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The objective of this project has been the

development of a successful approach for the incorporation of on-line
computer technology into the undergraduate chemistry laboratory. This
approach assumes no prior programing, electronics or instrumental
analysis experienre on the part of the student; it does not displace
the chemistry content with computer related material. Readily
implemented by an inexperienced undergraduate, it utilizes =z
real-time BASIC language and functionally-oriented general-purpose
interface. The result is that -the student can regard the laboratory
computer as a very povwerful routine experimental tool. Ar intensive
three-veek summer course was implemented for college instructors and
practicing chemists to provide an introduction to digital
instrumentation andé the te2chnology of digital computer implementation
in the laboratory. Other developmental activities have included the
design of the Purd.e Real-Time BASIC software system and the writing
of a number of expe:iments, both in digital logic and in chemical
analysis using the :omputer, which will be incorporated into the

proposed Laborator

Manual. The appendixes of this report include the

texts of seven of tlese experiments. (SL)
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Initial Objectives.

The objectives of the work conducted here were two-fold: (1) to
develop a satisfactory and effective approach to the incorporation of
digital computer  technology into the undergraduate chemistry laboratory;
and (2) to work in collaboration with Profs. C. E. Klopfenstein and C. L.
Wilkins of the Universities of Oregon and Nebraska, respectively, to
produce and publish a Lab Manual for computerized experimentation at

the undergraduate level.

Major Accomplishments.

The most significant aspect of this project has been the development
of a successful approach for the incorporation of computer technology into
the undergraduate laboratory. This approach assumes no prior programming,
electronics, or instrumental analysis experience. Moreover, a major pre-
requisite is that the chemistry content of the course work not be displaced
by computer-related material. This has been accomplished by developing a
laboratory computer system which is readily implemented by the inexperienced
undergraduate., It utilizes a real-time BASIC languege and a functiohally-
oriented general-purpose interface. The result is that the student can
regard the laboratory computer as a very powerful routine experimental
tool. He learns to use this tool properly and effectively, and yet the
attention is focused on the chemistry or quantitative measurements to be
made. Finally, it should be pointed out that the approach developed here
is readily transferable to other institutions, regardless of specific

alternate hardware configurations. Thus, the laboratory manual under de-

velopment should find a wide and accessible audience.




During the past year we have completed, in collaboration with Professors

C. E. Klopfenstein (University of Oregon) and C. L. Wilkins (University
of Nebraska), an approximately 375 page laboratory manual for instruction
of undergraduates in laboratory computer use. All material has been tested,
using the manval. in a formal course taught at the University of Nebraska-

Lincoln during the Spring semester 1973.
| At Purdue, w have developed several of the experiments and appendices
for the lab manual. In addition, we have proposed arbitrary standard
data acquisition terminology for the Real-Time BASIC languege. Finally,
we continue workirng to eliminate "bugs" from old experiments and develop
new experiments for inclusion in the Lab Manual. Final manuscript typing
has been begun at Nebraska, and a publisher will be selected late this
fall after we have obtained responses from all those interested. This

will result in publication of the manual in 197k.
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2 S. P. Perone

I. A Postgraduate Laboratory Course on Digital Computers in
Chemica! Instrumentation

The chemist today finds himself in the midst of a dramatic
revolution in scientific instrumentation. !Jigital electronics and
laboratory-scale digital computers appear destined soon to domi-
nate the whole area of chemical experiinentation. This revolution
has come about so abruptly that the practicing scientist recognizes
a very real technological gap in his background. He realizes that
computerized instrumentation can provide benefits in routine and
research work—but he does not know how to get started. To com-
pound his frustration, he even finds it difficult to communicate
with the experts and computer manufacturers. Not only is the
jargon of digital computer technology quite foreign to the un-
initiated, but the fundamental concepts of digital instrumentation
are basically unfamiliar. The scientist is accustomed to thinking
of experimental data and instrumentation from an analog view-
point, and the introduction to the digital world is not without
some difficulty. Not that the material is difficult—it is really quite
simple for the scientist trained in logic—but mastery of the material
necessitates the generation of drastically different instrumental and
experimental concepts than the scientist is generally accustomed
to. The principles, methodology, and jargon of digital instrumenta-
tion are so different from those of analog instrumentation that even
the instrument-oriented scientist has difficulty mastering the area
independently. Moreover, the scientist’s ability to use the large
data processing computer is of little help in understanding on-line
g-pplications of the digital computer.

Because scientists have recognized this technological gap, many
have taken steps to overcome it. This has required herculean efforts
on their part, generally, since very little detailed information is
available. Most of what is available is provided by computer manu-
facturers, and may require thorough familiarization with_a par-
tisular computer for any appreciation. The most fundamental
problem, however, is that an adequate appreciation of this new
technology cannot be acquired through reading or attendance at
technical meetings. Moreover, it is not sufficient to have a computer
available in the laboratory which the scientist can play with in his
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spare time. Nor is it sufficient to develop programming skills which
are not oriented toward on-line experimental applications. The
most efficient way to develop the technological skills necessary for
the incorporation of the digital computer in laboratory experimen-
tation is by total involvement in an intensive training program
which includes substantial “hands-on”™ «xperience with digital
instrumentation and the digital computer in an experimental on-
line environment.

Thus, a need has existed for some time now to provide an educa-
tional program concerned with digital computer instrumentation
for the chemistry laboratory, This type program is urgently sought
by the practicing scientist—i.e., one who has completed his formal
education. Moreover, this type program should be particularly
valuable to our future scientists—the graduate and undergraduate
students in our colleges and universities. Such a program has been
instituted in the Chemistry Department at Purdue University
under the direction of this author. It is the purpose of this article
to describe the basic philosophy of this program as well as to
provide the reader with many of the details of its operation. In
addition, an evaluation of the results of this program will be
presented.

A. ON-LINE CoMPUTERIZED EXPERIMENTATION IN THE LABORATORY

To put this entire presentation in perspective, it is necessary to
provide some background regarding on-line digital computer tech-
nology. A common characteristic of the laboratory-scale digital
computer is a relatively small core memory, usually providing 4 K
or 8 K of random access storage of digital data and programs. A
memory of this size, however, can be more than adequate for
laboratory control operations, and with careful programming, some
fairly sophisticated data processing.

A small digital computer may have an instruction set which in-
cludes the order of 50-100 machine language instructions. Each of
these instructions corresponds to a specific binary coding which,
when decoded by the computer, results in the execution of a fairly
simple arithmetic or logical step. Examples of some simple machine
operations are (1) binary addition of a datum in some memory .
location to the contents of an arithmetic register (accumulator);
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(2) transfer of the contents of an accumulator to a memory loca-
tion (and vice versa); (3) rotation of the binary digits (“bits”)
of the accumulator contents to the left or right; (4) and the appli-
cation of logical tests such as determining if the accumulator is
zero, non-zero, odd, even, positive, negative, etc.

Obviously, the repertoire of machine instructions includes some
rather elementary operations. However, by developing appropriate
“programs” composed of many of these €lementary operations, the
most sophisticated mathematical computations can be carried out.
‘Since the computer can execute instructions so rapidly—the order
of 10°-10° instructions per second—it can complete complex com-
putations with fantastic speed. For example, a program to multiply
two n-bit integer values might require a program including 50 or
60 statements, but may require only about 200 usec for completion.
Thus, some 5000 multiplications per second could be accomplished.
With hardware arithmetic units, perhaps 100,000 multiplications
per second could be completed.

Thus, the digital computer is a very simple-minded device, which
must be told how to accomplish even the most fundamental com-
putations, but which can accomplish these operations with blinding
speed. Moreover, it is a tireless machine that will be content to
calculate endlessly and consistently. It is also a very versatile
device, since it is programmable and capable of accomplishing an
infinite variety of computational, logical, or control operations.
Finally, it is a device that can (in fact, must) communicate in a
variety of ways with the outside world. It is this characteristic that
defines the computer as a éeneral-purpose experimental device.

1. Off-Line Computers

The computer configuration with which most scientists are
familiar is the off-line system. This configuration is diagrammed in
Fig. 1. To use the computer in this configuration, the scientist
typically will write a data processing program in FORTRAN or
some other higher level computer language, run the experiment(s),
manually tabulate the data from a strip chart recorder or oscillo-
scope trace, transfer the tabulated data to punched cards, add
the data cards to the deck of program cards, transport the com-
bined card deck to the computer center for processing, and then
wait until the program has been executed and the results printed.
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Fig. 1. Typical off-line computer configuration.

Turn-around times may vary from a few minutes to a few days,
depending on the capacity of the computer facility and the numler
of users.

There are many variations of the above descripti: of off-line
computer usage. For example, the experimental systexmi may include
automatic data acquisition and digitizing devices which might
store data on punched card, punched tape, or magnetic tape buffers
which can then be transmitted more conveniently to the remote
computer center. Alternatively, the laboratory may be equipped
with a remote terminal (such as a Teletype) through which the
investigator may enter his programs and data, as well as receive
a printout of results from the computer.

The important common characteristic of all off-line computer
systems, however, is that the experimental data are transmitted
to the computer through some intermediate storage medium, and
they are processed after some finite time delay has occurred. De-
pending on thc modes of data acquisition and transmission to the
computer, the turn-around time of the computer facility, and the
speed with which the investigator can interpret the resulting print-
out, the time delay for experimental modifications based on the
results of previous experiments can be excessive. Should this re-
action time bhe a critical factor, an off-line computer facility may
be inadequate for the particular experimental studies.

2, On-Line Computers

For the investigator who requires very rapid or instantaneous
results from his computer system—for whatever reason—the solu-
tion may be to employ an on-line computer system. Figure 2 pre-
sents a block diagram for a typical on-linc computer configuration.
The most important distinction of this configuration is that there
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Memory Operator

Fig. 2. Typical on-line computer configuration.

is a direct line of communication between the experiment and the
computer. The line of communication is through an electronic
interface. Data are acquired under computer control or super-
vision, and the program for data processing is either resident in
memory or immediately readable into memory to provide for very
rapid completion of the computational tasks. Results may be made
available to the investigator quickly by means of teletype, line
printer, oscilloscope, or other form of printout. In addition, the
computer may be programmed to communicate directly with the
experiment by controlling electronic or electromechanical devices—
such as solid state switches, relays, stepping motors, servo motors—
or any other devices which can be activated by voltage level
changes.

The advantages of on-line computer operation can be suru-
marized as the following: Elimination of the middle man, and the
concomitant substitution of an electronic interface between the
computer and the experimental system, which is much more com-
patible with the computer’s characteristics and does not suffer from
the inherent inadequacies of the human as a communication link.
For example, the computer can accept input data at rates of the
order of 10°-10® per second, and can instantaneously transmit con-
trol information or commands back to the experimental system.
If this line of communication were handled through the human
investigator, as in the typical off-line configuration, the response
time of the overall experimental and data processing system would
be many orders of magnitude slower. Moreover, the electronic
communication link is generally a more reliable, tireless, objective,
and accurate information transfer medium.

The possibility of direct computer control of the experiment is



Training Chemists in Laboratory Computing 7

a second advantage associated with on-line computer operation.
This facility allows the complex logical and decision-making cap-
abilities of the computer to be implemented for an infinite variety
of laboratory automation or expcrimental design problems.

A third advantage of the on-line computer is that real-time inter-
action between computer and experiment is possible. That is, be-
cause the computer can make computations and decisions at speeds
exceeding most ordinary data acquisition rates, it is possible for
the computer to execute experimental control modifications before
a given experiment has reached completion. Tnese “real-time”
operations allow the possibility of using the computer to monitor
the progress of an experiment and modify that experiment to fol-
low a pathway which provides more nearly optimum conditions
and which could only have been arrived at as a result of some
observation of the initial course of the experiment.

A breakdown of the logistical barriers of the remote computer
system is an additional advantage of on-line computer operation.
Because of the instantaneous, direct communication link between
the experiment and the computer, the physical location of the
computer with respect to the laboratory is relatively unimportant.
Moreover, the mechanical and logistical roadblocks typically
imposed by the computer facility toward the off-line introduction
of data are irrelevant.

One very important aspect of using computers for on-line experi-
mental work that should be emphasized here, however, is that
some, if not all, of the programming must be done in machine (or
assembly) language. That is, higher level languages, such as
FORTRAN, do not have the capability for on-line operation with
experimental systems. Moreover, higher level languages tend to
be very inefficient in the use of memory space and in execution
time. Both of these factors are critical when small computers are
used for on-line work. Thus, the scientist wanting to use the small
digital computer in the laboratory must become competent in
programming in the fundamental machine language—a formidable
task.

B. AN EbpucATIONAL ProGRAM IN COMPUTERIZED INSTRUMENTATION

The widespread use of digital computers on-line in chemistry
labcratories will certainly revolutionize routine laboratory method-
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ology. Today’s scientist must learn to live with the digital com-
puter and to use it profitably for laboratory work. On this premise
we have devcloped at Purdue an intensive 3-week summer short
course entitled “Digital Computers in Chemical Instrumentation.”
The course is designed for practicing scientists in colleges, uni-
versities, industrial laboratcries, government laboratories, and hos-
pitals, to provide an introduction to digital instrumentation and
the technology of digital computer implementation in the labora-
tory. It is the details of this summer program which will be
discussed here.

1. Objectives

The purpose of the 3-week intensive course developed at Purdue
was to afford participants an opportunity to acquire a familiarity
with digital instrumentation and digital computers in the labora-
tory. The course was designed such that students could develop,
in a short pe-iod of time, the ability to write machine-language
programs, to utilize the computer for typical laboratory input/out-
put functions, and to design and implement software and hardware
for interfacing real experimental systems to the computer for on-
line operation. An essential feature of the course had to be the
availability of several digital computers and many digital logic
modules to provide a large amount of hands-on laboratory experi-
ence for each participant. To make the experience most worthwhile
to the participants, the lecture and laboratory material were de-
veloped within the context of applications in chemistry and related
sciences. (The course material was based on the assumption that
participants had no previous experience with computers, digital
logic, or electronics, but were generally familiar with chemical
instrumentation and laboratory methodology.)

2. Approach

The basic philosophy of the 3-week summer course is simply
to share with the participants the background, technique. and
experience in computer instrumentation developed at Purdue and
elsewhere by the faculty and graduate instructors of the course.
For the participants to acquire the desired skills and background
in the 3-week period, it is absolutely necessary to provide for as
much individual access to computing equipment and digital instru-
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mentation as possible and practicable. To provide this “hands-on”
access to the equipment in the most efficient manner, a great deal
of preparation outside the laboratory is required. Most importantly,
a large ratio of teaching staff to students is provided, so that
students can obtain help with a minimum of delay. At least one
instructor for every four students in lab is the normal working
ratio at all times.

The significance of the emphasis put on the efficient use of the
available computing cquipment cannot be overemphasized. The
natural tendency of the novice programmer is to sit dcwn at the
computer console and try to compose a program. The students in
our course learn very quickly that they must have their programs
fully composed and punched on tape—with perhaps one or two
alternates, in case the first does not work—bcfore they even get
to the computer console. When programs do not execute properly,
they are encouraged to spend a minimum of formal lab time in
time-consuming debugging operations. Thus, when a program is
to oe edited and reexecuted by the computer, a minimum of
“hands-on” time will be consumed by the student trying to reason
away the logical errors in his program.

Another important aspect of the course is that it is not limited
to the concepts, principles, and techniques associated with the
“small” digital computer. The formal lecture material discusses
large, time-shared systems as well as small, dedicated systems.
Moreover, onc laboratory assignment involves writing a program
and designing an interface to time-share several peripheral devices.
The principles learned in this laboratory assignment are extended
in lecture to describe the operation of larger time-shared computer
systems.

3. Requirements

Equipment. An essential requirement for the presentation of
the short course on computers in chemical instrumentation is the
availability of sufficient hardware to allow adequate hands-on
access by each participant. The minimum equipment provided for
a twelve-man laboratory session includes: thrce digital computers
with 8 K-word core memories, ASR/33 telctypes, and high-speed
paper tape readers. One of these computers is cquipped with a
high-spced paper tape punch. In addition, cach computer is com-
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pletely equipped for high- or low-speed computer-controlled digital
data acquisition with three 10-bit analog to digital converters
(ADC) (each capable of data acquisition rates up to 20 or 30
KHz), and three frequency-selectable gated clocks for precise
timing and synchronization of data acquisition and other experi-
mental events. Two computers are equipped with high-precision
(16-bit), high speed (20 usec risetime) digital to analog con-
verters (DAC). Two computers are equipped with oscilloscope
display units interfaced to the computer through dual eight-bit
DAC modules.

In addition to the computer equipment, each twelve-man labora-
tory has svailable six digital logic training stations. Each training
station is equipped with versatile patchboard devices for assem-
bling and testing digital logic circuits. Systems used for these stations
include the Digital Logic Laboratory, Digital Equipment Corp.,
Maynard, Mass., and the Elite 3-a integrated circuit device tester,
El Instruments, Inc., Derbyshire, Conn. Also with each station is
a dual-trace wide bandpass oscilloscope. These stations are also
used for assignments requiring interface design for computer-
interfaced instrumentation.

