-Switch and Indicator. To
complete the assembly of the switch and light panel, the
components listed in Table C-3 are required.

Mo. Required

24
4

28
7
2

Table C-3

Component & Typo

Switches (ALCO) 1050
Switches (ALCO) 105F
Lights Dialco 252-9951-0975
Integrated Circuits MC858P
Integrated Circuits MC857P

Again, the printed circuit card carries sufficient identifying
information so that assembly is straightforward.

A patchboard receiver is mounted in the enclosure. This
particular receiver is a Mac Panel, Model 109211 Receiver.

One simply maps the inputs, outputs and all printed circuit
socket terminals to the appropriate pins of the patch-panel
receiver. The completed wiring will resemble the rear view
of the system shown in Figure C-8. Note that pins A and C
are not mapped out; this implies that the front panel is safe
in that any pin can be patched to any other pin or to
ground with no component damage. As originally supplied,

29
3.1



Wiring of Removable Patchboard Logic System

C-8

ceiver connector pins require solder type terminals
Panel Type 423201, 1600 required). Small square
(Auto-Swage posts, part No. W96-045-975Q) may be
ad in these terminals and crimped, using a Mac Panel
rimping tool (Type 452000). This procedure permits

vrap terminations on both ends of the connecting
and considerably speeds up the wiring. A hand
ted wire-wrap tool is available from the Gardner
ir Corporation as part number 14H-1C and should be
ped with a No. 26263 bit and a No. 18840 sleeve.
this wire-wrapping technique, #24 solid wire should
:d and about 5 turns made on each connection point.
e particulbr system shown employs a Digital Equip-
Crporation power supply mounted on a panel with
;ion for the insertion of additional logic modules
al Equipment Corporation H910 panel). This is not
ically required for the patch panel system and any +5
ipply with adequate current capacity and reasonable
ition may be employed. As an example of a suitable
ative, a (-volt supply manufactured by Elasco-Eastern,
las been )'ound quite satkactory.
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Board) and an assortment of patch wires (a%ailable from
Mac Panel in a variety of lengths with multiple commons
and common connector points) completes the system. It is
strongly advised that the patch panel be silk-screened with
a descriptive legend to avoid patching errors. If the manu-
facturer of the panels is supplied with suitable art work, he
will supply the panels silk-screened at no additional charge
(there is a one time charge for set up). Your local silk-
screen shop will also be able to accomplish this task at only
a nominal charge. The patch panel and connecting wires are
surprisingly inexpensive and experience has suggested that
one and one-half panels per laboratory student and 600
assorted patch wires per panel seem to be a reasonable initial
purchase. The multiple connection patch wires and the
expanding plugs are a necessity since in this arrangement,
there is no facility for daisy-chaining or multiple connec-
tions on the patch panel itself.

A Limited Printed-Circuit Breadboard Facility (Designer:
Professor David Robinson)

The hardware elements described in the previous section
(PC cards, rack, socket panel, light and switch registers) with
th c. faxception of the patch panel and receiver may be effec-
tively employed as a digital laboratory construction device
of the breadboard type. The technique is to simply utilize
this hardware and employ slip-on connections to establish
the desired wiring of the logic modules. This scheme, shown
in Figure C-9, utilizes slip-on connections available from

Limited Printed-Circuit Breadboard Facility

C-9
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0-24 wire with an AMP No. 90087 hand crimping

perience has shown that this technique is very useful
ojects which require rather long-term retention of the
:al set-up. The connection technique is not suggested
equipment is to be set up and torn down with any
irity. The general technique does have an advantage
t if commercially available modules are employed in
f the special modules employed here, then the entire
n is commercially available and no construction is
-ed.

yted-Circuit Breadboard Scheme (Designer: Professor
Id Troxel, M.I.T.)

very effective digital systems laboratory has been
xl using the printed-circuit breadboard patching
le shown in Figure C-10 and C-11. Utilizing this tech-
, systems can readily be configured in whatever size is
Iodate to the particular problem. This is, of course,

to the constraints imposed by the availability of
vare, since the system must remain intact until corn-
In of the project or experiment. The particular system
described employs DTL integrated circuit logic. TTL
-ler logic families can easily be used.

Printed-Circuit Breadboard Facility (Patch Side)

C-10

1 u

IN111015' ;
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Printed-Circuit Breadboard Facility (Circuit Side)

The construction of the system is simple. Aluminum
angles (3/4" x 3/4" x 1/16") are formed and drilled to sup-
port 22 Amphenol 143-827-1002 connectors. When com-
pleted, the frame dimensions are 19" by 5-1/4" (Figure
C-14). The complexity of the project or experiment dictates
the number of such connector strips issued to a student;
experience has shown that one strip shared by two students
is sufficient for introductory laboratories while many stu-
dents' projects may be satisfied by using only two such
strips per student.

The basic connector strips are mounted in a conven-
tional bench rack (Bud 1248-HG-24 or 1249-HG-31). A
power supply is mounted in the rack. The unit shown is a
Power/Mate Corporation P-602 mounted on a 3-1/2" panel
with a switch, fuse, indicating light and a screwdriver adjust
voltage control. Other power sources are, of course, avail-
able. Power may be distributed to all PC card connectors
by connecting +5 volts to pin #22 and ground to pin #21.