Other items necessary to completely equip the laboratory include
a variety of specially designed patchboard modules and associated
electronics for instrumentation interface design, which are de-
scribed in detail below. Also, at least one off-line ASR/33 teletype
per every four students is provided for program preparation on
punched paper tape.

Personnel. One of the most subtle, and yet most critical, re-
quirements for presentation of the course described here is the
availability of qualified individuals who understand the software
and hardware aspects of computerized experimentation in the
laboratory, and who can teach the material. At Purdue, we have
been fortunate to find such personnel among our graduate students.

The explanation for the presence of qualified personnel here is
twofold. We have several staff members who have become actively
involved in on-line computer applications in their research, and
we offer a formal one-semester course for graduate students de-
signed to provide first-hand familiarity with on-line computer tech-
niques in the chemistry laboratory. (This graduate level course,
first offered informally in Spring 1968, formed the basis for the
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present intensive 3-week summer course.) Thus, by offering both
the graduate course and the 3-week summer course, we have de-
veloped a unique group of well-trained teaching assistants.

C. DeraiLep Course DESCRIPTION

1. Schedule

The summer course spans three weeks (or 15 working days).
The first day is devoted to orientation and the first lab lecture.
The next 13 weekdays are devoted to a rigorous schedule of
laboratories, formal lectures, lab lectures, and open lab time. Each
participant spends 1% hours in lab lecture, 1% hours at formal
lecture, and 2% hours in formal laboratory daily. In addition, cach
student has about iwo additional hours per day of “open” access
to lab equipment so that he might work ahead or catch up. Labs
also are open and supervised part-time on weekends. One day is
devoted entirely to the demonstration of various on-line systems
operating in the Chemistry Department at Purdue (including mass
spectrometry, electrochemistry, flash photolysis, gas chromatog-
raphy, and stopped-flow kinetic spectrophotometry). The last day
is devoted to a “mini-symposium” on computer applications in
chemistry, to which several expert outside speakers are invited.

2. Content

The formal lecture material covers the following three areas:
digital logic and digital instrumentation; computer programining
for on-line laboratory applications; and hardware and software
design for instrumental interfacing, time-sharing, and computer
control in the laboratory. A detailed lecture outline for the short
course is given in Table 1.

The formal laboratory assignments, likewise, were broken down
into three categories: basic digital logic design and operation (4
days); basics of assembly language computer programming and
operation (4 days); and interface design and computer program-
ming for on-line applications (5 days). Lab lectures (1% hours per
day) were designed to prepare the student in advance for each
laboratory assignment. Table II contains a detailed list of laboratory
assignments.
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TABLE 1

Suort Course LECTURE ScHEDULE

I
II.
IIL.
Iv.
V.
VI.

Int’roductory Remarks

Elenents of Digital Logic

Digital Functional Units

Number Systems; Binary Arithmetic, ete.

Boolean Algebra—Applications to Digital Circuitry
Analog-to-Digital, Digital-to-Analog Conversion

VII. Computer Organization and Machine Language
VIII. Assembly Language Programming; Simple Arithmetic Routines
IX. Chemical Data Progessing Routines
X. Programming the Computer for Input/Output with Standard Peripheral
Devices
XI. Applications of Digital Logic in Chemical Instrumentation
XII. Digital Logic in Experimiental Timing, Control, and Synchronization for
Computer Interfacing
XIII. Data Acquisition and Real-Tiine Computer Control in Experimental
Systems
XIV. Time-Sharing Systems; Combining Languages; Large Computer Systems
TABLE 11
SHorT CoURSE LABORATORY ASSIGNMENTS

A. Digital Logic
I. Flip-flops and counters
II. Gates and fundamental logic circuits
III. Boolean equations and logic design
IV. Digital control, timing, and synchronization
B. Computer Programming Fundamentais
I. Elementary machine, and assembly, language programming
II. Simple arithmetic programs
III. Chemical data processing algorithms
IV. Input/output programming
C. Interfacing and On-Line Computer Programming
I. Data acquisition from a transient experiment
11. Digital input/output
ITI. Data acquisition and processing of gas chromatographic data
IV. Ensemble averaging
V. Time-shared service of several peripheral systems
VI. Multiplexing and digital-to-analog operations
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3. Laboratory Procedures and Organization

The organization of the laboratory and lab assignments is cer-
tainly most critical to the successful presentation of the short
course.

With the available equipment providing the basic limitation on
laboratory size, the labs were organized to make most efficient use
of the hardware. This was accomplished by, first, dividing each lab
Into two groups: one-half start out working with the computer
equipment; one-half start out working with digital logic equip-
ment. Four days are required to complete the basic assignments in
each group. Then, the two groups of students exchange equipment,
and the basic set of assignments are repeated during the next four
days. Two students are assigned to one computer per lab; one
student is assigned to one logic station per lab.

While the basic sets of laboratory assigninents are being carried
out, the logic group attends lectures 11-VI (Table 1), while the
computer group attends lectures VII-X. These basic lectures are
primarily oriented towards the assigned laboratory material and are
repeated when the two groups switch assignments.

After all participants have completed the basic sets of logic and
computer programming assignments, five days of laboratory work
follow which are oriented towards the development of programs
and interfacing for on-li e experimental applications. Students may
continue to work in pa-s on these assignments using any of the
hardware available in tie lab to execute each assignment. The
apportionment of the ccmputer time must be carefully supervised
by the lab instructors auring this period so that the equipment is
used efficiently. One approach found effective here was to make
available a fourth computer system which was used only for assem-
bling and editing of program tapes. This freed the other computer
systems for program execution and experimental design.

An interesting innovation was introduced during one recent
course. Through the generosity of several computer manufacturers
(Hewlett-Packard, Palo Alto, Calif; Digital Equipment Corp.,
Maynard, Mass.; and Varian Data Machines, Palo Alto, Calif.)
several different computer systems were made available during the
last week of the course so that students might have the option of
working with alternative equipment. The only requirement imposed
was that they complete all normal course assignments up through
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at least the basic set of on-linc experiments { C-1, C-II, Table II).
Thus, confident that they had been cxposed to all the basic tech-
nology we would hope to provide, we could turn students loose on
unfamiliar equipment. Our objective was to prove to students that
the operational diffcrences between systems are not so great as they
appear, once the fundamental principles have been mastered.

To make this possible, the additional equipment made available
included two DEC PDP-8L computers with high-speed paper tape
input/output, interfaced 12-bit ADC and four-channel multiplexer,
and ASR/33 teletype; two DEC PDP-12 computers with full stand-
ard interfaced experimental input/output facilities (ADC, DAC,
etc.), two LINC tape decks, oscilloscope display, and ASR/33
teletype; a Varian 620-i computer with provision for experimental
1/0, oscilloscope display, and an ASR/33 teletype. In addition, two
Hewlett-Packard computers (2116B and 2115A) with high-speed
paper tape input and ASR/33 teletype were provided by the manu-
facturer for use along with the University-owned Hewlett-Packard
systems.

The results of using the alternative computer equipment were
very gratifying. Nearly all of thc students who switched to the
unfamiliar equipment were able to quickly master the new assembly
language software and operating procedures. In fact, many were
able to develop programming and interficing for on-line operation.
All this was accomplished with only a total of three days exposure
to the equipment! These results seemed to prove that the necessity
for exposure to one type of computer cquipment in the laboratory
part of the course is certainly no hindrance to the later use of other
systems.

D. HARDWARE FOR ON-LINE EXPERIMENTATION
AND INTERrAcE DESIGN

Because it was unrealistic to assume that all students would be
skilled in electronics, the development of lecture and laboratory
material on interfacing experimental systems for on-line operation
was particularly challenging. However, by building on the funda-
mentals of digital logic learned in the éarly part of the course, it is
possible to adequately cover the topic of interface design.
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The basic approach used involved recognizing that the digital
computer communicates with the outside world by the execution
of instructions which either cause binary voltage level changes to
occur at specific external terminals, or which recognize voltage
level changes cffected by external devices. This understanding,
coupled with the fact that the digital computer can neither accept
nor output normal analog (continuously variable) signals, deter-
mine the type of interface functions required.

One primary group of interface clements to be considered are
translational modules, such as analog-to-digital converters and
digital-to-analog converters. In addition, such devices as level con-
verters and analog amplifiers contribute to translational functions.
Also important for consideration are multiplexers and signal trans-
mission problems. C

Those elements essential to proper communications are the logic,
timing, and control components. These include flip-flops, gates, one-
shot delays, Schmitt triggers, clocks, counters, analog switches, and
electromechanical devices like relays and stepping motors. The
student is made aware of the functional characteristics of all of
these interface elements. (Many are actually used and i« sted indi-
vidually in the laboratory.) He is then responsible 1u: designing
interfaces for assigned experiments by sclection and combination of
appropriate clements to provide both the translational and logical
functions required. This means that he must he able to provide for
the coordination and synchronization of the computer’s program
execution with the cxperiment and with the data acquisition system.

To implement these principles in the laboratory, we provide
students with the building blocks with which the actual interface
can be constructed in patchiboard fashion, once the logical design is
complete. Included in the patchboard interfacing package are a
10-bit (30 KHz) externally controlled ADC: a - gated 10 MHz
crystal clock with scaled outputs available in decade steps from 1
MHz to 0.01 Hz; a four-channel multiplexer; two sample/hold
amplifiers; and 8 bits of binary control and logic 1/O. Another type
of patchboard interface panel is available which provides for 16-bit
digital 1I/O only. The digital logic stations are available to allow
incorporation of logic and timing clements (gating, time-delays,
etc.) not included in the basic interface panel. All interconnections
can be made externally with plug-in lcads. (Sce Section I for a
detailed view of interfacing hardware.)



O

ERIC

Aruitoxt provided by Eic:

LY

16 S. P. Perone

1. On-Line Experiments

The ultimate objective of the lahoratory work is for students to
be able to carry out experiments on-line with the digital computer.
Thus, the final set of laboratory assignments requires the student to
design and implement the programming and interfacing for a
variety of on-line experimental systems. Only the detailed character-
istics and data acquisition requirements for each experiment are
specified for cach assignment.

Basically, two types of experimental systems were provided for
laboratory assignments: synthetic and rcal. The synthetic systems
were electronically simulated experimental outputs where the
control, synchronization, and signal-handling problems were made
nearly identical to scveral real systems. These electronic simulators
were constructed on printed-circuit cards that could be plugged
into the patchboard logic devices. Thus, patchboard interfacing
could be implemented easily.

Simulated experimental output included an externally triggered
rapid exponential transient decay voltage (time constant of 0.1 sec);
an externally triggered repetitive voltage waveform with superim-
posed large amplitude random noise for signal-averaging studies;
simultaneously generated multiple voltage waveforms for multiplex-
ing experiments; and a synthetic typical gas chromatographic out-
put including several peaks of varying shape and size.

The above-simulated systems provided convenient, reliable, and
realistic on-line experimental experience for each student. The most
obvious advantage was the freedom from chemical and instrumental
uncertainties invariably associated with real chemical laboratory
systems. On the other hand, it was desired to provide some experi-
ence with real laboratory systems, since this appears to make the
most lasting impression on students. Thus, laboratory gas chromato-
graphs and a variety of sample mixtures were made available for
students to apply their on-line data acquisition and processing skills.
Appropriate amplification of the narmal GC outputs could %e
provided by the selection of an operational amplifier-based plug-in
module. The rest of the interface design was left to the student.

The minimum of assignments exvected to be completed by all
students included data acquisition from a simulated transient ex-
periment, using computer-controlled constant or variable data
acquisition rates, and computer-controlled data acquisition from an
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external digital counter. Beyond these minimal  assignments
students could carry out ensemble averaging, multiplexing, and gas
chromatographic experiments. In addition, assignments involving
computer-controlled  digital-to-analog waveform generation and
time-sharing of multiple external systems could be executed.

Many of the above described assignments required that real-time
data analysis be incorporated into the programming. That is, some
assignments required data analysis during data acquisition. Mastery
of this type of programming is indicative of an accomplished experi-
mental programmer.

2. Results

The primary result of the development and presentation of the
course desceribed here has been to make available to practicing
scientists, regardless of background or previous experience, a rapid,
effective introduction to computer technology in the laboratory.
In addition, the instrumentation and cducational techniques
developed for the short course have been incorporated into a
graduate-level chemical instrumentation course offered at Purdue.

Moreover, many of the university and college professors taking
the summer course have been encouraged to develop similar com-
puter-oriented course work at their respective institutions. Thus,
the development of curricula which include the on-line implementa-
tion of computers in undergraduate and graduate scientific work
has been fostered in a most efficient manner.

IL. Introduction of Digital Computer Technology into
the Undergraduate Chemistry Laboratory

It should be clear that the chemist of the near future will be
required to understand and properly use digital instrumentation
and digital computers in the laboratory. Furthermore, educators at
colleges and universities will need to develop undergraduate cur-
ricula providing the required hackground in computerized chemical
instrumentation. This section describes the first steps in a long-
range program involving the introduction of online computer
applications in the undergraduate chemistry laboratory at Purdue.
The introduction has been made as part of an introductory analyti-



18 S. P. Perone

cal chemistry course dealing with quantitative chemical measure-
ments (Junior level at Purdue). A primary objective was that none
of the chemical and instrumental principles normally developed in
the course be climinated, but rather that these be augmented by the
incorporation of the on-line computer into many of the laboratory
experiments. The manner in which such a prograin may be made
feasible is described below. ’

A. APPROACH

It was our intention to introduce computer technology into the
undergraduate chemistry laboratory without slighting the chemistry
content. The approach has been to continue to include the same
basic set of laboratory experiments—except that many are now
designed to require on-line communication with the digital com-
puter. The student is required to understand and excecute the
laboratory experiment as usual—but, in addition, he is required to
design the appropriate programming and communication elements
for optimum interaction betwecn the computer, experiinent, and
experimentalist. Thus, we envision the student’s achievement to be
one of experimental design, and the proper utilization of computing
equipment in the solution of measurement problems in chemistry.
Specific aspects emphasized include the general-purpose nature of
the digital computer (i.e., how it can be applied to a large variety
of experimental problems with modifications in programming); the
computer as a control element in experimentation; the rapid re-
sponse of the computer, allowing real-time interaction with experi-
ments—with reaction times several orders of magnitude faster than
the human operator; and the computer as an integral part of the
chemical instrumentation. '

To accomplish these objectives, it was necessary to recognize,
first of all, what could not be expected within the scope of this
course. (1) We could not educate our students in the intricacies of
machine-language progrannning, and (2) we could not provide
them with the electronics background requisite for the sophisticated
design and construction of interfacing between computer and
experiment.

What could be done is to take advantage of students’ previous
exposurc to off-line computer programming (with FORTRAN
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usually), which many, but not all, students havc obtained before
the Junior year at Purdue. We could also take advantage of their
exposure to the fundamentals of electrical measurements in physics
courses to instill in them the most elementary concepts of amplifica-
tion, response, and noise. We could expect to provide them with
the essential principles of digital logic required for interface design.

The most important requirement for the success of the program,
however, was the development of two items: (1) a modified high-
level programming language, which includes versatile data acquisi-
tion and experimental control subroutines with conversational mode
calling sequences; and (2) a general-purpose hardware package for
interface design. This apparatus vsould provide for patchboard
incorporation of those digital and analog modules required to
complete the interface between computer and experiment. The
general-purpose interface package requires only that the student
be able to lay out the basic logic design, timing sequence, and the
analog amplification or attenuation required. He can then select
appropriate pre-packaged plug-in units to implement his design.
He does not have to tend to such details as level conversion, logic
conversion, noise rejection, and other subtle design parameters.
Yet, he will accomplish the most important part of the interface
development—Ilogic design.

B. Purpue ReaL-TiMe Basic SysTEM

The high-level programming language chosen for development in
this work was the BASIC language (Kemeny and Kurtz, 1967).
There were scveral reasons for selecting this language: (1) It is
easy to learn, generally requiring on the order of half a day expo-
sure to develop a good working knowledge. (2) It is an algebrai-
cally oriented conversational language. {3) It is interactive. That is,
the compiler is interpretive, and therefore compiles and exccutes
programs line-by-line. This allows programs to be entered, exe-
.cuted, and edited on-line through a teletype terminal. It also pro-
vides for immediate -turn-around and rapid error diagnostics.
(4) BASIC is rapidly becoming a universally acceptahle language.
(5) BASIC is currently readily available at commercial time-share
terminals. This allows the convenient and econcmical learning of
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the language by large numbers of students for later on-line experi-
mental applications.

It should be noted that other languages (e.g, FOCAL!) are
available which have comparably desirable characteristics. Even
languages such as FORTRAN or ALGOI, which arc generally
considered strictly for off-line applications may be appropriate,
particularly for systems with “load-and-go” capability.

The software system developed at Purdue will be referred to as
“Purdue Real-Time BASIC” (PRTB). The software includes,
fundamentally, the BASIC compiler available from Hewlett-Packard
Co., which manufactured the computers used in the undergraduate
laboratory program (see Section II,C). The modifications generated
here at Purdue have involved the development of a series of
machine-language subroutines which are directly callable from the
BASIC software, and which are designed to communicate in a
variety of ways with experimental systems. The PRTB data acquisi-
tion and control software are described below. ;

1. General Description of PRTB System

Figure 3 illustrates’ the general nature of an on-line computer
system. There is thé laboratory experiment—the data from which
the student desires to present to the computer for data processing—
and the digital computer itself, which is capable of high-speed

I Transiation

|
|
/ o ‘|\
/ Transmission \
! Exp't i :
! Timing, /
] Control, I
8 Logic
| I
| |

Intertoce

Fig. 3. Schematic diagram of on-line computer configuration.