The interconnection scheme for this unit is accomplished
using taper pin connectors (AMP 41744LP) which may be
crimped onto #22, 19/34 type E teflon wire. A tool (AMP
47150) is required for attachment of these taper pins to the
patch wire. The logical interconnections are accomplished
by inserting the connectors, using an AMP 811034-3 inser-
tion tool and the wiring may be later removed using an
AMP 380305-1 extraction tool. Experience has shown that
about 300 leads per connector strip are adequate for most
experimental situations.
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for interfacing connections and driving or contact debounc-
ing circuitry are attached to the switch and light panels
(Figure C-12 and C-13). By this technique, one can intro-
duce inputs and outputs as required by the system and on
any convenient connector in the system. Specifically, the
switches used are AH&H-21350EH toggle switches for level
inputs and Licon 76-2350-404 push button switches as
momentary contact devices. The indicator lights are
Sylvania 6ESB mounted in Sylvania 31275 light strip
sockets. The switch and light panels connect to printed
circuit boards which are available.

A number of printed circuit cards have been developed
for use in this system (Figure C-14). Table C-4 lists the
different logic carc!s that are in use at M.I.T. and their cor-
responding board number. The pin-outs for these cards can
be obtained by writing to Professor Troxel. The printed
circuit boards necessary to construct these cards may be
obtained from Douglas Electronics and may be ordered by
specifying M.I.T. Circuit Board plus the three-digit board
type number.

Output Indicator Lamp &trip

C-12

Input Switch and Output Indicator Panel

C-13

An Integrated Circuit Breadboard Scheme

A number of simple breadboard units have been devel-
oped using special connector sockets of the type shown in
figures D-10 and 0-11 of Appendix D. Figure 3-5 of Section
III shows photographs of two of these units. These connec-
tor sockets allow each terminal of the integrated circuit to
be fanned out to a multiple tie-point so that interconnec-
tions may be easily accomplished.
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M.I.T. Board
Number

P.C. Cards and Connector Strip Details

C-14

Table C-4

M.I.T. Logic Board Types

Function

600 18 1K Pullup Resistors

601 4 AB 4- EDTL Networks

602 4 DTL Transfer Gates

628 2 DTL.Monostables

2 2-input DTL NAND Gates

630 4 4-input DTL NAND Gates

631 6 2-input DTL Buffer NAND Gates

632 4 4-input DTL Buffer NAND Gates

643 6 2-input DTL Power NAND Gates

644 4 4-input DTL Power NAND Gates

645 4 2-input and 4 1-input DTL NAND Gates

646 5 2-input DTL NAND Gates

1 DTL AB + CD Network

647 3 DTL J-K Flip-Flops with common clock

648 2 DTL S-C Flip-Flops

649 4 DTL Type D Flip-Florn

691 18 Lamp Indicator Assembly

Since these connector strips are so versatile, it is possible
to develop a number of different mounting techniques.
Figure C-15 is a sketch of one unit developed by Mr. David
Kittel of the University of Connecticut working with
Professor Taylor Booth. This unit is modular in nature. Two
different modules are currently used and others could easily
be developed.



Integrated-circuit Breadboard Facility.

C-15

Each module consists of a 3" x 8" piece of G-10 epoxy
printed circuit board with the appropriate components
mounted on it. The first module contains the terminal strip
and small hook-up wire jacks connected to separate bus
leads. The second module contains 4 lights, 4 toggle
switches and 2 debounced pushbuttons. The spacing and
layout of components on each module are not critical and
can be done to suit local needs.

The modules are mounted in a frame made up of two
6-inch pieces of extruded aluminum made into a clamp as
shown figure C-15. The two pieces are held together by
6-32 screws. Table C-5 gives the list of parts used to con-
struct the unit shown in Figure C-15.

Suppl iers

Table C-6 lists the addresses of the companies mentioned
in this appendix. Detailed information concerning the items
mentioned can be obtained by writing directly to these
companies.

Table C-5

Parts List for Digital System

Breadboard Unit

Qty. Description Manufacturer

2 6" length Aluminum extrusion Kaiser HC-21
1/2" x 1/2" x 3/32"

2 6" length Aluminum extrusion Kaiser HC-29
1-1/2" x 1/2" x 1/4"

2 3/32" G-10 Circuit board
Unclad 3" x 6"

30 Jacks for 4#22 wire Cambion 3703-1-03

4 Indicator Chicago miniature
CM 22-2-01-12

4 Toggle switches Alco switch
MST-1150

2 Pushbutton switches Grayhill 46-102-12

1 Quad 2-input NAND Gate MC 7400P
(switch debounce)

1 Quad 2-input power Gate MC 858P
(lamp drivers)

4 1/4 watt 2200 ohm resistors

1 Terminal Strip AP Inc. or
EL Instruments



Table C-6

Commercial Sources of Components, Tools, Printed Circuit Cards, Etc.

Allied Electronics, Inc.
2400 W. Washington Blvd.
Chicago, Illinois 60680

AMP, Inc.
P.O. Box 3608
Harrisburg, Pennsylvania 17105
Telephone: Area Code (717) 5640101

AP, Inc.
Painesville, Ohio 44077

Auto-Swage Products Inc.
726 River Road
Shelton, Connecticut 06484

Digital Equipment Corporation
Maynard, Massachusetts 01754

Douglas Electronics, Inc.
718 Marina Boulevard
San Leandro, California 94577
Mr. Chad Pennebaker
Telephone: Area Code (415) 483-8770

Elasco-Eastern, Inc.
5 Northwood Road
Bloomfield, Connecticut 06002

Electrostatics
7969 rngineer Road
San Diego, California 92111
Telephone: Area Code (714) 279-1414

Electrum Enterprises
1605 Ayre Street
Newport, Delaware 19804

E L Instruments, Inc.
Derby, Connecticut 06418

Gardner Denver
Grand Haven, Michigan 49417

Mac Panel Co.
2060 Brentwood St.
High Point, North Carolina 27263

Power/Mate Corp.
514 S. River St.
Hackensack, New Jersey 07601



APPENDIX D

Commercial Laboratory Equipment

This appendix discusses a number of commercially avail-
able products which are suitable and, in some cases, specifi-
cally designed for educational use. Some of these units are
supplied with detailed descriptionsincluding suggested
experiments of how they can be used in an educational
program.

For the sake of convenience the equipment cont .;ered is
classified (by an admittedly somewhat fuzzy line) into two
categories. The first of these will be called the patchboard
category and the other the breadboard category.

0-1 Patchboard Lab Units

The majority of products intended specifically for use by
students in introductory courses dealing with digitai systems
falk into this category. As discussed in Section III, a patch-
board has a complement of live logic elements hidden some-
where beneath a panel and interconnections are made
between elements by using jacks on the front panel.

In addition to jacks for the terminals of the gates and
other logic elements provided, most patchboard lab units
feature jacks connected to arrays of switches and lamps, to
accomplish input and output functions, respectively, jacks
connected to fixed-voltage sources providing logical con-
stant signals, and, in some instances, jacks connected to
some sort of internal pulse generator to provide clocking
signals. Other "peripherals" occasionally found on patch-

board units include telephone-dial pulse generators,
"Nixie"0 tube display units for numerical readout, and
various types of connectors (frequently of the printed cir-

cuit type) for the pssrpme interfacing the lab unit with
other components whic'n may range in complexity from
comparable lab units to full-scale stored-program computers.

The results of a survey presented in Appendix E indicate
that the patchboard type of logic lab has been the quickest
to win favor with educational institutions. Over half of the
schools responding to this survey are using lab units manu-
factured by Digital Equipment Corporation of Maynard,
Massachusetts, Figure 0-1, or by Digiac Corporation of
Plainview, Long Island, New York, Figure 0-2. These manu-
facturers designs are among the most representative of the
patchboard-type lab unit described above of all such equip-
ment currently on the market. This popularity is not sur-
prising in view of the fact that, as we observed earlier, lab

units of this type are specifically designed and promoted as
foundation blo-ks for student logic laboratory programs. As

such, they are usually supplied with comprehensive descrip-
tions of particular laboratory programs in which they may
be employed including, in some instances, step-by-step
instructions for suggested experiments together with brief
discussions of the theoretical aspects associated with each
experiment.* The availability of such aids as these, of

*See, for example, the COMPUTER LAB Workbook and the accom-
panying COMPUTER LAB Teacher's Guide published by Digit&
Equipment Corporation, Maynard, Massachusetts.
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Digital Equipment Corporation's COMPUTER LAB.

Figure D-1

course, reduces to a minimum the time and work required
of faculty members and their assistants to set up and con-

duct such a laboratory program.
Some patchboard-type units have some unusual features

particularly worthy of mention.
The "Computer Logic Trainer" Series, sold by Digiac

Corporatiwt is among the most modular of all patchboard-
type units on the market (this is not saying much since most
commercially available patchboard units are decidedly not
modular). The basic "trainer" patchboard mounts in an
equipment rack to form the foundation of a lab unit which
may be expanded with the addition of other modules con-
taining additional logic gates, telephone-dial input and
"Nixie" tube output devices, as well as a "Core Memory
Trainer" module and other accessories as shown in Figure

D-3.
The Digital Computer Laboratory products sold

by Pedagogics, Inc., of Burlington, Massachusetts, com-
prise a whole family of units designed for use in digital sys-
tems laboratories. The "Basic Logic Module", shown in
Figure D-4, is the key member of this family. It contains a

patchboard through which are made available gates and flip-
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DIGIAC's Model 3010 DD Logic Trainer.

Figure D-2

'00000000
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A larger DIGIAC laboratory unit including a
Model 3020 Core Memory Trainer.

Figure D-3

flops and arrays of indicator lights and of toggle and push-
botton switches. It is housed, together with its own line-
operated supply and such miscellany as patch wires in a
rugged briefcase-like box, making it highly portable and
suitable for take-home use by students.

The patchboard itself in the Pedagogics design is rather
unique. Most of the logic elements provided are associated
with either the "Gate Field" or the "Flip-Flop Field." The
jacks in the "Gate Field" are connected to four "universal
gates," each of which can perform any one of the following
functic.
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PEDAGOGICS' Basic Lcjic Module.