! Trade-mark, Digital Equipnient Corp.. Maynard, Mass.
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programmed computational and control functions. To operate the
communication link between the computer and the experimental
system, an electronic interface must be cstablished. This interface
accomplishes the functions of translation (analog-to-digital, digital-
to-analog, decoding, logic conversions, ctc.), timing, synchroniza-
tion, and logical control. The programming language must take into
account the naturc of the electronic interfacing, and the interfacing
must be designed with the fundamental characteristics and capa-
bilities of the prograimmming language in mind. The following section
describes the subroutines acveloped for on-line expcrimentation
within the PRTB system. A summary of these subroutines and
characteristics is given in Tabic II1.

2. Experimental Input/Ou*put Subroutines for PRTB

Data Acquisition. Two different types of data acquisition sub-
routines are available within PRTB. They both work in conjunction
with an external clock-controlled aralog-to-digital converter. One
is a snbroutine (SB3) which should be called by the user’'s program
whenever the computer should be waiting for the next data point
to become available. When the next datum is digitized, SB3 takes
the data point from the data acquisition device (ADC), converts
the datum to floating point format, and stores it in the appropriate
memory location for subsequent reference by the BASIC program.
When SB3 is cxited, the computer returns to the next statement
in the BASIC program for execution. The new datum can be
operated on; bu{, before the next data point can be acquired, SB3
must be called ag.in.

A second type of data acquisition subroutine (SB7) is one that
allows for the acquisition of a complete block of data before exit.
The external clock is started and synchronized with data acquisition
within the subroutine. The basic difference between SB7 and SB3
is that SB3 is called to acquire one data point at a time, and there-
fore allows for program statements to be exeented during the time
between acquired data points. Thus, an experiinenter could devise
a program that could process experimental data while the experi-
meni was in progress and data were being acquired, This is referred
to as “real-time” data processing. However, because the computer
program nmst involve the relatively inefficient execution of BASIC
statements between data points, there is a more severe limit on the
speed with which data ean be acquired without the comnputer
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TABLE 111

Data AcquisiTioN aNp CoNTroL SusroutiNts For PRTB

S. P. Perone

Subroutine

Fuanction

CALL Format

SB1

SB2

SB3

SB6

SB7

SBS

SBY

Initialize 1/0. Set up data storage address
and acquisition rate for other subroutines,
“X(I)” data variable, “F’’ = data acqui-
sition frequency.

Used to start the CLOCK. The output con-
trol bit (ENCODE) ean be connected to
some external logic preceding the CLOCK
ENABLE input. (NOTI: SB2 must be
preceded by SBI.)

Waits for ADC FLAG, indicating conversion
completed. One datum is then taken from
the ADC, converted to flouting point, and
saved as X(T).

When called this subroutine waits for switch
0 of the console switch register to be set to
a ‘1"’ before continmng with the next
statement in the BASIC program.

Outputs one control bit (KNCODE) and
then waits for an event FLAG on the speci-
fied 170 chunnel, “C,” before continuing.
FLAG and ENCODI are cleared before
exit.

Waits for FLAGS on the ADC channel.
When FLAG is set, the next statement in
the BASIC prograin is exeauted. (Must be
preceded by SB1 and SB2 if internal
CLOCK is used to generate rLAGS.)

Takes in complete block of da.a belore re-
turning to BASIC program. (Max. of 250
points, Must be preceded by SB1 each
time it is called.) “ 7" sets total No. of data
points taken. Synchronized with start of
experiment through external gating of the
ENCODLE output. Up to 20 Ktz data ac-
quisition rate possible.

Causes output bit No. “Z" to be =et TRUIS
on specified 1/0 channel, “C." Z, € spevi-
fied in decimal. All other bits will be
cleared.

Causes output of analog voltage through the
DAC. “D” — eV outpat.

CALL (1,X(I) 1)

CALL (2)

CALL (3)

CALL 1)

CALL (5,0)

CALL (h)

CALL ¢,T)

CALL (8,2,

CALL (9,D)
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TABLE II1 (Continued)

Subroutine Function CALL Format

SB10 Clears ADC channel. kxternal Flip-flop CALL (10)
driven by ENCODE will be cleared also.
This can be used te turn off clock, stop ex-
periment, etc.

SB11 Causes output of binary voltage pattern, CALL (11,2,
“Z,” on specified output channel, “C.”
Binary pattern and channel specified in
decimal.

SB12 Inputs status of 16-bit register on channel CALL (12,Z,C)
“C.” The floating point equivalent is saved
in memory as “Z,”

SB13 Inputs status of a specific bit (No. “Z2") on  CALL (13,4,5,C)
channel “C.” Value of **S”’ is made “1” or
“0” aceordingly.

getting out of synchronization with the experimental timing. In
fact, SB3 is designed to detcci when the computer got out of
synchronization; an error message will be typed, and the computer
‘will halt. The user will then have to revise his program to require
less real-time processirg. With SB7, on the other hand, a complete
block of duta points is acquired before the subroutine is exited and
control returned to BASIC. Therefore, the timing is limited by the
efficiency of the machinc-language programming developed within
SB7. For our computer systems and software, it is possible to
acquire data at rates as great as 20 KHz with SB7, but no real-time
data processing is possible.

The limiting data rate when using SB3 is about 500 Hz, with a
minimum of real-time data handling. If several BASIC computations-
are to be executed between data points when using SB3, the limit-

- ing data acquisition rate may be the order of 1 to 50 Hz. However,
this is generally more than adequate for most experiments in the
chemistry laboratory.

. Experimental Control and Logic. In addition to data acquisition,
there are several other ways in which the computer can com-
municate with the experimental system. One of these is through a
digital-to-analog converter (DAC), where the digital output of the
computer is converted by the DAC to an equivalent analog voltage
level. One of the PRTB subroutines (SB9) provides the capability
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for driving the DAC, the output of which can be connected to
external experiments. It is possible to gencrate a continuous voltage
waveform output from the DAC by mathematical gencration within
BASIC of the discrete points waking up the waveform and trans-
mitting these through SB9 to the DAC in a repetitive fashion
synchronized with an external clock.

Subroutines SB8 and SB11 allow the programmer to utilize
specific output bits on a selected 1/O channel to control external
devices. There are 16 output bits available for this function. With
SBS8, the user can select which bit he wants to set by specification
of the bit number. The setting of one of these output bits causes a
corresponding binary voltage level change at the specificd output
terminal, and this can be used to close or open switches. start or
stop experimental cvents, light indicator lamps, etc. SB11 allows
the programmer to output a 16-bit binary voltage pattern with any
simultaneous combination of “1"s and “0s he chooses. This binary
pattern is sclected by including in the subroutine call the decimal
equivalent of the binary nummber to be generated. Thus, more than
one event can be controlled simultancously.

SB12 and SB13 provide digital input information for program
“sensing” of external situations. Thus, 16 binary voltage input
terminals are available to the user, the status of wluch are acquired
by either subroutine. SB12 transmits to the BASIC program the
numerical equivalent of the input 16-bit binary voltage pattern.
Because the status of these bits can be set by external events, the
computer couid use this information to makce appropriate changes
in the data processing or control programming.

SB13 is similar to SB12, except that only the status of a single
specified input bit is determined. This subroutine is uscful to the
student because he need only specify a bit number in the call
statement to check the status of a bit.

Timing and Synchronization. The most fundamental operzation
which must be accomplished by the PRTB system is the generation
of a time base for all experimental functions. This is accomplished
by the incorporation of a fixed frequency crystal clock (10 MHz)
into the interface hardware. Also included is electronic countdown
logic to scale the ontput clock pulses down to a usable frequency
range for chemical experimentation (100 KHz to 0.01 Hz). The
countdown logic can be meodified under program control to select
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any frequency within this which can be generated by a decade-
and/or a 12,5-countdown cequence. The programimed clock output
pulse train is then available to control the timing on the ADC,
DAC, or any other external hardware. Also available simultancously
are synchronous clock pulses representing frequencies at the various
stages of countdown. (These details are described in Section 11,C.)

The clock is controlled by the PRTB software through sub-
routines SB1, SB2, and SB10. SB1 is the initialization subroutine.
Through it the programmer specifies the clock frequency, within
the limits outlined above. (SB1 is also used to specify the symbol
assigned to the variable which will take on the values of the
digital data acquired in SB3 or SB7.)

SB2 is called when the computer program decides that it is time
to enable the clock. That is, an ENCODE bit is set to a “1” state
on the data acquisition channel. This bit ¢an be connected externally
with a patchcord to the ENABLE terminal on the clock module
(see Fig. 4a). Alternatively, the ENCODE bit may be brought to
some external logic, the output of which will set the ENABLE
clock input when other external events have occurred—like the
start of the experiment. One possible external logic configuration
is shown in Fig. 4b, where the ENCODE bit conditions one input
of an AND gate. The other gate input is conditioned “TRUE” when
the experiment has been initiated. The AND gate output will then
enable the clock. At that point the countdown logic will be enabled
and programmed clock pulses will begin to appear at the available
outputs.

SB10 is called to disable the clock when the time base.is no
longer required. It simply “clears” the ENCODE bit on the data
acquisition channel which has been used externally to ¢nable the
clock.

Another type of connnunication required between the experiment
and computer is associated with synchronization between computer
operations and external cvents. For exanmple, if the computer has
completed all preliminary program execution required bhefore being
able to accept experimental data, the user may choose to receive
an output from the computer which may not only tell the experi-
ment to start, but may also initiate external events associated with
the experimental system. One subroutine available for this kind of
operation is SB5. SB5 causcs the output of an ENCODE bit on a
scleeted 1/0O channel to change state (go to the “TRUE” level)
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Fig. 4. Synchronization of clock output with computer and experimental
events. (a) Direct computer control of clock enable input. (b) Clock c¢nable
controlled by AND gate output. Clock enabled when hoth computer command
and experimental start are seen at AND gate inputs. The "RUN” flp-flop
output follows the status of the experiment; it is set “true” when the experi-
ment starts and “false” when the experiment ends. Thus, the clock is disabled
when the experiment ends.

when SB5 is called. Then the computer waits within SB5 for an
external event to occur which will cause a FLAC bit on the same
I/O channel to change to a TRUE state. The subroutine detects
this event and then allows the next sequential program statement
to be executed. This next statement might conceivably be a call to
SB2 which initiates data acquisition.
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A simpler, but less precise, means of communication with the
computer for the purpose of synchronization is provided by SB4.
When this subroutine is entered, the computer simply waits until
the operator flips a toggle switch corresponding to Iut 0 on the
computer console switch register. The computer then exits SB4 and
executes the next program statement, which ight be to call SB2
and start data acquisition.

Finally, a subroutine (SB6) is available which allows general-
purpose timing functions. This routine simply waits for the FLAG
bit to be set on the data acquisition channel, clears the FLAG, exits
the subroutine, and the next sequential program statement is exc-
cuted. The purpose of this subroutine is synchronization of program
segments with the external timc base. ( Note that SB5 can be used,
also, for general-purpose timing functious if the data acqnisition
channel is nceded for other purposes. The user niust simply connect
the clock output to the FLAG input of the alternative 1/O channel.)

C. EXPEKIMENTAL

1. Computer Instrumentation

The digital computer system used in this work was a Hewlett-
Packard 2115A, equipped with 8 K core memory, high speed paper
tape input, ASR/33 Teletype, a 16-bit 20 ;sec DAC, and an inter-
faced Tektronix Model 601 oscilloscopic display. In addition, the
computer has an interfaced data acquisition systemn and a general-
purpose experimental interface capability. (These are described
in detail below.) The complete computer system is mounted in a
cabinet which has roll-around capability. The software used for
laboratory on-line operation (PRTB) utilized the Hewlett-Packard
BASIC compiler, Hewlett-Packard No. 201112A. This software is
made available from the computer manufacturer. The program list-
ings of the additions to the Hewlett-Packard BASIC compiler made
here to implement PRTB are available from the author upon
request.

2. Data Acquisition and General-Purpose Interface Hardware

A schematic diagram of the data acquisition system operated in
conjunction with PRTB is shown in Fig. 5. The analog-to-digital
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Fig. 5. Typical PRTB experimental data acquisition setup. Previously unde-
fined symbols include: 1/0 Bus, Input/Output hardware of the computer, one
channel of which is used for data acquisition system; 16-hit duplex register,
a Hewlett-Packard #02116-6195 16-hit duplex interface buffer register card,
also providing output ENCODE command and input FLAG signal.

1)

converter used in the data acquisition system was manufactured
by Digital Equipment Corporation (DEC), Maynard, Massachu-
setts (No. C-002, 10-bit 33 usec conversion time, 0 to — 1023V
input range).

The programmable clock is constructed from a 10 MHz crystal-
controlled oscillator scaled down to usable frequency ranges with
medium-scale integrated circuit (MSI) programmable countdown
logic. A schematic diagram of this modulc is given in Fig. 6, with
a complete list of hardware components. Programmed clock pulses
are available from 100 KHz to 0.002 Hz. Each decade frequency
can be divided by 2 or 5. The specific frequency is selected by a
5-bit output word which is decoded in the clock module by twao Texas
Instrument SN74151 digital multiplexers. In addition to the pro-
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MC7475P Motorola Quad lateh (4 bistable laiches)
SN74151] Texas Instrnment  Data selector, multiplexer
F930059 Fairchild 4-bit shift register
FU0035Y9 Fairchild Triple 3-input NAND gate

Fig. 6. Schematic diagram for PRTB programmable clock.

grammed output, each decade output from 1 MHz to 0.001 Hz is
available extemally by patchboard connection.

Also available on the data acquisition panel were an ENCODE
output bit which eould be sct and cleared by the computer, and 4
FLAG input terminal to allow external setting of the FLAG bit
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on the computer I/O channel used for data acquisition. The end-of-
conversion (EOC) flip-flop of the ADC was normally connected to
the FLAG input; however, it was possible to connect any appro-
priate externally generated signal to the FLAG input. Six bits of
digital information could be transferred to or from the computer
through the data acquisition pancl using patchboard connections
on the panel. Other generally useful functions available on the data

eSS sseEY Y ILE RS
(%3

Fig. 7. View of general-purpose data acquisition and interfacing panels for
PRTB system.
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acquisition panel included patchboard connected to various logical
devices such as 16 AND, OR, and NOT gates, four flip-flops, two
one-shots, four analog switches, four relay drivers, a Schmitt trigger,
a track-and-hold amplifier, six indicator lamps, and two push hutton
switches with Schmitt trigger outputs. Figure 7 provides a view of
the general-purpose data acquisition and interface panci used by
the students. [Sce Malmstadt and Enke (1969) for a general dis-
cussion of characteristics of control logic nodules.] DEC R-series
logic (Digital Logic Handbook, 1968). Flip-Chip cards and power
supplies were used for logic functions. For interface design which
required more sophistication or more logic elements than could be
obtained on the data acquisition panel, a DEC patchboard R-series
Logic Lab (Digital Logic Handbook, 1968) was availahle, Most
experiments did not require interface hardware beyond that avail-
able on the data acquisition pancl. All input and output to the com-
puter were buffered with level conversion devices on the H.-P.
2115A system so that all external connections are compatible with
DEC R-serics positive logic (Digital Logic Handbook, 1968). DEC
W601 and W510 level conversion cards were used.

An interfaced digital I/O modulc was also availableifor general-
purpose digital eommunication between computer and experiment.

cPu ouTPUT
170 L
BUS 16 BIT DUPLEX
REGISTER
INPUT
LEVEL

.

FLAG! | Enco -— ~ ,
8ITS TO THE BITS FROM THE
i COMPUTER COMPUTER

Fig. 8. Digital 1/O mterface module for PRTB.
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The characteristics of this module are illustrated in Fig. 8. This
digital I/O module was connected to a different I/O channel than
the data acquisition panel. Thus, a separate independent ENCODE
output and FLAG input were available through this module. The
use of the digital I/O capability has been described above.