Figure D-4

dual ..wo-input AND, OR, NAND or NOR gates

singlt: four-input AND, OR, NAND, or NOR gate

sing, two-input EXCLUSIVE OR gate
The student selects z desired gate function by placing a

plastic overlay, marked with a standard symbol for a gate of
that function, over one of the four positions of the univer-
sal gate field. Each overlay is so punched that only those
jacks associated with a particular selected function are
accessible with the overlay in place. Figure D-5 shows the
"Basic Logic Module" with several overlays in place. The
actual circuitry of each "universal gate" employs somewhat
obsolescent RTL (resistor-transistor logic) integrated cir-
cuits. The jacks in the "Flip-Flop Field" are connected to
four "universal flip-flops", each of which can function as
any of the following:

R-S flip.flop
T flip-flop
Clocked J-K flip-flop

Here again, the student selects the specific function desired
by placing an appropriate plastic overlay over one of the
positions of this "field."

The "Basic Logic Module" can also be provided with one
or two monostable multivibrators by plugging "SS" (single-
shot) modules, which are available as an accessory, directly
into the patchboard. Five different "SS" modules are avail-
able, providing pulse widths throughout a range from 5130
nanoseconds to 2 seconds.

A "Master Station" is available in a separate briefcase-
like box. This unit may be used to provide power to other

3 8



A Basic Logic Module with overlays in place.

Figure D-5

units of the Digital/Computer Laboratory family and as a

central source of timing and control signals for experiments
involving several interconnected "Basic Logic Modules."

In addition to the above modules, "Core Memory
Modules" and "ROM Modules" (read-only memory) are

availabie. All the members of the Digital/Computer Labora-

tory family are incorporated in the PLC-1 (Pedagogic Labo-

ratory Computer) computer shown in Figure D-6. This is a
small, eight-bit ward-oriented stored program computer
intended to acquaint the student with ali fundamental
aspects of computer organization.

PEDAGOGICS' PLC-1 Computer.

Figure D-6

For those students developing special projec..-zot
readily accommodated by the standard modules in the Ped-
agogics line, two new products have recently been intro-
duced These take the farm of printed circuits boards upon
which just about any conceivable circuit can be constructed
using integrated circuits in dual-inline packages. The smaller

of these "Experimental Boards", shown in Figure D-7,
accepts up to twelve IC's and plugs directly into a socket of
the "Basic Logic Module." The larger board accommodates
more integrated circuits and is provided with wire-wrap pins
for use in larger projects of a more permanent nature. The

availability of these "Experimental Boards" greatly

increases the flexibility ot the Digital Computer Lab-
oratory product line and lends it some common features

later.

A PEDAGOGICS "Experimental Board."

Figure D-7

Another manufacturer providing equipment of a particu-

larly unique design is Adtech, Inc., of Honolulu, Hawaii.
The placing of the Adtech units in the patchboard category
is somewhat arbitrary in that the Adtech scheme differs

from most patchboard arrangements in important respects
and, indeed, has many of the characteristics of the bread-
board type of lab unit to be described subsequently.

One might describe the Adtech scheme as allowing one

to build a "patchboard upon a patchboard." Most of the
front panel area of the Adtech units is devoted to a very

simple "patch panel" whiciN bears no legend at all and

whose jacks are all connected simply to a low-voltage DC
power supply. Into each of the jacks of this "Logic-
board," may be plugged a "Logicube". A Model 401



"Logicboard" with several "Logicubes" inserted is shown
in Figure D-8. Each "Logicube" is a roughly cubical pack-
age, varying in size from 1-1/2" x 1-1/2" x 1-1/4" to 2-1/2"
x 2-1/2" x 1-1/4" and contains a single logic element. The

An ADTECH Model 401 Logic Laboratory. This view
shows the "Logicboard" with several "Logicubes" inserted.

Figure D-8

rear face of each "Logicube" is fitted with a plug by means
of which the package may be mounted onto the power-
supplying "Logicboard." The fr. -it face of the cube bears a
symbol indicating_the function it performs, jacks connected
to the input and output terminals of the element contained,
and an indicator lamp that lights when the element's out-
put signal is "high" or logical 1. "Logicubes" providing an
unusually wide variety of functions are available. AND, OR,
NOT, NAND, NOR, EXCLUSIVE-OR, EQUIVALENCE, and
MAJORITY gates are all provided by the manufacturer. Typical
"Logicubes" are shown in Figure D-9. The available flip-
flop collection includes RS, RST, and clocked JK flip-flops
as well as simple latch circuits. Such MSI functions as shift
registers, BCD munters and parallel adders may also be pur-
chased. One-shots and clock oscillators with periods ranging
from one microsecond to one second as well as several other
timing and control elements are available. For those inter-
ested in experimenting with hybrid circuits, a four-bit

Typicai ADTECH "Logicubes."

Figure D-9
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current-summing D/A converter as well as a comparator for
the construction of A/D converters is obtainable. This is not
a complete list of all functions available in "Logicubes," but
does indicate the high degree of versatility provided by the
Adtech products. For those still not completely satisfied,
empty "Logicube" packages, as well as cubes on which are
mounted 14- or 16-pin dual-inline IC sockets are avaiiable.
In all the pre-wired "Logicubcc," 20 Mhz TTL (transistor-
transistor logic) integrated circuits with a typical fanout of
10 is employed.

Once the desired set of "Logicubes" has been plugged
into the "Logicboard," the logic elements are intercon-
nected with patchwires as in the case of all patchboard-type
lab units.

Also somewhat atypical of patchboard-type logic labora-
tory equipment but certainly warranting consideration are
the products in the Heath/Malmstadt-Enke digital labora-
tory equipment line sold by Heath Company of Benton
Harbor, Mich.The degree of sophistication of these products
makes them perhaps more valuable for research and develop-
ment applications than for introducing students to the lab.
This line of equipment is too extensive to describe in full
detail in this report, thus our attention is restricted to some
of the features of that unit which wcjld be of most use in
student logic labs: the Heath Analog Digital Drsijner (ADD)
and some of its accessory modules. The front panel of the
ADD exposes the controls of the power supply for the unit,
and the controls of the "Digital Timing Module" and the
"Binary Information Module." The power supply provides
the following DC outputs: 5V at 2A, 170V at 50mA, and
± 15V at 150 mA. The "Digital Timing Module" generates
square-wave, complementary pulse, and sawtooth outputs
at levels of 4 volts peak (typical) and frequencies from 0.1
HZ to 10 kHz. The "Binary Information Module" provides
ten neon indicator lamps and 10 rocker switches and associ-
ated circuitry permitting direct connection to DTL and TTL
logic circuit outputs and inputs, respectively.

The "patchboard" of the ADD is under the top cover of
the unit. As in the case of the Adtech unit, the ADD's
patchboard may be tailored to an individual user's needs.
The pwching panel consists of up to fourteen individual
32-jack strips, each approximately 3/4" wide and 5-1/2"
high. Each such strip is mounted on the edge of a printed
circuit card containing TTL IC logic elements. A legend
using standard symbols is printed on each strip to identify
gates and terminals provided on the PC card below. The
jacks on the strips are designed for "wire-patching"i.e.,
they accept ordinary hook-up wire and component leads
without any special mating plugs. This in itself is a valuable
feature; most other patchboard lab units require patch
cords specifically designed for the unit which cost as much
as $1.00 or more. Each strip and its attached PC card plugs
into the ADD; thus the functional cards may be easily inter-
changed. The "standard equipment" complement of cards
supplied with each ADD consists of: four NAND gate cards,
each providing two 4input and four 2-input gat:Is; two flip-
flop cards, each containing two master-slave clocked J-K
flip-flops; one card containing two independent one-shot
circuits (10 ps 5... period 5_ 1 sec); one card providing seven
SFDT relays with TTL-compatible transistor drivers; one



card containing a comparator and voltage-to-frequency con-
verter for hybrid circuit exinrim-ntation, one card on
which there is an operational :mplifier together with a
logic-driving amplifier; one card containing two 16-pin dual-
iiiline sockets; aryl une blank card with which the user can
do anything he wishes. Additional cards of the types
described above as well as other types of special-purpose
cards are available as extra.cost options. The Heath "Analog
Digital Designer" is designed to be directly compatible with
other products of the Heath/Malmstadt-Enke Modular
System line for use in a broad spectrum of applications.

With the Adtech logic laboratory equipment, P..s well as
the Heath products described above, it is possi5le, using
empty "Logicubes" or blank cards, or else using cubes or
cards which simply provide IC sockets, to concoct a variety
of different "building blocks" limited only by one's imagi-
nation and the contents of the innumerable large catalogs
of electronic components in existence today. This lends the
Adtech and Heath equipment an important similarity to the
laboratory units in the other category which we are about
to consider.

D-2 Breadboard Lab Units

The distinguishing characteristic of a breadboard type of
lab unit is that it provides simply a convenient medium for
temporarily or semi-permanently constructing a logic cir-
cuit out of individual electronic devices or components. A
decade ago, the basic "device" would have been, perhaps,
a transistor, resistor, or semiconductor diode. Virtually all
modern digital equipment is now built out of integrated
circuits, however,`and all of the lab units to be discussed
below use as their most important building blocks, IC's
either directly from the device manufacturer's box or
mounted in some sort of "carrier." Precisely for this reason,
the breadboard type of lab unit is unquestionabiy the most
versatile, adaptable, and obsolescence-proof such unit one
can buy. There is a prodigious array of IC's available today
and new circuits appear on the market almost daily. The
breadboard type of logic lab makes it feasible to incorpo-
rate at modest expense such new products as soon as they
appear.

As do patchboard lab units, breadboard units typically
provide a power suppiy and arrays of lamps and switches to
accomplish output and input functions.

The choice of power supply immediately restricts the
class of devices with which a breadboard unit may be used.
For relatively simple units employing a single-voltage
supply, an output of 5 vo/ts is strongly recommended with-
out reservation. Such a choice will permit the unit to func-
tion well with nearly all DTL and TTL logic circuit families
on the market. For student projects of up to moderate
size (up to perhaps 30 IC's) a current capacity of 1 to 2
amperes should by ample. the supply should be fused and/
or current limited for its own protection.