D. RESULTS AND DiSCUSSION

1. Evaluation of the PRTB System

For the purposc of illustrating the capabilities of the PRTB soft-
ware, the laboratory computer systems and software were tested
with a synthetically generated experimental output which simulated
typical experimental data. The illustration involved application of
ense.nble averaging tc the analysis “f an cxperimental output which
provided a repetitive voltage waveform with superimposed large
amplitud= random noise. The waveform for the ensemble averaging
experiment had a fundamental frequency the order of 10 Hz, with
superimposed large amplitude random noise. The experiment was

FEADY

LIST

| PEM THIS PROGRAM 1S AN ENSEMBLE AVERAGING ROUTINE-~FOLLOV
2 FEM THE DIRECTIONS PRINTED OUT FTER PRESSING RUW. THE
3 REM FREQU-NCY OPIGINALLY SPECIF ED IS 1088 HZ.
10 DIM X(10@),Y(188)

26 LET F=lo@@

30 PRINT "THE # OF PTS EACK RUN ==}

31 INPUT T

4@ PPINT THE # OF PUNS =™}

41 INPUT C

S8 MAT Y=ZER

60 FOR 1=} TO C

78 CALLCY,XC(1),F)

83 CALL(?7,T)

90 FOP Jz1 TO T

198 LET YCDZYCD+HXCD

118 NEXT J

128 NEXT I

208 FOP X=1 TO T

218 LET E=Y(K)/(Ce10)

220 IF E»>72 THEN 380

232 PRINT "#"3 TARCE) 3 "s"

240 NEXT X

230 STOP

lee LET F:71

310 GUTO 230

AR@ FND

Fig. 9. Program for ensemble averaying experiment,
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(a) e

(b}

Fig. 10. Data from ensemble averaging experiment, plotted on teletype.
(a) Original data (single cycle). (b) Data after 100 averaging cycles.

repeatable and could be triggered by computer output. The pro-
gramming objectives included repetitive initiation of the experi-
ment, synchronization of data acquisition wth experimental output,
and repetitive coherent sumination of the digitized waveforms to
accomplish ensemble averaging. Finally, when the experiment was
completed, the averaged data were normalized and plotted on the
teletype terminal. The computer program used is given in Fig. 9.
Figure 10 shows the original output wavefornin and the results of
ensemble averaging.

The above experiment is executed by studeuts in the laboratory.
Other experiments include data acquisition and processing with
synthetic experimental signals as described in Section I; gas chro-
matography (Peronc and Eagleston, 1971); kinetic enzymatic
analysis; differential kinetic analysis; and computer-controlled
spectrophotometry. These and other experiments will be described
in detail elsewhere (Klopfeustem ot ul., 1972).
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2. Observations

It can be seen from the above examples that actual implementa-
tion of the PRTB system is relatively straightforward. Moreover,
for all its simplicity, considerable experimental measurement capa-
bility exists in the system.

The requirenients for implementing the PRTB systemi in the
undergraduate laboratory include the following.

(1) An introduction to the BASIC language for coniputational
purposes. This requires 1 to 2 hours of lecture time. It also requires
that students have access to the laboratory computer (or other
computer fac'lities providing BASIC capability) during the first

few weeks of the semester to handle homework and laboratory

computations.

(2) An introduction to the fundamental concepts of on-line
computer operation. This requires about 8 hours of lecture. These
introduce the student to the whole field of on-line computer appli-
cations and the technological details with which they must be
familiar to implement this approach in the laboratory. These de-
tails include an introduction to the fundamentals of digital logic,
timing, and synchronization. This involves the discussion of simple
gates (AND, OR, NOT), the flip-flop, the one-shot, and the analog
switch. The functional characteristics of these devices, as well as of
analog-to-digital and digital-to-analog converters and voltage amn-
plifiers, for interface design are defined. No aitempt is made to
provide a rigorous understanding of the electronic principles or
detailed circuitry for these devices. The cmphasis is on the student’s
being able to recognize and use the fundamental characteristics of
these devices for interface design.

(3) Finally, the actual laboratory assignments are c¢arried out.
These assignments are designed to intrcduce the student to the
analytical technique »nd methodology, just as would be done in
the absence of the laboratory computer instrumentation, In addi-
tion, the student is expected to utilize the on-linc computer as a
data acquisition and data processing tool.

The final question to be considered here is what specific benefits
are derived by the student from the usc of the laboratory computer
in on-line experimentation. First of all, the student is obviously
exposed to state-of-the-art technology in laboratory experimentation.
Second, the student is encouraged to use inore rigorous data
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processing approaches than previously feasible for laboratory
assignments. Third, the student becomes keenly aware of the factors
that limit and define experimental accuracy and precision. ( This is
a direct result of the fact that the computerized cxperiments can
be re-run conveniently with modified parameters, and thi results
can be evaluated rapidly with the laboratory computer.) Fourth,
the student is able to make a first-hand comparison of the effective-
ness of conventional and computerized laboratory methodology.
And, finally, the student’s intcrest in the science of uantitative
che nical experimentation is strongly .timuiated.
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The chemist today finds himself in the
midst of a dramatic revolution in scientific instrumenta-
tion. Digita] electronies and laboratory-scale digital
computers appear destined soon to dominate the whole
area of chemical experimentation. This revolution has
come about so abruptly that the practicing scientist
recognizes a very real tachnological gap in his back-
ground. He realizes that computerized instrumenta-
tion can provide benefits in routine and research
work—but he doesn’t know how to get started. To
compound his frustration, he even finds it difficult to
communicate with the experts and computer manu-
facturers. Not only is the jargon of digital computer
technology quite foreign to the uninitiated, but the
fundamental concepts of digital instrumentation are
basically unfamiliar. The scientist is accustomed to
thinking of experimental data and instrumentation from
an analog viewpoint, and the introduction to the digital
world is not without some difficulty. Not that the
material is difficult—it is really quite simple for the
scientist trained in logic—but mastery of the material
necessitates the generation of drastically different
instrumental and experimental concepts than the scien-
tist is generally accustomed to. The principles,
methodology, and jargon of digital instrumentation are
so different from those of analog instrumcntation that
even the instrument-oriented scientist has difficulty
mastering the area independently. Moreover, the
scientist’s ability to us the large data processing com-
puter is of little help in understanding on-line applica-
tions of the digital computer. '

Because scientists have recognized this technological
gap, many have taken steps to overcome it. This has
vequired herculean efforts on their part, generally, since
very little detailed information is available. Most of
what is available is provided by computer manu-
facturers, and may require thorough familiarization
with a particular computer for any appreciation. The
most fundamental problem, however, is that an ade-
quate appreciation of this new technology can not be
acquired through reading or attendance at technical
meetings. Moreover, it is not sufficient to have a com-
puter available in the laboratory which the scientist can
play with in his spare time. Nor is it sufficient to
develop programming skills which are not oriented
toward on-line experimental applications. The most
efficient way to develop the technological skills neces-
sary for the incorporation of the digital computer in
laboratory experimentation is by total involvement in
an intensive training program which includes substan-
tial ““hands-on”’ experience with digital instrumentation
and the digital computer in ar experimental on-line en-
vironment,.

ERIC.

A Laberatory Course on Digital
Computers in Chemical Instrumentation

Thus, a need has existed for some time now to provide
an educational program concerned with digital computer
instrumentation for the chemistry laboratory. This
type program is urgently sought by the practicing scien-
tist—i.e., one who has completed his formal edueation.
Moreover, this type program should be particularly
valuable to our future scientists—the graduate and
undergraduate students in our colleges and universities.
Such a program has been instituted in the Chemisiry
Department at Purdue University under the direction of
this author. It is the purpose of this article to deseribe
the basic philosophy of this program as well as to pro-
vide the render with many of the details of its operation.
In addition, an evaluation of the results of this program
will be presented. '

On-Line Computerized Experimentation
in the Laboratory

To put this entire presentation in perspective, it is
necessary to provide some background regarding on-line
digital computer technology. A common characteristic
of the laboratory-secale digital computer is a relatively
small core memory, usually providing 4K or 8K of
random access storage of digital data and programs. A
memory of this size, however, can be more than ade-
quate for laboratory control operations, and, with care-
ful programming, some fairly sophisticated data pro-
cessing.

A small digital compt.ter may have an instruction set
which includes.the order of 50-100 machine language
instructions. Each of these instructions corresponds to
a specific binary coding which, when decoded by the
computer, results in the execution of a fairly simple
arithmetic or logical step. Examples of some simple
machine operations are: binary addition of a datum in
some memory location to the contents of an arithmetic
register (accumulator); transfer of the contents of an
accumulator to a memory location (and vice-versa);
rotation of the binary digits (“bits”) of the accumulator
contents to the left or right; and the application of logi-
cal tests such as determining if the aceumulator is zero,
non-zero, odd, even, positive, negative, ete.

Obviously, the repertoire of machine instructions in-
cludes some rather elementary operations. However,
by developing appropriate ‘“programs’” composed of
many of these elementary operations, the most sophis-
ticated mathematical computations can be carried out.
Since the computer can execute instructions so rapidly—
the order of 10°-10° instructions per second—it can
complete complex computations with fantastic speed.
For example, a program to multiply two n-bit integer
values might require a program including 50 or 60 state-
ments, but may require only about 200 usec for comple-

. _ [Reprinted from Journal of Chemical Education, Vol. 47, Page 105, February, 1970.]
opyright, 1970, by Division of Chemical Education, American Chemical Society, and reprinted by permission of the copyright owner



tion. 'Thus, some 5000 multiplications per second could
be accomplished.

Thus, the digital computer comes on as a very simple-
minded device, which must be told how to accomplish
even the most fundamental computations, but which
can accomplish these operations with blinding speed.
Moreover, it is a tireless machine which will be content
to calculate endlessly and consistently. It is also a very
versatile device, since it is programmable and capable of
accomplishing an infinite variety of computational,
logical, or control operations. Finally, it is a device
which can (in fact, must) communicate in a variety of
ways with the outside world. It is this characteristic
which defines the computer as a general-purpose experi-
mental device.

Off-Line Computers

The computer configu -ation with which most scien-
tists are familiar is the off-line system. This configura-
tion is diagrammed in Figure 1. To use the computer
in this configuration, the scientist typically will write a
data processing program in Fortran or some other
higher-level computer language, run the experiment(s),
manually tabulate the data from strip chart recorder or
oscilloscope trace, transfer the tabulated data to
punched cards, add the data cards to the deck of pro-
gram cards, transport the combined card deck to the
computer center for processing, and then wait until the
program has been executed and the results printed.
Turn-around times may vary from a few minutes to a
few days, depending on the capacity of the computer
facility and the number of users.

There are many variations of the above description of
off-line computer usage. For example, the experi-
mental system may include automatic data acquisition
and digitizing devices which might store data on
punched card, punched tape, or magnetic tape buffers
which can then be transmitted more conveniently to the
remote computer center. Alternatively, the laboratory
may be equipped with a remote terminal (such as a
Teletype) through which the investigator may enter his
programs and data, as well as receive a print-out of
results from the computer.

Operator

Figure 1. Typical off-line computer configuration.

Memory Operator

X

Electronic
Interface

CPU

Figure 2. Typical on-line computer configuration.
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The important common characteristic of »1l off-line
computer systems, however, is that the experimental
data are transmitted to the computer through some
intermediate storage medium, and they are processed
after some finite time delay has occurred. Depending
on the modes of data acquisition and transmission to
the compater, the turn-around time of the computer
facility, and the speed with which the investigator can
interpret the result print-out, the time delay fcr experi-
mental modifications based on the results o1 previous
experiments can be excessive. Should this reaction time
be a critical factor, an off-line computer facility may be
inadequate for the particular exnerimental studies.

On-Line Computers

For the investigator who requires very rapid or
instantaneous results from his computer system—for
whatever reason—the solution may be to employ an on-
line computer system. Figure 2 presents a block dia-
gram for a typical on-line computer configuration.
The most important distinction of this configuration is
that thei = is a direct line of communication between the
experiment and the computer. The line of communica-
tion is through an electronic interface. Data are
acquired under computer control or supervision, and the
program for data processing is either resident in memory
or immediately readable into memory to provide for
very rapid completion of the computational tasks.
Results may be made available to the investigator
quickly by means of teletype, line-printer, oscilloscope,
or other form of print-out. In addition, the computer
may be programmed to communicate directly with the
expcriment by controlling clectronic or electro-mechan-
ical devices—such as solid state switches, relays, step-
ping motors, servo motors—or any other devices which
can be activated by voltage level changes.

The advantages of on-line computer operation can be
summarized as the following: Elimination of the middle
man, and the concomitant substitution of an electronic
interface between the computer and the experimental
system, which is much more compatible with the com-
puter’s characteristic- and which does not suffer from
the inherent inadequacies uf the human as a communica-
tion link. For example, the computer can accept input
data at rates of the order of 105-10% per second, and can
instantaneously transmit control information or com-
mand. hack to the experimental system. If this line of
communication were handled through the human in-
vestigator, as in the typiecal off-line configuration, the
response time of the overall experimental and data pro-
cessing system would be many orders of magnitude
slower. Moreover, the electronic communication link
is generally a more reliable, tireless, objective, and ac-
curate information transfer medium.

The possibility of direct computer control of the experi-
ment is a second advantage associated with on-line
computer operation. This facility allows the complex
logical and decision-making capabilities of the computer
to be implemented for an infinite variety of laboratory
automation or experimental design problems.

A third advantage of the on-line computer is that real-
time interaction between compiter gnd experiment is pos-
sible. That is, because the computer can make compu-
tations and decisions at speeds exceeding'most ordinary
data acquisition rates, it is possible for the computer to

7



execute experimental control modifications before a
given experiment has reached completion. These
““real-time’’ operations allow the possibility of using the
computer to monitor the progress of an experiment and
modify that experirient to follow a pathway which pro-
vides more optimum conditions and which could only
have been arrived at as a result of some observation of
the initial course of the experiment.

A breakdown of the logistical barriers of the remote
compuler system is an additional advantage of on-line
computer operation. Because of the instantaneous,
direct communication link between the experiment and
the computer, the physical location of the computer
with respect to the laboratory is relatively unimportant.
Moreover, the mechanical and logistical roadblocks
typically imposed by the computer facility toward the
off-line introduetion of data arc irrelevant.

One very important aspect of using computers for
on-line experimental work that should be emphasized
here, however, is that some, if not all, of the program-
ming must be done in machine—or assembly—language.
That is, higher level languages—such as Fortran—do
not have the capability for on-line operation with ex-
perimental systems. Mloreover, higher-level languages
tend to be very inefficient in the use of memory space
and in execution time. Both of these factors are critical
when small computers are used for on-line work. Thus,
the scientist wanting to use the small digital computer in
the laboratorv must become competent in program-
ming in the fundamental machine language—a formid-
able task.

1

An Educational Program in Computerized
Instrumentaticn

It can be seen from the preceding discussion that the
widespread use of digital computers on-line in chemistry
laboratories will certainly revolutionize routine labora-
tory methodology. Today’s scientist must learn to live
with the digital computer and to usc it profitably for
laboratory work. On this premise we ! »ve developed
at Purdue an intensive 3-wk summer short course en-
titled “Digital Computers in Chemical Instrumenta-
tion.”” The course is designed for practicing scientists
in colleges, universities, industrial laboratories, govern-
ment laboratories, and hospitais, who would like to be
introduced to digital instrumentation and the tech-
nology of digital computer implementation in the
laboratory. It is the details of this summer program
which will be discussed here.

Obijectives

The purpose of the 3-wk intensive course developed
at Purdue was to afford participants an opportunity to
acquire a familiarity with digital instrumentation and
digital computers in the laboratory. The course was
designed such that students could develop, in a short
period of time, the ability to write machine-language
programs, to utilize the computer for typical laboratory
input/output functions, and to design and implement
software and hardware for interfacing real experimental
systems to the computer for on-line operation. An es-
sential feature of the course had to be the availability of
several digital compuiers and many digital logic mod-
ules to provide a large amount of hands-on laboratory

experience for cach participant. To make the experi-
ence most worthwhile to the participants the leeture and
laboratory material were developed within the context
of applications in chemistry and related sciences. (The
course material was based on the assumption that
participants had no previous experience with computers,
digital logie, or clectronics, but were generally familiar
with chemical instrumentation and laboratory meth-
odology.)

Another important objective of the summer course
projeet was to use it as a means of developing the lecture
and laboratory ingredients, as well as the staff, for
undergraduate and graduate courses at Purdue in-
corporaiing computers in chemical instrumentation.
Moreover, many of the university and college professors
taking the summer course would be encouraged to
develop computer-oriented course work at their respee-
tive institutions. Thus, by providing the summer
course for educators the development of curricula which
includes the on-line implementation of computers in
undergraduate and graduate scientific work might be
fostered in a most efficient manner.

Approach

The basic philosophy of the 3-wk summer course is
simply to share with the participants the background,
technique, and experience in computer instrumentation
developed at Purdue and clsewhere by the faculty and
graduate instructors of the course. For the partici-
pants to acquire the desired skills and background in the
3-wk period, it is absolutely necessary to provide for as
much individual aceess to computing equipment and
digital instrumentation as possible and practicable. To
provide this ““hands-on’’ access to the cquipment in the
most efficient manner, a great deal of preparation outside
the laboratory is required. Thus, off-line teletypes are
provided for program preparation and editing; labs are
open and supervised on evenings and Saturdays; and a
1!/,-hr lab lecture is presented each day. MNost
importantly, a large ratio of tcaching staff to students is
provided, so that students can obtain help with a
minimum of delay. At least one instructor for every
four students in lab is the normal working ratio at all
imes.

The significance of the emphasis put on the efficient
use of the available computing equipment can not be
overemphasized. The natural tendency of the novice
programmer is to sit down at, the computer console and
try to compose a program. The students in our course
learn very quickly that they must have their programs
fully composed and punched cn tape—with perhaps one
or two alternates, in case the first doesn’t, work—before
they even get to the computer console. When pro-
grams do not execute properly, they are encouraged to
spend a minimum of formal lab time in time-cousuming
de-bugging operations, and to restrict their de-bugging
efforts to spare time outside of lab, in the evening, or on
Saturdays. Thus, when a program is to be edited and
reexecuted by the computer, a minimum of “hands-on”
time will be consumed by the student trying to reason
away the logical errors in his program.