There are several units which allow convenient bread-
boarding of logic networks by students in laboratory
courses. Of the three that are discussed, only one, the unit
by Perfection Electronics Products, is made specifically for

student use.
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One of the most recently introduced breadboard units,
and one which the Task Force has not had an opportunity
to inspect is being produced by a small firm owned tr, a
French family, Besnard et Fils.* The Besnard unit comes in
a easel-like box containing a power supply, switches, other
miscellany, and logic modules. A user plugs an IC of his own
choosing into a socket on the hidden back side of each such
module and then mounts the module in itL ;,propriate
place in the box. The front of each such module bears jacks
connected to the IC sockets below by printed v iring. Once
the logic modules have been mounted, the logic elements
may be interconnected by means of patchwires plugged into
these jacks. This characteristic makes the Besnard unit, once
the logic modules have been fitted with IC's and installed,
seem much like the "patchboard-type" of lab unit discussed
above. Indeed, an Adtech lab unit fitted only with "Logi-
cubes' with empty IC sockets or a Heath ADP containing
only cards bearing empty IC sockets as described above
would be exceedingly similar to the Besnard product.

At present, the Besnard unit is intended for use with
TTL only (but it is strongly suspected that it could be used
with DTL as well). The basic box for a 21-logic-module unit
is priced at about $285. The power supply sells for about
$90. The cost of each of the logic modules ranges from
roughly $20 to $40 (sans IC), thus making this one of the
more dearly priced breadboard units available.

The remaining breadboard nits to be described hve an
extremely significant feature in common: in each, the foun-
dation of the breadboard itself is a collection of very versa-
tile terminal strips that can be used to mount components
and leads without the need for special patch cords or solder-
ing connections. At present, there are two manufacturers of
these strips. AP Incorporated of Painesville, Ohio offers a
full line of these strips. The AP terminal strip most com-
monly used is the 'full-double terminal strip shown in

Figure 0-10, This AP product accepts 14-, 16- and 24-pin
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The "Full-Double" Terminal Strip of AP, Incorporated.

Figure 0-10

DIP and any other components having lead diameters
from 0.010 to 0.032 inches. Each terminal has four tie
points thus allowing one to use "daisy-chain" wiring to
achieve fanout factors limited only by component capabil-

ities. Components mounted on the AP strips may be inter-
connected using standard solid hook-up wire in sizes from

#26 to #20 (experimentation by the authors and others

indicates that #22 is about optimal). The individual con-
tacts in the strips are spring-loaded beryllium copper, heat-
treated and gold-over-silver plated. It is felt that the avail-
ability of a terminal strip such as this AP product is a great
boon to all builders of eithey commercial or "homebrew"
breadboard-type logic lab units.

*See Electronics, March 30, 1970, p. 72.



A terminal strip similar to the AP strip has been devel-
oped by EL Instruments, Inc., of Derby, Connecticut. As
shown in Figure 0-11, this strip is slightly larger than the
AP strips and somewhat more versatile. It also has the
advantage of requiring less force for the insertion of com-
ponents, thus reducing the likelihood o: bent IC pins.

The SK-10 Terminal Strip of EL Inst.

Figure D-11

One family of commercial breadboard unit emp '9
terminal strips of this type is the ELITE Product line nu-
factured by EL Instruments, Inc., of Derby, Connectici.
The ELITE 1, shown in Figure D-12, uses four strips to
accommodate up to 32 14-pin DIP. Four toogle and four
pushbutton switches and an array of twelve indicator lamps
are provided for "I/0." A 22-pin .3ormector at one edge of
the unit facilitates interfacing the unit with other equip-
ment. The pulse generator provides pulses continuously
variable in amplitude from 1-6 volts, in width from 1 As to
'100 ms, and in frequency from 10 Hz to 1 MHz. The built-
in supply provides an output of up to 2 amperes over a volt-
age range of 2-10 volts, making this lab unit suitable for use
with almost any type of logic available with the exception
of families (such as ECL) requiring multiple supply voltages.
The price of the ELITE 1 is $650.

EL Instruments' ELITE 1.

Figure D-12

EL Instruments also manufactures the ELITE 2. This
unit is quite similar to the ELITE 1 in all respects. It has,
however, three independent power supplies: 2-10 volts at 2
amperes and two 5-30 volts at 200 mA. This eliminates the
need for auxiliary supplies when experimenting with MOS
logic circuits and with linear IC's (such as operational am-
plifiers). In addition, the waveform generator of the ELITE
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2 is much fancier; among many other features, it offers sine,
triangle, square-wave, and positive and negative pulse out-
puts. These and other niceties such as additional switches, a
one-shot, etc boost the price of the ELITE 2 to about
$1300 -twice that of the ELITE 1.

The ELITE 3 shown in Ficure D-13 has been recently
introduced for those who do not require the more sophisti-
cated features of the ELITE 1 and ELITE 2. It incorporates

The ELITE 3 of Elite Instruments.

Figure D-13

five terminal stripsthus accommodating up to 25% more
logic than the other two units--but does not provide a pulse
generator or a variable voltage power-supply. Several options
are available. The options deemed most useful are a 5-volt,
1-ampere power supply and debouncing circuitry for each
of the four pushbutton switches. Thus equipped, the unit
is called ELITE 3A by its manufacturer and sells for $415

The last lab unit to be considered is the "Logilab Mod1"
manufactured by Perfection Electronic Products Corpora-
tion (PEP) of Royal Oak, Michigan and shown in Figure
D-14. This unit offers the advantage of a highly modular de-
sign. Eech module is built upon a printed ci rc.uit strip which is

I 113,11-11;11

111.74,

Perfection Electronic Products' "Logilab Mod 1."