Another irrportant aspect of the course is thatit is not
limited to the concepts, principles, and techniques as-
sociated with the ‘“‘small” digital computer. The
formal lecture material discusses large, tinie-shared
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systems as well as small, dedieated systems.  Moreaver,
one laboratory assignment involves writing a program
and designing an interface to time-share several periph-
eral devices. The prineiples learned in this laboratory
assignment are exiended in lecture to deseribe the op-
eration of larger time-shared computer systems:

Requiraments

Equipmenl. An essential requirement for the presen-
tation of the short course on computers in chemical in-
strumentation is the availability of sufficient hardware
to allow adequate “hands-on” access by each partici-
pant. The basie equipment available for a 12-man
laboratory session includes: three Hewlett-Packard
digital computers (one, 2116A; two, 2115A) with 8K-
word core memories, ASR /33 teletypes, and high-speed
-aper tape readers.  One of these computers is equipped
with a high-speed paper tape punch.  Two of the com-
puters are cquipped with hardware multiply/divide
capability, and one has a two-channel direct-memory-
access capability.  In addition, cach computer is com-
pletely equipped for high- or low-speed computer-
controlled digital data acquisition with three 10-bit
ADC’s (each capuble of data acquisition rates up to 20
or 30 KHz), and three frequeney-selectable, gated
clocks for precise timing and synchronization of data
acquisition and other experimental events. Two com-
puters are equipped with high-precision (16-bit), high-
speed (20 pxee rise-time) D2A converters. Two com-
puters are equipped with oscilloseope display units in-
terfaced to the ecomputer through dual cight-bit D2A
converter modules.  (One computer also has a digital
plotter and a seven-track, 356 bpi, digital magnetie tape
unit available. However, these items of equipment
have not yet been used in student assignments.)

Tn addition to the computer equipment, each 12-man
laboratory has available six patchboard digital logic
training stations (Digital Logic Labor:itories, Digital
Equipment Corp, Maynard, Mass.) and six dual-trace
wide band-pass oscilloscopes for the laboratory assign-
ments on digital logic. These units are also used for
assignments requiring interface design for computer-
interfaced instrumentation.

Other items necessary to completely equip the labora-
tory include a variety of specially-designed patchboard
modules and associated electronies for instrumentation
interface design, which are described in detail below.
Also, at least three off-line ASR/33 teletypes are pro-
vided for program preparation on punched pape: tape.

Personnel. One of the most subtle, and yet most
critical requirements for presentation of the course de-
scribed here is the availability of qualified individuals
who understand the software and hardware aspects of
computerized experimentation in the laboratory, and
who can teach the material. We are indeed fortunate
here at Purdue in that we currently have a relative
abundance of such personnel.

The explanation for the presence of qualified per-
sonnel here is twofold. We have several staff members
who have become actively involved in on-line computer
applications in their research, and we offer a formal one-
semester course for graduate students designed to pro-
vide first-hand familiarity with on-line computer tech-
niques in the chemistry laboratory. (This graduate-
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level course—first offered informally in Spring, 1968—
formed the basis for the present intensive 3-wk summer
course.) Thus, by offering both the graduate course
and the 3-wk summer course, we have developed a
unique group of well-trained teaching assistants.

Detailed Course Description

Schedule

The summer course spans the last three weeks in
June. The first day (Sunday) is devoted to orientation
and the first lab lecture. The next 13 wcekdays are
devoted to a rigorous schedule of laboratories, formal
lectures, lab lectures, and open lab time. Each partici-
pant spends 1!/; hr in lab lecture, 1!/, hr at formal
lecture, and 2!/, hr in formal laboratory between 8 a.m.
and 9 p.:M. daily. In addition, the laboratories are open
and supervised from 9 p.M. to midnight each evening so
that students might work ahead, catch up, or simply en-
gage in an informal discussion with some of the staff.
Labs also are open and supervised on Saturday from 8
AM. to 5 p.M.  One day is devoted entirely to the dem-
onstration of various on-line systems operating in the
Chemistry Department at Purdue (including mass spec-
trometry, electrochemistry, flash photolysis, gas chro-
matography, and stopped-flow kinetic spectrophotom-
etry). The last day is devoted to a ‘‘mini-symposium”’
on computer applications in chemistry, to which several
expert outside speakers are invited.

Content

The formal lecture material covers the followirg three
areas: digital logic and digital instrumentation; com-
puter programming for on-line laboratory applications;
and hardware and software design for instrumental
interfacing, time-sharing, and computer control in the
laboratory. A detailed lecture outline for the 1969
summer course is given in Table 1.

The formal laboratory assignments, likewise, were
broken down into three categories: basic digital logic
design and operation (4 da); basics of assembly lan-
guage computer programming and opevation (4 da);
and interface design and computer programming for on-
line applications (5 da). Lab lectures (1'/; hr per day)
were designed to prepare the student in advance for each

Table 1. Short-Course Lecture Schedule, Summer 1969

I. Introductory Remarks
II. Elements of Digital Logic
III. Digital Functional Units
IV. Number Systems; Binary Arithmetic, etc.
V. Boolean Algebra—Applications to Digital Circuitry
VI. Analog-to-Digital, Digital-to-Analog Conversion
VII. Computer Organization and Machine Language
VIII. Assembly Language Programming; Simple Arithmetic
Routines
IX. Chemical Data Processing Routines
X. Programming the Computer for Input/Output with
Standard Peripheral Devices
XI. Applications of Digital Logic in Chemical Instrumenta-
tion
XII. Digital Logic in Experimental Timing, Control, and
Synchronization for Computer Interfacing
Data Acquisition and Real-Time Computer Control in
Experimental Systems .
XIV. Time-Sharing Systems; Combining Languages; Large
Computer Systems

XIII.




Table 2. Outline of Laboratory Assignments, Summer 1969

A. Digital Logic
I. Flip-flops and counters
II. Gates and fundamei:tal logic circuits
III. Boolean equations and logic design
. IV, Digital control, timing, and synchronization
B. Computer Programming Fundamentals
1. Elementary machine—and assembly—language pro-
Zramming
II. Simple arithmetic programs
III. Chemical data processing algorithms
IV. Input/output programming
C. Interfacing and On-Line Computer Programming
I. Data acquisition from a transient experiment
II. Digital input/output
III. Data acquisition and processing of gas chromato-
graphic data
IV. Ensemble averaging
V. Time-shared service of several peripheral systems
VI. Multiplexing and digital-to-analog operations

laboratory assignment. Table 2 contains a detailed
list of laboratory assignments.

Laboratory Procedures and Organization

The organization of the laboratory and lab assign-
ments is certainly most critical to the successful presen-
tation of the short course.

With the available equipment providing the basic
limitation on laboratory size, the labs were organized to
make most efficient use of the hardware. This was
accomplished by, first, dividing each lab into two
groups: One-half start out working with the computer
equipment; one-half start out working with digital logic
equipment. Four days are required to complete the
basic assignments in each group. Then, the two groups
of students exchange equipment, and the basic set of as-
signments are repeated during the next four days. Two
students are assigned to one computer per lab; one
student is assigned to one logic station per lab.

While the basic sets of laboratory assignments are
being carried out the logic group attends lectures II-VI
(Table 1), while the computer group attends lectures
VII-X. These basic lectures are primarily oriented
towards the assigned laboratory material and are re-
peated when the two groups switch assignments.

After all participants have completed the basic sets of
logic and computer programming assignments, five days
of laboratory work follow which are oriented towards
the development of programs and interfacing for on-line
experimental applications. Students continue to work
in pairs on these assignments using any of the hardware
available in the lab to execute each assignment. The
apportionment of the computer time must be carefully
supervised by the lab instructors during this period so
that the equipment is used efficiently. One approach
found effective here was to make uvailable a fourth
computer system which was used only for assembling
and editing of program tapes. This freed the other
computer systems for program execution and experi-
mental design. )

An interesting innovation was introduced during the
summer, 1969, course. Through the generosity of
several computer manufacturers (Hewlett-Packard Co.,
Palo Alto, Calif.; Digital Equipment Corp., Maynard,
Mass.; and Varian Associates, Palo Alto, Calif.) sev-

eral different computer systems were made available
during the last week of the course so that students
might have the option of working with alternative
equipmeni. The only requirement imposed was that
they complete all normal course assignments up
through at least the basic set of on-line experiments
(C-1, C-II, Table 2). Thus, confident that they had
been exposed to all the basic technology we would hope
to provide, we could turn students loose on unfamiliar
equipment. Our objective was to prove to students
that the operational differences between systems are not
s0 great as they appear once the fundamental prineiples
have been mastered.

To make this possible in 1969, the additional equip-
ment made available included two DEC PDP-8L com-
puters with high-speed paper tape input/output, inter-
faced 12-bit ADC and four-channel multiplexer, and
ASR/33 teletype; two DEC PDP-12 computers with
full standard interfaced experimental input/output
facilities (ADC, D2A, ete.), two LINC tape decks,
oscilloscope display, and ASR/33 teletype; a Varian
620-i computer with provision for experimental 1/0,
oscilloscope display, and an ASR/33 teletype. Inaddi-
tion, two Hewlett-Packard computers (2116B and
2115A) with high-speed paper tape input and ASR/33
teletype were provided by the manufacturer for use
along with the University-owned Hewlett-Packard sys-
tems.

The results of using the alternative computer equip-
ment were very gratifying. Nearly all of the students
who switched to the unfamiliar equipment were able to
quickly master the new assembly language software and
operating procedures. In fact, many were able to de-
velop programming and interfacing for on-line opera-
tion. All this was accomplished with only a total of
three days exposure to the equipment! These results
seemed to prove that the necessity for exposure to one
type of computer equipment in the laboratory part of
the course is certainly no hindrance to the later use of
other systems.

Hardware for On-Line Experimentation
and Interface Design

Because it was unrealistic to assume that students
would be skilled in electronics, the development of lec-
ture and laboratory material on interfacing experi-
mental systems for on-line operation was particularly
challenging. However, by building on the funda-
mentals of digital logic learned in the early part of the
course, 1t is possible to cover adequately the topic of
interface design.

The basic approach used involved recognizirg that
the digital computer communicates with the outside
world by the execution of instructions which either
cause binary voltage level changes to occur at specific
external terminals, or which recognize voltage level
changes effected by external devices. This understand-
ing, coupled with the fact that the digital computer can
neither aceept nor output normal analog (continuously
variable) signals, determine the type of interface func-
tions required.

One primary group of interface elements to be con-
sidered are franslational modules, such as analog-to-
digital converters and digital-to-analog converters. In
addition, such devices as level converters and analog
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amplifiers contribute to translational functions. Also
important for eonsideration are multiplexers and signal
transmission problems.

Those elements essential to proper communications
are thelogic, timing, and control components. Thesein-
clude flip-flops, gates, one-shot delays, Schmitt triggers.
clocks, counters, analog switches, and electromechanical
devices like relays and stepping motors. The student is
made aware of the functional characteristics of all of
these interface elements.  (Many are actually used and
tested individually in the laboratory.) He is then
responsible for designing interfaces for assigned experi-
ments by sclection and combination of appropriate
elements to provide both the translational and logical
functions required. This means that he must be able to
provide for the coordination and synchronization of the
computer’s program execution with the experiment and
with the data acquisition system.

To implement these principles in the labomtmy, we
provide students with the building blocks with which
the actual interface can be constructed in patchboard
fashion, once the logical design is complete. Included
in the patchboard interfacing package are: a 10-bit (30
KHz) externally-controlled ADC, a gated 10 N[Hz crys-
tal clock with scaled outputs available in decade steps
from 1 MHz to 0.01 Hz; a four-channel multiplexer;
two sample/hold amplifiers; and 8-biss of binary con-
trol and logic I/0. Another type of patchboard inter-
face panel is available which provides for 16-bit digital
I/0 only. The DEC logic labs are available to allow

Figure 3. Bosic interfocing module.

Figure 4. Bosic interfocing module wired for specific on-line experiment.
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incorporation of logic and timing clements (gating,
time-delays, ete.) not included in the basic interface
panel. All interconnections can be made externally
with plug-inleads. Figure 3 shows the basic interfacing
equipment. TFigure 4 shows the equipment in opera-
tion.

On-line Experiments

The ultimate objective of the laboratory work is for
students to be able to carry out experiments on-line with
the digital computer. Thus, the final set of lahoratory
assighments require the student to design and imple-
ment the programming and interfacing for a variety of
on-line experimental systems. Only the detailed char-
acteristics and data acquisition requirements for each
experiment are specified for each assignment.

Basically, two types of experimental systems were
provided for laboratory assignments: synthetic and
real. The synthetic systems were electronieally-
simulated experimental outputs where the eontrol,
synchronization, and signal-handling problems were
made nearly identical to several real systems. These
electronic simulators were constructed on printed-cir-
cuit cards which could be plugged into the DEC Logic
Labs (see Fig. 5). Thus, patchboard interfacing could
be implemented easily.

Simulated experimental output included: an ex-
ternally-triggered rapid exponential transient decay
voltage (time constant of 0.1 sec); an externally-
triggered repetitive voltage wave form with super-

Figure 5. Typico! plug-in synthefic experimental signol generotors.
Left, Provides triggered repetitive voltoge wave-form (10Hz) with super-
imposed lorge omplitude rondom noise for ensemble overoging experi-
ments. Right, Provides triggered simultoneous multiple voltage wove-
forms for multiplexing experiments.

imposed large amplitude random noise for signal-averag-
ing studies; simultaneously-generated multiple voltage
waveforms for multiplexing experiments; and a syn-
thetic typical gas chromatographlc output including
several peaks of varying shape and size.

The above simulated systems provided convenient,
reliable, and realistic on-line experimental experience for
each student. The most obvious advantage was the
freedom from chemical and instrumental uncertainties
invariahly associated with real chemical laboratory sys-
tems. On the other hand, it was desired to provide
some experience with real laboratory systems, since
this appears to make the most lasting impression on
students. Thus, laboratory gas chromatographs and
a variety of sample mixtures were made available for
students to apply their on-line data acquisition and
processing skills. Appropriate amplification of the nor-
mal G.C. outputs could be provided by the selection
of an operational amplifier-based plug-in module which
could be mounted on a Logic Lab. The rest of the in-
terface design was left to the student.



The minimum of assignments expected to be com-
pleted by all students included: data acquisition from
a simulated transient experiment, using computer-
controlled constant or variable data acquisition rates,
and computer-controlled data acquisition from an ex-
ternal digital counter. Beyond these minimal assign-
ments students could carry out ensemble averaging,
multiplexing, and gas chromatographic experiments.
In addition, assignments involving computer-controlled
digital-to-analog waveform generation and time-sharing
of multiple external systems could be executed.

Many of the above described assignments required
that real-time data analysis be incorporated into the pro-
gramming. That is, some assignments required data
analysis during data acquisition. Mastery of this type
of programming is indicative of an accomplished experi-
mental programmer.

The primary result of the development and presenta-
tion of the course described here has been to make
available to practicing scientists, regardless of back-
ground or previous experience, a rapid, effective intro-
duction to computer technology in the laboratory. In

addition, the instrumentation and educational tech-
niques developed for the summer course have been in-
corporated into a new graduate-level chemical instru-
mentation course now being offered at Purdue. Mlore-
over, experiments have now been introduced into an
undergraduate junior-level analytical course which
utilize on-line computer operation.
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Cm'rent trends in the chemical industry
throughout the country indicate that the digital com-
puter will soon become an indispensable part of chemi-
cal experimentation (7-3). It should be clear, then,
that the chemist of the near future will be required to
understand and use properly digital instrumentation and
digital computers in the laboratory. Furthermore,
educators at colleges and universities will need to de-
velop undergraduate curricula providing the required
background in computerized chemical instrumentation.
In fact, the demand for this kind of training by practic-
ing scientists has prompted the development of » sum-
mer short course here at Purdue for college teachers and
others in chemistry and the biomedical sciences (4).

This paper describes the first steps in a long-range
program involving the introduction of on-line computer
applications in the undergraduate chemistry laboratory
at Purdue. The introduction has been made as part
of an introductory analytical chemistry course dealing
with quantitative chemical measurements (Jurior level
at Purdue). A primary objective was that none of the
chemical and instrumental principles currently devel-
oped in the course be eliminated, but rather th:t these
be augmented by the incorporation of the on-lire com-
puter into many of the laboratory experiments The
manner in which such a program may be made feasible
is described below.

Approach

It was our intention to introduce computer tech-
nology into the undergraduate chemistry laboratory
without slighting the chemistry content. The ap-
proach has been to continue to include the same basic
set of laboratory experiments—except that, eventually,
many will be designed to require on-line communica-
tion with the digital computer. The student is required
to understand and execute the laboratory experiment
as usual-—but, in addition, he is required to design the
appropriate programming and communication elements
for optimum interaction between the computer, experi-
ment, and experimentalist. Thus, we envision the
student’s achievement to be one of experimental design,
and the proper utilization of computing equipment in
the solution of measurement problems in chemistry.
Specific aspects emphasized include: the general-pur-
pose nature of the digital computer (i.e., how it can be
applied to a large variety of experimental problems with
modifications in programming); the computer as a
control element in experinentation; the rapid response
of the computer, aliowing real-time interaction with
experiments—with reaction times several orders of
magnitude faster than the human operator; and the
computer as an integral part of the chemical instru-
mentation.