Figure D-14
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mounteci between two metal rails which in turn serve both
as structural supports and as a power supply bus.

The power supply provides 5 volts current limited at 2
amperes. An additional output connected to a simple cir-
cuit connected to thc secondary of the power supply pro-
vides an almost-square-wave at an amplitude of 5 volts and
a frequency of 60 Hz for use as a "cheap and dirty" clock
pulse. The supply in a unit tested by one of the authors of
this report not only did not work but showed indications of
marginal engineering throughout. Since that time we have
been informed that this transformer has been redesigned.
However as of this writing the new unit has not been tested.

Eaeh Breadboard Strip consists essentially of an APstrip
of the type described above mounted on a PC strip.

The Switch Strip contains 8 toggle and 3 pushbutton
switches. The pushbutton switches are provided with "de-
bouncing" filters employing DTL logic.

The Indicator Strip contains 16 indicator lamps, each
driven by a 2-input NAND gate (implemented in DTL) per-
mitting either a single logical 1 input and an open input or
two logical 1 inputs to light a lamp. The lamp drivers used
have the annoying property that unless at least one of the

inputs of an unused lamp circuit 16 yrounded (connected to

a logical 0). that lamp is lit continuouslya bothersome dis-
traction and o waste of power.

The Connector Strip contains a 100-contact printed cir-
cuit cdge connector to facilitate intcrfacing the "Logi lab"
with other equipment.

"Standai-d equipment" for the "Logi lab" consists of six
Breadboard Strips and one of each of the other modules
described above as shown in Figure D-14. Extra-cost options
include: a variable-voitage power supply; solid-state pulse

generator, telephone-dial pulser; and custom options built

to purchasers' specification.
The cost of the "Logi lab" outfitted with standard equip-

ment is $395.
The commercial laboratory equipment market is in a

state of flux. Many of the manufacturers mentioned in this
appendix have indicated that they are in the process of up-
dating or redesigning their equipment. In most cases, this
redesign involves updating the components in their unit
rather than a radical change in the basic organization of the
unit. The latest information about any unit of interest can
best be obtained by writing directly to the manufacturer.



APPENDIX E

COSINE Task Force VISurvey Results

One of the initial activities of the Task Force was to sur-
vey all electrical engineering depart! :ents to determine the
current level of digital laboratory activity. This appendix
summarizes the results of this survey which was completed
in early 1970.

Replies wel e received from 142 institutions, 127 in the
United States and 15 in Canada. There are 858 faculty
members in these schools teaching both programming and
hardware oriented courses in computers of which 476
(56%) are t Dchi ng programming courses and 512 (61%) are
teaching non-programming courses in the digital area.

Lab Facilities

The extent that digital logic laboratories have been es-
tablished is most interesting as 110 or 77.5% of the schools
responding have some form of undergraduate digital logic
laboratory work in their program. Further, 103 (78%) have
commercially made !ogic equipment. The most popular lab
equipment is DEC (Digital Equipment Corporation) fol-
lowed closely by Indiana Instruments as shown in Table I.

Table I. Breakdown of Commercially Made
Equipment Now in Use

Manufacturer

Digital Equipment Corp.
Indiana Instruments
Digiac
Hickok
Feedback, Inc.
Adtech
Fabri-Tek
Honeywell
Heath
Bi Tran
Signetics
Ketchum
NORC
E.S.E.
Hewlett Parkard
Other

(DEC)

Number of Schools
that have this

equipment

61
25
14
5
5
4
3
2
2
2
2
2
2
2

20

Twenty-five schools or 17.6%, utilize equipment which
can be used in the student's room or dormitory. This equip-
ment varies from small commercially made hardware to spe-
cial locally built hardware which was designed for this pur-
pose.

A significant number of institutions, 61 (43%) have
either undertaken the construction of their own laboratory
equipment or have obtained surplus computer modules and
adopted them to their laboratories.
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The impact of integrated circuits is also wending its way
into laboratory work as 76% of the schools responding
make use of integrated circuits in their laboratories. A
breakdown by type and packaging is given in Table II. Sev-
eral have indicated that their use of Flat Packs has been dic-
tated by their proliferation in "College Gift" packages and
many are interested in better, less expensive ways to mount
and utilize devices in this kind of package.

Table 11. Types and Packaging of Integrated Circuits
in Schools Which Are Using Them

IC type

Percentage of
schools

using them IC Package

Percentage of
schools

using them

RTL 47 D.I.P. 71

DTL 66 TO-5 48
TTL 74 Flat Pack 60
ECL 10
CTL 7

Extension of Lab Facilities

The response to the rather open question, "What addi-
tional laboratory equipment do you require?" indicates an
increasing interest in mini-computers. Forty schools indi-
cated this was the equipment they required. The type of
mini-computer desired varied from a modular computer
that could easily be torn down and built up by students
through the popular PDP-8 series, to small time sharing
systems of modest size. Table III contains a listing of
equipment which the various respondees have indicated
they require.