Introduction of Digital Computers
into the Undergraduate Laboratory

To accomplish the above mentioned objectives, it was
necessary to recognize, first of all, what could not be
expected within the scope of this course: (1) we could
not educate our students in the intricacies of machine-
language programming, and (2) we could not provide
them with the electronics background requisite for the
sophisticated design and construetion of interfacing
between computer and experiment.

What could be done is to take advantage of students’
previous exposure to off-line computer programming
{with FORTRAN usually), which many—but not all
students—have obtained before the Junior jear at
Purdue. We could also take advantage of their ex-
posure to the fundamentals of electrical measurements
in physics courses to instill them with the most ele-
mentary concepts of amplification, response, and noise.
We could expect to provide them with the essential
principles of digital logic required for interface design.

The most important requirement for the success of
the program, however, was the development of two
items: (1) a modified high-level programming lan-
guage, which includes versatile data acquisition and
experimental control sub-routines with conversational
mode calling sequences; and (2) a general-purpose
hardware package for interface de.ign. This apparatus
would provide for patch-board incorporation of those
digital and analog modules required to complete the
interface between computer and experiment. The
general-purpose interface package requires only that the
student be able to lay out the basic logic design, timing
sequence, and the analog amplification or attenuation
required. He can then select appropriate pre-packaged
plug-in units to implement his design. He does not
have to tend to such details as level conversion, logic
conversion, noise rejection, and other subtle design
parameters. Yet, he will accomplish the most impor-
tant part of the interface development—Ilogic design.

Purdue Real-Time Basic System

The high-level programming language chosen for
developr .ent in this work was the BASIC language (5).
There were several reasons for selecting this langunge:
(1) It is easy to learn, generally requiring the order of
half a day exposure to develop a good working knowl-
edge. (2) It is an algebraically-oriented conversational
language. (3) It isinteractive. That is, the compiler is
interpretive, and therefore compiles and executes pro-
grams line-by-line. This allows programs to be en-
tered, executed, and edited on-line thru a teletype
terminal. It also provides for immediate turn-around
and rapid error diagnostics. (4) BASIC is rapidly
becoming a universally acceplable language. (5) BASIC
is currently readily available at commercial time-share

[Reprinted from Journal of Chemical Education, Vol. 48, Page 317, May, 1971.] .
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terminals. This allows the convenient and economical
learning of the language by large numbers of students
for later on-line experimental applications.

It should be noted that other languages (e.g.,
FOCAL!) are available which have comparably de-
sirable characteristics. Even languages such as I'OR-
TRAN or ALGOL which are generally considered
strictly for off-line applications may be appropriate,
particularly for systems with “load-and-go” eapability.

The software system developed at Purdue will be
referred to as ‘“Purdue Real-Time Basie”’ (PRTB).
The software includes, fundamentally, the BASIC
compiler available from Hewlett-Packard Co., which
manufactured the computers used in the undergraduate
laboratory program (see Experimental Section). The
modifications generated here at Purdue have involved
the development of u series of machine-language sub-
routines which are directly callable from the BASIC
software, and which are designed to communicate in a
variety of ways with experimental systems. The PRTB
data acquisition and control software are described
below.
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Figure 1. Schematic diagram of on-line computer configuration.
General Description of PRTB System

Iigure 1 illustrates the general nature of an on-line
computer system. On the one hand is located the
laboratory experiment, the data from which the student
desires to present to the computer for data processing.
On the other hand is the digital computer itself, which
is capable of high-speed programmed computational
and control functions. In order to operate the com-
munication link between the computer and the experi-
mental system an electronic interface must be estab-
lished. This interface accomplishes the functions of
translation (analog-to-digital, digital-to-analog, de-
coding, logic conversions, ete.), timing, synchronization,
and logieal control. The programming language must
take into aceount the nature of the electronic interfaeing
and the interfaeing must be designed with the funda-
mental charaeteristics and capabilities of the program-
ming language in mind. The following section
describes the subroutines developed for on-line experi-
mentation within the PRTB system. A summary of
these subroutines and eharacteristics is given in Table 1.

Experimental Input/Output Subroutines for PRTB

Data Acquistion. Two different types of data acqui-
sition subroutines are available within PRTB. They
both work in conjunetion with an external clock-eon-
trolled analog-to-digital converter (ADC). One is a
subroutine (SB3) which should be called by the user’s
program whenever the computer should be waiting for
the next data point to become available. When the

! Trade mark, Digital Equipment Corp., Maynard, Mass.
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next datum is digitized, SB3 takes the data point from
the data acquisition device (ADC), converts the datum
to floating point format, and stores it in the appropriate
memory location for subsequent reference by the
BASIC program. When SB3 is exited, the computer
returns to the next statement in the BASIC program
for execution. The new datum can be operated on,
but, before the next data point can be acquired, SB3
must be called again.

A second type of data acquisition subroutine (SB7)

Table 1. Data Acquisition and Control Subroutines for PRTB

Sub-
routine

SB1  Initialize 1/O. Set up data storage
address and acquisition rate for
other subroutines. “X(I)” data
variable. “F” = data acquisition
frequency.

SB2  Used tostart che CLOCK. The out- CALL (2)

ut control bit (ENCODE) can
e connected to soimme external
logic preceding the CLOCK EN-
ABLE input. (NOTE: SB2 must
be preceded by SB1.)

SB3  Waits for ADC FLAG, indicating
conversion completed. One da-
tum is then taken from the ADC,
converted to floating point, and
saved as X(I). .

SB4  When called this subroutine waits
for switch 0 of the console switch
register to be set to a “1”’ before
continuing with the next state-
ment in the BASIC program.

SB5  Outputs one control bit (ENCODE)
and then waits for an event
FLAG on the specified 1/O chan-
nel, “C,” before continuing.
FLAG and ENCODE are cleared
before exit.

SBg  Waits for FLAGS on the ADC
channel. When FLAG is set, the
next statement in the BASIC pro-
gram is executed. (Must be pre-
ceded by SB1 and SB2 if internal
CLOCK is used to generate
FLAGS.)

SB7  Takes in complete block of data be-
fore returning to BASIC program.
(Max. of 250 pts. Must be pre-
ceded by SB1 each time it is
called.) ‘“T”’ sets total No. of
data pts. taken. Synchronized
with start of experiment through
external gating of the ENCODE
output. Up to 20 KHz data ac-
quisition rate possible.

SB8  Causes output bit No. ‘2’ to be set
TRUE on specified I/0 channel,
“C.” Z,C specified in decimal.
All other bits will be cleared.

SB9  Causes output of analog voltage

Call Format
CALL (1,X(I),F)

Function

CALL (3)

CALL 4)

CALL (5,C)

CALL (6)

CALL (7,T)

CALL (8,Z,C)

CALL (9,D)

throngh the DAC. “D” = mV
output.
SB10 Clears ADC channel. External CALL (10)

Flip-flop driven by ENCODE will
be cleared also. This can be used
to turn off clock, stop experiment,
‘etc.
Causes output of binary voltage pat- CALL (11,Z,C)
tern, “£” on specified output
channel, “C.”” Binary pattern
and channel specified in decimal.
Inputs status of 16-bit register on
channel “C.” The floating point
Eg/u’i’valent is saved in memory as

SB11

SB12 CALL (12,Z,C)

Inpult'-s status of a specific bit (No. CALL (13,Z,5,C)
“7Z") on channel “C.” Value of
IIS” is mnde “1” Or “01’ accord_

ingly.

SB13




is one which allows for the acquisition of a complete
block of data before exit. The external clock is started
and synchronized with data acquisition within the sub-
routine. The basic difference between SB7 and SB3 is
that SB3 is called to acquire one data point at a time
and therefore allows for program statements to be ex-
ecuted during the time between acquired data points.
Thus, an experimenter could devise a program which
could process experimental data while the experiment
was in progress and data were being acquired. This is
referred to as “real-time’” data processing. However,
because the computer program must involve the rela-
tively inefficient execution of BASIC statements be-
tween data points, there is & more severe limit on the
speed with which data can be acquired without the
computer getting out of synchronization with the
experimental timing. In fact, SB3 is designad to de-
teet when the computer has gotten out of synchroniza-
tion; an error message will be typed, and the computer
will halt. The user will then have to revise his program
to require less real-time processing. With SB7, on the
other hand, n complete block of data points is acquired
before the subroutine is exited and control returned to
BASIC. Therefore, the timing is limited by the effi-
ciency of the machine-language programming developed
within SB7. For our computer systems and software,
it is possible to acquire data at rates as great as 20 KHz
with SB7, but no real-ti.ne data processing is possible.

The limiting data rate when using SB3 is about 50
Hz, with a minimum of real-time data handling. If
several BASIC computations are to be executed be-
tween data points when using SB3, the limiting data
acquisition rate may be the order of 1 to 10 Hz. How-
ever, this is generally more than adequate for most
experiments in the chemistry laboratory.

Experimental Control and Logic. In addition to data
acquisition, there are several other ways in which the
computer can communicate with the experimental
system. One of these is through n digital-to-analog
converter (DAC), where the digital output of the com-
puter is converted by the DAC to an equivalent analog
voltage level. One of the PRTB subroutines (SB9)
provides the capability for driving the DAC, the out-
put of which can be connected to external experiments.
It is possible to generate a continuous voltage waveform
output from the DAC by mathematical generation
within BASIC of the discrete points making up the
waveform and transmitting these through SB9 to the
DAC in a repetitive fashion synchronized with an
external clock.

Subroutines SBS and SB11 allow the programmer to
utilize specific output bits on a selected I/0 channel to
control external devices. There are 16 output bits
available for this function. With SB8, the user can
select which bit he wants to set by specification of the
bit number. The setting of one of these output bits
causes a corresponding binary voltage level change at
the specified output terminal, and this can be used to
close or open switches, start or stop experimental events,
light indicator lamps, etc. SB11 allows the programmer
to output a 16-bit binary voltage pattern with any
simultaneous combination of “1” ’sand “0” ’s he chooses.
This binary pattern is selected by including in the sub-
routine call the decimal equivalent of the binary num-

ber to be generated. Thus, more than one event can be
controlled simultaneously.

SB12 and SB13 provide digital input information for
program ‘‘sensing’’ of external situations. Thus, 16
binary voltage input terminals are available to the user,
the status of which are acquired by either subroutine.
SBI2 transmits to the BASIC program the numerical
equivalent of the input 16-bit binary voltage pattern.
Because the status of these bits can be set by external
events, the computer could use this information to make
appropriate changes in the data processing or control
programming.

SB13 is similar to SB12, except that only the status
of a single specified input bit is determined. This sub-
routine is useful to the student because he need only
specify a bit number in the call statement to check the
status of a bit.

Timing and Synchronization. The most fundamental
operation which must be accomplished by the PRTB
system is the generation of a time base for all experi-
mental functions. This is accomplished by the in-
corporation of a fixed frequency crystal clock (10 MHz)
into the interface hardware. Also included is elee-
tronic count-down logic to scale the output clock pulses
down to a useable frequency range for chemical experi-
mentation (100 KHz to 0.01 Hz). The countdown
logic can be modified under program control to select
any frequency within this which can be generated by a
decade-and/or a 1,2,5-countdown sequence. The pro-
grammed clock output pulse train is then available to
control the timing on the ADC, DAC, or any other
external hardware. Also available simultaneously are
synchronous clock pulses representing frequencies at
the various stages of countdown. (These details are
described in the Experimental Section.)

The clock is controlled by the PRTB software
through subroutines SB1, SB2, and 5B10. SBI1 is the
tnitialization subroutine. Through it the programmer
specifies the clock frequency, within the limits outlined
above. (SBI is also used to specify the symbol :us-
signed to the variable which will take on the values of
the digital data acquired in SB3 or SB7.)

SB2 is called when the computer program decides
that it is time to enable the clock. That is, an EN-
CODE bit is set to a “1” state on the data acquisition
chamnel. This bit can be connected externally with a
patchcord to the ENABLE terminal on the clock
module (see Iig. 2-A). Alternatively, the ENCODE
bit may be brought to some external logic, the output
of which will set the ENABLE clock input when other
external events have occurred—like the start of the
experiment. One possible external logic configuration
is shown in Figure 2-B, where the ENCODE bit con-
ditions one input of an AND gate. The other gate
input is conditioned “TRUE” when the experiment
has been initiated. The AND gate output will then
enable the clock. At that point the countdown logic
will be enabled and programmed clock pulses will begin
to appear at the available outputs.

SB10 is called to disable the clock when the time
base is no longer required. It simply ‘‘clears” the
ENCODE bit on the data acquisition channel which
has been used externally to enable the clock.

Another type of communication required between
the experiment and computer is associated with syn-

Volume 48, Number 5, May 1971 / 319



ERIC

Aruitoxt provided by Eic:

A
]
:
FROM CPy Clock .
Enable Enable
8

FROM CPU
Clock -
time —»

90} —"Ciock o0t

. Encbie Enable

Set

Out

Ciear

End |

Experirment

Start |
Start 2

Expenmen!_l

Figure 2. Synchronization of clock output with computer and experimental
eveats. A. Direct computer control of clock enable input. B. Clock
Enable controlled by AND gate output. Clock enabled when both com-
puter command and experimental start are seen at AND gate inputs. The
"RUN" flip-flop output follows the status of the experiment; it is set “true”
when the experiment starts and "false” when the experiment ends. Thus,
the Clock is disabled when the experiment ends.

chronizalion between computer operations and external
events.  For example, if the computer has completed
all preliminary program execution required before being
able to accept experimental data, the user may choose
to receive an output from the computer which may
not only tell the experiment to start, but may also
initiate external events associnted with the experi-
mental system. Onc subroutine available for this
kind of operation is SB5. SB5 causes the output of
an ENCODI bit on a selected I/0 channel to change
state (go to the “TRUE’ jevel) when SB5 is called.
Then the computer waits within SB5 for an external
event to occur which will cause a FLAG bit on the
same I/0 channel to change to a TRUE state. The
subroutine detects this cvent and then allows the next
sequential program statement to be executed. This
next statement might conceivably be n call to SB2
which initiates data acquisition.

A simpler, but less precise, means of communication
with the computer for the purpose of synchronization

PRTS
SOF TWARE

TELETYPE

Figure 3. Typical PRTB experimental data acquisition set-up. Previously
undefined symbols include: 1/O Bus, Input/Output hardware of the com-
puter, one channel of which is used for data acquisition system; 16-bit
duplex register, A Hewlett-Packard #02116-6195 16-bit duplex inter-
face buffer register card, also providing output ENCODE command and
input FLAG signal.
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is provided by SB4. When this subroutine is entered
the computer simply waits until the operator flips a
toggle switch corresponding to bit 0 on the computer
console switch register. The computer then exits SB4
and executes the next program statement—which
might be to call SB2 and start datn acquisition.

Finally, a subroutine (SB6) is available which allows
general-purpose timing functions. This routine simply
waits for the FLAG bit to be set on the data acquisition
channel, clears the FLAG, exits the subroutine, and
the next sequential program statement is executed.
The purpose of this subroutine is synchronization of
program segments with the external time base. (Note
that SB5 can be used, also, for general-purpose timing
functions if the data acquisition channel is needed for
other purposes. The user must simply connect the
clock output to the FLAG input of the alternative
1/0 channel.)

Experimental
Computer Instrumentation

The digital computer system in this work was a llewlett-
Packard 21154, equipped with SK core memory, high speed
paper tape input, ASR/33 Teletype, a 16-bit 20 usec DAC, and
an interfaced Tektronix Model 601 oscilloscopic display. In
addition, the computer has an interfaced data acquisition system
and a general-purpose experimental interface capability. (These
are described in detail below.) The complete computer systen: is
mounted in a cabinet which has roll-around eapability. The soft-
ware used for laboratory on-line operation (PRTB) utilized the
H.P. BASIC compiler, II.P. #201112A. This software is made
available from the computer maunufacturer. The program listings
of the additions to the H.P. BASIC compiler made here to imple-
ment PRTB are available from the authors upon request.

Data Acquisition and General-Purpose Interface Hardware

A schematic dingram of the data acquisition system operated in
conjunction with PRTB is shown in Figure 3. The analog-to-
digital converter (ADDC) used in the data acquisition system was
manufactured by Digital Equipment Corporation (DEC), May-
nard, Mass., (#C-002, 10-bit, 33 usec conversion time, 0 to
—10.23 V input range).

The programmable clock is constructed from a 10 MHz

BITS FROM
iR { [ _omermomn ]
INpe's
LEVEL ’
CONVERSION {[ FoI0030 l

el | | 15

OECADE
SELECT COOE MCT4TSP
LATCH

0V
20 } PULL-UP RESI3TORS

INTERVAL
,m,.éfl-l wcTa75P l {m:cv co0E
LATCH
T

DECADE TAJ c INTERVAL
FAEQUENCY SHT4I31 FREQUENCY
MUCTIPLEXER INPUTS  OUT MULTIPLEXER
-1
PROGRAMMED
= DECADE FREQUENCY v
DECADE Fa30089 2
OIVIOERS
— 930
[ 089 3 INPUT NAND GATES
3
10y F9%0039
CRYSTAL
OSCILLATOR - — "

3

Figure 4. Schematic diagram for PRTB programmable clock.

Device No. Manufacturer Description

1'910953 Fairchild lex inverter-six Level Con-
' verters. ligh Level to +4

to +20V

MC7475P Motorola Quad latch—4 histable latches

SN74151 Texas Instrument Data Selector/Mult olexer

1930059 I'airchil 4-bit shift register

1°900359 Fairchild Triple 3-input Nand Gate
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crystal-controlled oscillator scaled down to useable frequency
ranges with MSI (medium-scale integrated circuit) program-
mable countdown logic. A schematic diagram of this module is
given in Figure 4, with a complete list of hardware coraponents.
Programmed clock pulses are available from 100 KHz to 0.002 Hz.
Each decade frequency can be divided by 2 or 5. The specific
frequency is selected by a 5-bit output word which is decoded in
the clock module by 2 Texas Instrument SN74151 digital multi-
plexers. In addition to the programmed output, each decade
output from 1 MI{z to 0.001 Hz is available externally by patch-
board connection.

Also available on the data acquisition panel were an ENCODE
output bit which could be set and cleared by the computer, and
a FLAG input terminal to allow external setting of the FLAG
bit on the computer Input/Output (I/0) channel used for data
acquisition. The end-of-conversi~n (EQC) flip-flop of the ADC
was normally conneeted to the FLAG input; however, it was
possible to connect any appropriate externally generated signal
to the FLAG input. Six bits of digital information could be
transferred to or from the computer thru the data acquisition
panel using patchiboard connections on the panel. Other gener-
ally useful functions available on the data acquisition panel in-
cluded patchboard connection to various logical devices such as
16 AND, OR, and NOT gates, 4 flip-flops, 2 one-shots, 4 analog
switches, 4 relay drivers, a Schmtt trigger, a track-and-bold
amplifier, 6 indicator lamps, and 2 push button switches with
Schmitt trigger outputs. (See Ref. (8) for a general discussion
of characteristics of control logie notlules.) DEC R-series logic
(7) Flip-Chip cards and power supplies were usad for logic fune-
tions.  For interface design which required more sophistication
or more logic elements than could be obtained on the data ae-
quisition panel, a DISC patchboard R-series Logic Lab (7) was
available. Most experiments did not require interface hardware
beyond that available on the data acquisition panel.  All input
and outpu. to the computer were buffered with level conversion
device:s on the H.P. 2115A system so that all external connections
are compatible with DEC Re-series positive logic (7). DEC
W60!1 and W510 level conversion card.s were used.

Ccry OUTPUT
o LEVEM%
LT

16 81T DUPLEX
=3 REGISTER

INPUT
LEVEL

FLAG ENCO

Figure 5. Digital I/O interface module for PRTB.

An interfaced digital I/0 module was also available for general-
purpose digital communication between computer and experi-
ment. The characteristics of this module are illustrated in
Figure 5. This digital I/O Module was connected to a different
1/0 channel than the data acquisition panel. Thus, a separate
independent ENCODE output and FLAG input were available
thru this module. The use of the digital 1/O capability has been
described above.

Results and Discussion
Evaluation of the PRTB System

For the parpose of illustrating the capabilities of the
PRTB software for this publication, the laboratory
computer systems and software were tested with two
synthetically generated experimental outputs which
simulated typical experimental data (4, 8). The first
of these involved a transient experiment with a rapid
exponential voltage decay output. The second illus-
tration involved application of ensemble averaging
to the analysis of an experimental output which pro-

READY
LIST

19 REM THIS IS A PROGRAM THAT WILL PRidT OUT THE DECIMAL NUMRER
2@ REM EQUIVALENT OF AN ANALOG EXPONENTIAL DECAY CURVE,

3¢ pIM x(25¢)

L@ LET =109

5@ LET T=25¢

68 caLL (1,X(1},F}

7 caut (7,T)

8¢ FOR 1=1 TO 250

98 PRINT X(I);

19¢ NEXT 1

118 END

Figure 6. Program for data acquisition from exponential decay function.

Table 2. Results from Execution of Program in Figure 6

Print-out of expouential deeay data from program of Figure 6

960 956 951 947 943 939 935 931 927 923 919 916
912 908 904 900 896 892 888 885 881 877 873 870
866 862 859 855 832 848 844 841 837 834 830 827
823 820 816 813 809 806 803 799 706 793 789 786
783 779 776 773 770 766 763 760 757 754 751 747
744 741 738 T35 732 720 726 723 720 717 714 711
708 705 702 699 696 693 690 687 685 682 679 676
673 670 668 665 662 659 657 654 651 649 €46 643
641 638 635 632 630 627 625 622 619 617 614 612
609 607 604 602 599 H97 H94 592 589 587 584 582
A80 577 575 K72 H70 H68 H65 563 561 558 HAZ6G Hdd
5H2 549 547 545 543 440 538 536 534 432 529 527
525 523 521 H18 H16 H14 412 510 508 H06 504 502
500 498 495 493 492 490 458 486 484 482 480 478
476 474 472 470 468 466 464 462 460 458 457 4Hd
453 451 449 447 445 444 442 440 438 436 435 433
431 429 428 426 424 422 421 419 417 416 414 412
411 409 407 406 404 402 401 399 397 396 394 393
301 390 388 386 385 383 381 380 378 377 375 374
372 371 369 368 366 365 363 362 361 359 368 336
355 353 352 350 349 348 346 345 343 342
READY

vided a repetitive voltage waveform with superimposed
large amplitude random noise.

The exponential decay waveform had a time constant
the order of 0.1 sec. Data were taken at a constant
rate for a fixed length of time, and no processing of
the data was carried out. The data were acquired,
stored, and the digitized data printed out at the com-
pletion of the experiment. The program used is given
in Figure 6, and a typical output is given in Table 2.

The waveform for the ensemble averaging experi-
ment had a fundamental frequency the order of 10 Hz,
with superimposed large amplitude random noise.
The experiment was repeatable and could be triggered
by computer output. The programming objectives
included repetitive initiation of the experiment, syn-
chronization of data acquisition with experimental
output, and repetitive coherent summation of the
digitized waveforms to accomplish ensemble averaging.
Finally, when the experiment was completed the
averaged data were normalized and plotted on the
teletype terminal. The computer program used is
given in Figure 7. Figure 8 shows the original output
waveform and the results of ensemble averaging.

Observations

It can be seen from the above examples that actual
implementation of the PRTB system is relatively
straightforward. Moreover, for all its simplicity,
considerable experimental measurement capability ex-
istsin the system.

The requirements for implementing the PRTB sys-
team in the undergraduate laboratory include the fol-
lowing
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FEADY

List

1 FEM tH1s PROGRAM IS AN ENSEMOLE AVERAGING ROUTINE-- FOLLOW
2 FEN THE DIPECTIONS PRINTED OUT AFTER PRESSING RUr. HE
3 REM FREQUENC - CPIGINALLY SPECIFIED IS (280 HZ.
18 DIN X(182),vCiec)

20 LET F=1080

30 PRINT “THE # OF PTS EACH RUN =":

31 INPUT T

48 PEINT THE # OF PUNS %3

Al INPUT C

5B MAT yzZER

€@ FOR 151 TO C

7@ CALLCY,X(1),F)

22 cALL(7,T)

9@ FOP Jz1 TO T

108 LET Y(D YD +XC)

118 WENT J

12¢ MEXT 1

200 FOT ¥z! TO T

218 LET EsY(¥)/(C=10)

222 IF €272 THEN 3@@

232 PFINT "3 TAN(FI "™

242 NEXT K

Figure B. Data from ensemble averaging experiment, plotted on teletype.
Above, C riginal data(single cycle). Below,Data after 100 averaging cycles.

1. an introduction to the BASIC language for computational
purposes. This requires 1 to 2 hr of lecture time. It
also reqguires that students have access to the laborator;
computer (or other computer facilities providing BASIC
capability) during the first few weeks of the semester to
hardle homework and laboratory computations.

2. an introduction to the fundamental concepts of on-line
computer operation. This requires about 6 hr of lecture.
These introduce the student to the whole field of on-line
computer applications and the technological de..ils with
which they must be familinr to implement this approach
in the laboratory. These details include an introduction
to the fundamentals of digital logie, timing, and syn-
chronization. This involves the discussionr of simple
gates (AND), OR, NOT), the fin-flop, the one-shot, and
the analog switch. The functional characteristics of
these devices, as well as of analog-to-digital . 1d digital-
to-analog converters and voltage amplifiers, for inter-
face design are defined. No attempt is made to provide
a rigorous understanding of the electronic principles or
detailed eircuitry for these deviees. The emphasis is on
the student being able to recognize and use the funda-
mental characteristics of these devices for interface
design.

3. finally, the actual laboratory assignments are carried out.
These assignments are designed to introduce the student
to the analytical technique and methodology, just as
would be done in the absence of the laboratory computer
instrumentation. In addition, the student is expected to
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utilize the on-.\ne computer as a data acquisition and
data processing tool.

The final question to be considered here is what
specific benefits are derived by the student from the
use of the laboratory computer in on-line experimenta-
tion. First of all, the student is obviously exposed to
state-of-the-art technology in laboratory experimenta-
tion. Secondly, the student is encouraged o use more
rigorous data processing approaches than previously
feasible for laboratory assignments. Thirdly, the
student becomes keenly aware of the factors which
limit and define experimental accuracy and precision.
Fourthly, the student is able to make a first hand com-
parison of the effectiveness of conventional and compu-
terized laboratory methodology. And, finally, the
student’s interest in the science of quantitative chemical
experimentation is strongly stimulated.

Future Work

Several different experiments involving on-line com-
puter studies are currently being developed which
are appropriate for incorporation into the under-
graduate analytical laboratory. These include kinetic
methods of analysis, amperometric titrations, coulo-
metric titrations, potentiometric titrations, spectro-
photometric analysis, fast-sweep polarographic analysis,
and thermal analysis methods, in addition to synthetic
and chromatographic experiments already developed
(8, 9). Some of these experiments will be included in
the introductory course and some in an advanced
analytical course (Senior level at Purdue).

It is also desired to further improve the PRTB soft-
ware so that the expermental subroutine calls can be
replaced by conversational macro-instructions.
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An experimens in gas chromatography
provides an ideal background for an introduction
to on-line computer instrumentation. The experi-
mental concepts ure relatively simple and the apparatus
is readily available and reliable; a wide variety of
data processing problems arise; and data handling
can be a serious problem.

In this publication are presented some descriplive
buckground material and the experimental directions
provided for the students to whom the experiment is
assigned. It is assumed that the student ic familiar
with the Purdue Reul-Time BASIC (PRTB) lakoratory
computer system, which has been described previously

(1).
Background
Gas Chromatography (G.C.)

G.C. is =n analytical technique to achisve quantita-
tive separation of mixtures. It is ap,licable to any
samples which can be vaporized and introduced to the

.sepuaration process in a gaseous state.

Q

A schematic diagram of the chromatographic
instrumentz:.tion is shown in Figurz 1. More detailed
discussions of G.C. theory, instrumentation, and
procedures are given in reference (2).

Column Detector
J. Gas
—I— Exit

[

Somple Syringe

Detector
?:IT:,:!:‘ Temp Control Oven Output
1 A
Corrier
Gos
Strip
Chart
Recorder

Figure 1. Black diagram af G.C. instrumentatian.

—

£,
Detector
Output
{milvolts)

N

= (Injection Time)

Time

Figure 2. Typical chramatagram far well-se yarated campanents.
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On-Line Digital Computer Applications
in Gas Chromatography

J An undergraduate analytical experiment

Quantilative Measurements in (.C. Tigure 2 illus-
trates o typical chromatograplbic output—or ‘“‘chro-
matogram”’—for a1 multi-compouent mixture where
each component has been well separated. Quantita-
tive data are obtained by determining the aren for
each peak, A, If the detector response factor is
identical for each component, the 9, composition for
the 7th component is given by (4./Z4;) X 1009%,.

The .rea of a peak ¢ru be determined manuaily
from the chart paper record of the output by triangula-
tinn, counting squares, or planimeter measurement.

Qualilative Measurements. The precise elution time
cerresponding to the peak maximum (relention time)
can be used for identification of each component in
the sample. This feature depends on having retention
time data available for pure standards run under
identical conditions of column material and size,
length, temperature, and flow rate.

Computer Processing of Chromatographic Data

Assuming that chromatographic data can be tabu-
lated and entered into the computer’s memory, it
becomes possible to use a computer program to process
the data. Not only can the simple manual mevhods
described above be replaced, but processing problems
which are too complex for manual methods can be
considered and handled. We will defer the discussion
until later regarding how chromatographic data
are to be transferred to computer memory. First,
let us consider how the data can be processed once it is
acquired by the computer.

Peak Integration. The peak area is directly propor-

tional to the integral of the peak waveform. Figure
3 and eqn. (1) show this relationship.
143
AaQ = (y — b)dt (1)

143

Here,  is the value of the integral, { is time, y is the
value of the G.C. output as a function of time, and

T!JJL !'?

Time

Figure 3. Integration limits and variables far -2ak area determinatian.
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b is the buse-line value (which may or may not be
time-dependent).  Computer integration of data is a
very simpie operation, but one must consider first
what information is available in memory, and how it
can be used.

The G.C. data could be tabulated, for example,
such that output values are measured at 1-see inter-
vals along the entire length of the curve and saved
in memory. Assuming a total of 200 data points,
the result would be an awrray where Y(1) corresponds
(0 the first datum in the array and the first time
interval ({ = 1 sec); Y (100) corresponds to the 100th
datum in the array and a time of 100 sce; and so on.
This translation i+ shown in Figurc 4. The computer

GC
output, E

AN

BN N
\\ \\\ \ _ Time —
"VA:"::’Y 0 0 \0 \0 0 0 2 \4 \6 2 30\4§—— ——
_é:leiral\yenl YU} Y2} Y(3) ¥i4) ¥(5) Y(6) Y(7} (8} YI) YIOI V(B Y(IR) — — — —

Time
(sec) | ¢ 3 4 5 6 7 8 9 10O I R-——-—=—

Figure 4. Correspondence between experimental output and tuoJlated
array in computer memory.

program can access any element in the array ey
datn point) by specifieation of the preper subscript.
Moreover, according to the storage scheme of Figure
4, the subseript also corresponds to the time of the
data point.

To generate a program %o integrate peak areas,
use the fact that an integriu is defined by a suramation
of y (1) Al as At approaches zero

\ n
Q=) yidls (2)
i=1
For constant Al
n
Q=~atdy yi (3)
i=1

The program might have the following features:
assuming a zero base-line, examine each daia point
consecutively; when data are consistently above
some arbitrary threshold, assunie the data are on the
peak; add consecutive data points together until the
data are consistently below the threshold again;
the sum generated, when multiplied by the constant,
Al, is equivalent to the peak integral. (Note that a
constant data sampling interval must be assumed.
Also note that if only relative values of integrals
are required—us is usually the case—it is not nceessary
to multiply the sum by AL} The thresholding algorithm
described above is illustrated in the programming
flow chart of Figure 5.

Other Processing Objectives

In addition to the integration of individual peaks,
several other processing functions may be required for

Figure 5. Fiow chart for program to integrate area under each peak in a
chromatogram and print each result. Based on simple thresholding algo-
rithm.

gas chromatographic data. Some of these will be
outlined briefly here. Fewer details regarding the
processing algorithms are presented, as these will be
left to the student’s diseietion.

Precise Peak Location and Identification. The estab-
lishment of the time associated with the peak maximum
(Retention Time) is important for identifying the
cciaponent giving rise to the peak. The rigor with
which one attempts: to measure the retention time
Jepends on several factors: (1) the accuracy with
whizh the time base is known-—i.c.,, the accuracy
with which “zero” time has been established and the
accuracy of the data acquisition timing; (2) the
reproducibility of the timing characteristics and the
experimental data; anu (3) the aceuracy required
for disvinguishing qualitatively between possible com-
ponents of the mixture. \

Obviously, if the inherent accuracy and/or repro-
ducibility of the experiment are poor, then it is foolish
to develop a rigorously accurate peak location program.
Moreover, even if experimental nceuracy and repro-
ducibility alow rigorous programming, the required
accuracy may be so undemanding th:t rigorous peak
location processing is not warranved. A possible
approach to establishing the retention time for each
peak in this case would be to assume symmetrical
peaks and compute the mid-point between the points
where the data went above and below the threshold.

Should rigorous determination of retention times
be both required and experimentally possible, alterna-
tive processing algorithms should be considered.
For example, the neak data could be differentiated
and the point at which the derivative goes through
zero equated to the peak maximum. This is not a
straightforward matter however, because the data in
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the computer’s memory are disccntinuous. Thus,
mathematical differentiation can be achieved either
by taking finite differences, or by fitting a quadratic
or higher order equation to the peak maximum and
differentiating the equation. If the data are not
completely smooth, the second alternative is preferred.
(These algorithms and curve-fitting procedures ure
discussed in detail in ref. (3-7).)