Table III. Laboratory Equipment Required

Equipment Required
Number of

Schools

Mini-Computer 40

Logic Labs/or Kits 37

I/0 and Interface equipment
Including AD/-DA, Teletypes, etc. 33

IC's and other components 21

Logic Modules 19

Memory-Core, Tape, Disc, Drum, etc. 19

Power Supplies and Test Equipment 15

IC Sockets and Mounts, Breadboards 14

Hybrid Equipment 6

Logic Simulation Program 1

4 4



The reasons that equipment required cannot be obtained
vary from "none" to "lack of understanding of the advan-
tage of hands-on experience" presumably by those who
hold the purse strings. As shown in Table IV, the ever-pres-
ent problem of funding has not disappeared. Note that re-
sponses of "none" to this question disqualified the respond-
ees' requirements inclusion in Table III.

Table IV. Reasons Addifional Lab Equipment
Cannot Be Obtained

Reason

Lack of Funds

Lack of Faculty Interest, Faculty Time, or
Technical Support

Poor Enrollment

Not Commercially Available

Lack of Space

Lack of Understanding of Advantage of
Hands - On Experience

Picsure to Share Large Machines

COSINE and Labs

Number
Responding

96

24

5

1

1

1

1

In response to the questions concerning an NSF spon-
sored workshop on laboratories, 108 (85%) wanted a two-
day workshop and 64 (36%) wanted a two-week workshop.
Some indicated both while others suggested one week and
still others didn't want any.

Thr.: open question, "What kind of information and digi-
tal laboratories do you think COSINE should compile and
distribute to interested persons?" yielded a plethora of re-
quests as compiled in Table V.

Table V. Laboratory Information Desired from COSINE

Information Desired
Number

Requesting

1. What others are doing, including: Lab
experiments and equipment, L ab
organization, Lab projects and Lab
manuals. 76

2. What equipment is available hoth
commercially and what can be built
locally. 43

3. Description of locally built equipment
in use at other schools. 20

4. Ratings of Commercial Equipment
Comparisons of Commercial and
"Home brew" equipment A
consumers' report of lab equipment. 17

5. What is the relationship between lab
and remainder of curriculum? 7
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Table V. (Continued)

6, Use of Mini-Computers in lab. 7

7. Objectives of digital lab. 6

8. Results of this survey. 5

9. Bibliography of digital systems texts. 4

10. Faculty and graduate assistant time
required to run lab. 4

11. Description of a minimal set of
experiments end equipment. 4

12. A comparison of hardware vs hardware
simulation. 3

13. Logic simulation programs. 2

14. Student reaction to labs. 2

15. IC and logic applications. 1

16. Use of lab equipment in room or
dorm. 1

17. Create logic standards. 1

18. Start a users' group. 1

Computer Facilities

The number of schools witn computing centers was 141
or, all but one of the schools responding had a computer
center of some kind. The types of machines by manufac-
turer are given in Table Vla. Note that there are more com-
puters indicated than there are respondents to the question-
naire. This is because some schools have as many as 6
computers available. The computers in this table do not
include those rented on a time sharing basis with only re-
mote terminals on campus.

The breakdown of the large number of IBM machines is
given by class in Table Vlb.

A most interesting result of this survey is the number of
departments which have computers that are available to un-
dergraduates-98 or 69% of the schools responding. The
number of computers in departments by manufacturer is

Table Vla. Number of Computers on Campus
as Function of Manufacturer

Manufacturer Number on Campus

IBM 160
CDC 23
UN I VAC 10

D.E.C. 8

G.E. 6

XDS 6
Burroughs 5

RCA 2

HP 1

Honeywell 1

NCR 1

Philco 1



Table VII). IBM Machines by Class Table VIlb. DEC and IBM Computers in Departments

Ciass Number on Campus I

360 systems 108

7040/7090 10

1107/1500 22

1620/1800 17

given in Table Vila. The large numbers of DEC and IBM
machines in depirrrnents is given by type numbers in Table

VI lb. The list of peripherals which departmental systems

have and the percentage of users is given in Table VIII.
Finally, 40 or 28% of the schools responding make use

of a program which simulates a small computer on a large

computer in teaching computer courses.

Table Vi Ia. Number of Computers in Departments

by Manufacturer

Manufacturer Number in Departments

DEC 51

IBM 11

XDS 5

CDC 5

Univac 4

HP 4

Bitran 3

RCA 2

GE 1

Varian 1

Honeywell 1

EAl 1
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Computer Number in Departments

DEC PDP78, PDP-8I 24

PDP-8L, PDP-£35 7

PDP-5 4

PDP-9 4

LINC-8 3

PDP-15 2

PDF-11 2

PDP-7 1

PDP-10 1

FDP-1 1

IBM 1620 9

7700 1

360 1

Table VIII. Peripherals on Departmental Machines

Peripheral Percentage of Users

Teletypes 63%

High Speed Paper Tape 51%

Magnetic Tape 39%

Disc 35%

Drum 13%

Display Graphics 43%

Punched Card 47%

A/D and/or D/A 62%

Analog Computer 78% ,