Non-Uniform Detector Response. To determine per-
cent composition from peak areas, one must either be
able to assume uniform detector response to all com-
ponents—as described earlier—or else the individual
response factors must be known. Assuming standard
runs with each of the possible mixture components
can be obtained, the response factors can be tabulated.
Mathematical implementation of these factors to
calculate correct percent compositions from peak areas
should be obvious. The program development is left
to the student. .

Resolution of Overlapping Peaks. Frequently gas
chromatographic separations are incomplete because
the optimum experimental conditions are unknown
or unattainable. In such cases some chromatographic
peaks may overlap as shown in Figure 6.

Algorithms for resolving overlapping G.C. peaks
have been discussed extensively in the literature
(8-10). Many of these utilize the first- and second-
derivatives of the G.C. data to recognize peak char-
acteristics. These relationships are summarized in
Figure 6 of reference (8). 1tisleft to the student to de-
velop algorithms for G.C. data processing based on
these characteristics. Perusal of the literature refer-
ences given is strongly suggested.

Non-Zero Base-Lines. Up to this point we have
assumed a base-line or background level which is
zero or constant. However, it is not unusual to
observe large base-line drifts in chromatographic
experiments, us shown in Figure 7. Problems of this
nature are particularly prevalent when temperature
programming is employed, as ‘“column-bleed” may
occur at elevated temperatures and contribute to the
background level.

The dats rrocessing algorithm to handle background
drift could pe similar to that designed to handle
shoulders on large peaks. Estimating the base-line

Figure 6. Examples of unresolved G.C. peaks. {A) Two identifiable mox-
ima, (B} o e shoulder, one maximum, (C) two peaks fused to give ¢ re maxi-
mum.

Time

Figure 7. Example of changing chromatographic base fine.
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for a given peak could be as simple as projecting a
linear segment tangent to adjacent minima in the
curves, or as complex as projecting a curved segment
fit to the shape of the minima on either side of a peak.
The experimenter must decide on how necessary the
exotic processing program might be. This is generally
based on the frequency with which difficult base-line
problems are encountered in the sysiems studied.
Generally, it is more practical to put effort into improv-
ing the experimental systems to avcid difficult data
processing situations, and utilize riiatively straight-
forward processing algorithms.

Accurate Area Determinations. The thresholding
algorithm suggested above as a method for peak area
measurements is obviously inaccurate. This is par-
ticularly so when applied to very small or very broad
peaks. Tor large and/or sharp peaks the errors can
usually be neglected.

In cases where accurate pc ik area determinations
are required, more rigorous processing algorithms
must be used. More critical estimates of the points
where the data begin to deviate from the background,
and subsequently return to the background level,
are required. The best approach probably is to look
at the 1st and 2nd derivatives, equating the start
of the peak to the point where the 2nd derivative
changes from a consistent low or zero value to a
definite positive value. The end of the peak should
see the 2nd derivative approaching a consistent low
or zero value from the positive direction.

Noisy Data. Experimental data are rarely free
from random fluctuations and background electronic
noise. Because of this fact, the straightforward
application of any processing algorithm which assumes
“smooth” data curves may lead to serious misinter-
pretation of the data or complete failure. The mag-
nitude of the problem is inversely related to the
Signal-to-Noise Ratio (§/N) of the data. If S/N
never gets below 100:1, the data processing program
that assumes “smooth” data will probably work.
When S/N falls somewhat below this value, one can
no longer ignore the noise in the data processing
program.

The first step in solving the problem of processing
noisy data is to attempt to isolate the instrumental
source of the noise and minimize it. If the experi-
menter has implemented all reasonable means to
minimize instrumental noise contributions and the
data still contain significant noise background, the
only choice is to employ mathematical smoothing
techniques.

In this approaun. a program is written which first
processes the raw data to obtain a new smooth curve
which hopefully fits the fundamental data. There
are various mathematical approaches available. The
student is referred to the article by Savitzky and
Golay (7) which provides a detailed discussion of
smoothing methods and provides details for a least-
squares technique to obtain smooth 0, 1st, and higher
derivatives from raw noisy data. Once the smoothed
data are obtained the data processing programs for
extraction of chemical information may be applied.

Qualitative Identificalion. Computer identification
of mixture components can be accomplished by estab-
lishing a table of standard retention times. A program



Q

ERIC

Aruitoxt provided by Eic:

to compare experimentally observed retention times
with the tabular values can then achicve qualitative
identification. There are two significant points to be
kept in mind for this: (1) The retention time standard
data must te obtained under identical experimental
conditions to those for the unknown data; and (2)
the comparison of observed retention times with the
tabulated standards must allow for some experimental
uncertainty in tlie measurements. A common ap-
proach is to assign some identification “window” to
each standard retention time, such that any experi-
mentally observed retention time that falls within that
window is associated with that standard. The size
of the window selected is a function of experimental
reproducibility, the magnitude of the retention time,
and the anticipated composition of mixtures. For
example, a window of %10 seec might be assigned
to a retention time at 100 see when the next closest
expected component has a retention time of 200 sec.
However, if the next component has a retention time
of 115 see, it is neceessary to establish a narrower
LD. window (e.g., =3 sec) if experimental reproduc-
ibility allows it.

On-line Computer Programming and Instrumentation

To this point the G.C. data processing considerations
have becen presented independent of the manner
in which the eomputer is conneeted to the experimental
system.  Now, we will consider the programming
and instrumentation necessary for on-line computer
operation, where the computer monitors the experiment
and controls data acquisition.

A block diagram of the instrumentation and inter-
facing required for on-line cxecution of the G.C.
experiment is shown in Figure 8. All of the interface
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Figure 8. Block diagram of instrumentation and interfacing for on-line
computer system for G.C. experiment.

components are provided in the laboratory. It is
up to the student to make the appropriate connections,
to scleet the proper conditions for operation, and to
verify that the interface is working properly.

Description of Interface Components

The basic interface and data acquisition character-
istics for the system shown in Figure 8 arc described
in detail in reference (7). The student should be
faniliar with this desecription. Ifor this experiment,
special interface components include a voltage amplifier
and filter and a foot pedal switch. The amplifier-
filter clectronies have been prepared on a printed
circuit card which can be plugged into the gencral-
purpose interfacing panel (GIP) in the laboratory.
The input terminal should reecive the direct G.C.

output; and the amplifier-filter output should be
connected to the analog-to-digital converter (ADC)
analog input terminal.

The foot switch is also provided in the laboratory.
It is used to synchronize the sample injection with the
start of the automatic data acquisition process. The
clectrical input and output of the foot switch can be
accessed on the GIP. The foot switch output can be
used to condition the AND gate input to enable the
CLOCK at the start of the experiment. (The other
AND gate input must have been set by the computer
when it was ready to accept experimental data (7).)

The data acquisition rate is determined by the
CLOCK frequency. That frequeney can be set by the
cxperimenter’s program as described in reference (1).

On-line Programming Features

The cxperimenter’s program must include the foi-
lowing considerations: (1) selection of data acquisi-
tion rate, (2) synchronization with the start of the
experiment, (3) data storage, and (4) ‘‘real-time”
and “non-real-time’’ data processing.

Sclection of the data acquisition rate must be based
on some knowledge of the desired data density. A
rate which provides about 20 or 30 data points on a
peak is adequate.

Synchronization can be accomplished by ealling
one of the experimental synchronization subroutines
defined in reference (/) deseribing the PRTB software.

Data storage can be a serious problem. The
computer has finite memory space available. More-
over, in the BASIC configuration employed here,
data storage is available only in 255-word blocks.
Thus, if one were to store all data points from an
experiment, the total number could not exceed 255
unless the experimenter made provision to link blocks
during the data acquisition process. However, a
maximum of only 500 to 1000 data points could be
stored in the computer systems used here—assuming
minimal program space. Thus, for a typical G.C.
experiment that runs several minutes, with a required
data acquisition rate of 10 pts/sec, there would not be
enough storage space available.

At this point, the experimenter must consider
“real-time” data processing—i.e., processing the data
as it is deing acquired. Onc advantage of this type of
processing is that not every data point need be stored.
I'or example, the simplest approach might involve
looking at data as they come in, deciding whether or
not the data are on a peak, saving only those data
corresponding to peaks, and saving the corresponding
times for start and finish of each peak. Using this
approach, a chromatogram containing 10 peaks might
require only 200 or 300 storage spaces in memory.
When data acquisition was completed, the program
could fetch the stored data and process as desired
in “non-real-time.”

Many other ‘“real-time” data processing functions
might be considered. For example, the data might be
integrated as it is taken. Thus, at the end of each
peak the peak integral would be available. The
limitation to ‘“real-time” programming is the amount
of time available between data points and the time
required for program execution between data points.
The PRTB system will provide an error diagnostic
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print-out whenever too much program execution is
attempted between data point.. The experimenter
can use trial and error, but a useful guideline to follow
is that each BASIC program statement requires
about 10 msec execution time.

An ex: xmplo of a program using the PRTB software
() for G.C. data acquisition and simple real-time
integration uf each peak (using a thresholding al-
gorithm) is given in Figure 9: The program corre-
sponds to the flow chart of Figure 5. Figurc 10
shows the initial dialogue between computer and opera-
tor, as well as the results print out for a typical chro-
matographic experiment with a 3-component sample.

Laboratory Assignments

The following assignments are listed in the order of
progressively  increasing  difficulty. Each  student
should complete assignments (&) thru (¢). Ior
advanced work complete any of the additional assign-
ments. Two to four 4-hr lab session equivalents
are required, depending on nwmber of alternative
studies pursued.  Programs must be developed outside
of normal lab time.

Assignments

1. Assuming well-separaled peaks and zero base-lines fo. assign-
menls {a) to (¢)

(1) Enter synihetic (i.C. data from paper tapes snpplied by
teaching assistant in the lab. Process the data with a simple
thresholding algorithm ta determine peak areas and percent
compasition of each component. Determine rvetention times
using f, = mid point of threshold segment.

(b) Interface G.C. to the computer and exceute {he data acqui-
sition program segment, simply printing out the acquired
data block.

(¢) Take complete data block on-line and proeess as in (a).

(d) Sume as (¢), exeept provide for correction for detector re-
sponse factors,

(e) Take G.C. data on-line and nse “real-time” data processing
o integrate each peak as it is observed and provide same
processed data as in (u), except don’t save any data points
permanently.

1. Without assuniing well-separated peaks or zero base-lines

(f) Use an appropriate on-line processing approach to handle
overlapping peaks.

() Use un appropriate on-line processing approach for han-
dling non-zero and non-constant base-line problems.

(h) Use a mathematical smoothing approach to satisfactorily
handle noisy data.

(1) Use an appropriate processing approach for obtaining very
accurate peak area and retention time measurements.

Required Materials and Equipment

A. Chemicals.
1. For 3 well-defined peaks, zero base-line: mixture of n-
heptane, n-octane, and n-nonane.!
2. For base-line drift w/o temp programming?®

fair results .5 m! pentane time 1.5 min
good results ) ml hexane anﬁ{iOOﬁll time 2 min
v. good results .5 ml heptane time 6 min

3. Fused peaks

fair —mixture of Rentane, hexane, and heptane?
good—mixture of MeOH, pentane, hexane?

B. Gas Chromatograph-Aerograph 202 with 1 10-ft 209, SF-96

16 ft Carbowax 30 m column 0.5 ml/sec flowrate-Column, de-
teetor, and injector temperatures were respectively 79°C, 200°C,
129°C (These 3 were the same for all other samples.)

% 10 ft 209, SF-96 Column, 1 ml/sec flow rate.

e et 4
ooty
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column and 16-ft 209, Carbowax 30 m. column and 1 Esterline
Angus (Speed Servo) recorder 1 10-ul syringe.

C. DEC Logic Lab (Digital Equipment Corp., Maynard,
Mass. ).

D. 1 filter and amplifier card for General Purpose Interfnce
Panel.

¥, Foot switch.

¥. H-P 2115A Computer w/SK core memory, teletype, high-
speed paper tape reader, General Purpose Interface Panel, and
programmable clock.

G. PRTB Compiler (1).
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Figure 9. Program for G.C. data acquisition and simple real-time integra-
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Figure 10. Print-out of results of chromatographic experiment.
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On-Line Digital Computer Applications
to Kinetic Analysis

An undergraduate experiment

The experiment described here is one in
which both kinetic methods of analysis and a computer
employed in an on-line configuration are uscd to solve
an analytical problem. It is assumed that the student
is familiar with the Purdue Real-Time BASIC (PRTB)
laboratory computer system, which has been described
previously ({, 2).

While the main purpose of the experiment is to
introduce the student to reaction rate measurements
(3) and kinetic methods of analysis (4), it also intro-
duces him to the use of an enzyme as an analytical
reagent (5). Operational amplifiers are employed to
make the analog data acceptable for input into the
computer, and therefore, the experiment can also
illustrate circuit design.

Background

The experiment concerns itself with determining the
concentration of glucose in the 10-100 ppm range by
measuring its oxidation ratc in the presence of the
enzyme glucosc oxidase. Thereaction is

Glucose *
RCHO + O; + H,0 === RCOOH + H0. 1)
Oxidase
The hydrogen peroxide produced reacts rapidly with
iodide ion to produce an equivalent amount of iodine
6,7).

Mo(VD)

I{zOz + 21— + 2HY —— 1, + 2H20 (2)
The utilization of a molybdate catalyst (Mo(VI))
insures that reaction 2 is faster than the enzymatic re-
action so that the rate of iodine production is equal
to the rate of glucose consumption. The overall re-
action is

Glucose

Oxid
RCHO + O + 2I- + 2H+ ———>M"(:: RCOOH + HO+ I, (3)
[

The rate at which iodine is produced is given by

= KG, 4)

where G is the glucose concentration at time ¢ and K
is a pscudo-first-order rate constant. A rotating
platinum electrode is used to detect the rate of iodine
production by monitoring the electrolysis current, ,,
at the electrode. The clectrolysis current is propor-
tional to theiodinc concentration at time

This work was supported by a grant from the National Science
Foundation Office of Computing Activities, Grant No. GJ-428.

i = K'[La], (5)

where K’ is dependent upon characteristics of the cell,
electrode, and polarizing voltage. The change in
current from time ¢, to ¢; is given by

Al = K'{[L]: — ()1} = K'(A[l:])) (6)

If the current interval is small enough to insure that
the total change in the glucose concentration will be
small, the iodinc concentration will change linearly.
Thus, d[I.]/d¢ in egn. (4) can be approximated by
All,}/At. Solving eqn. (4) for A[l,] and substituting
this value into eqn. (6) gives

AT 1
6. = (%) (%) @)
Substituting Gy = Go — 7,/K’ into eqn. (7) onc obtains
1 Az 1 .
6= 3 (%) = + ik ®)

Thus, eqn. (8) predicts that the glucose concentration is
a linear function of the reciprocal of the clapsed time
(At) required to traverse a predetermined current
interval, A7. It has previously been shown (8) that
eqn. (8) is valid to within 19, if the measurement interval
consumes less than 59 of the total glucose present when
the meastrement is started.

Instrumentation

The reader is directed to reference (1) for details con-
cerning the computer instrumentation used in this
work., The general features are computer-independent
and could be implemented with any one of a variety of
computers as indicated in reference (1),

Reaction Cell

The reaction takes place in a small eell having a total
capacity of about 5 ml. The cell is immersed in a
thermostated liquid in order to facilitate temperature
control. [The details of cell dimensions and apparatus
can be found in reference (8). ]

Measurement Circuit

The clectronic circuitry used in the experiment is
depicted in Figure 1. This circuitry performs the
function of controlling the potential of the monitoring
electrode, measuring the electrolysis current, and
making the analog data acceptable for input into the
computer.

The computer will only monitor voltages between
0 and —10.23 V. Therefore, the signal from the

(Reprinted from Journal of Chemical Education, Vol. 49, Page 717, October, 1972.] .
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Figure 1. Control and monitoring circuitry. A; = Analog Devices

P501A; A, = Fairchild 741 operational amplifier. Each amplifier de-
coupled by providing 0.01 mfd capacitors between +15 V and ground
and — 15 V and ground.

reaction cell must be converted to a voltage and
amplified by a large factor.

The —15 V input to the summing point of amplifier
A; in Figure 1 is included to bias the output of 4 to
about +1.0 V. Because the gain of 4, is —10, the ini-
tial output biasisabout —10V. When clectrolysis cur-
rent increases in the cell, the output of Ay goes negative
while the output of A, goes positive. The diode in the
feedback loop of A, prevents the output of A, from
going positive of zero. Thus, the output is kept
within the acceptable input range of the ADC, 0 —
~10.23 V. (It should be noted that, for our computer
system, —10.23 V input yiclds a digital value of
+10,230 to the computer. Thus, during an experi-
mental run, the digitized data appear to decrease with
time.)

Poterttiometer P1 should be adjusted at the beginning
of each experiment, as the buffer and enzyme solutions
may vary in residual current. However, if a series of
experiments are being run where only analytical A¢
values are measured, the bias voltage need not be
adjusted for each run, as loug as the lower threshold
for A7 is about 0.1 uA above the initial bias value.

The amplification factors for the circuitry of Figure 1
provide a 10 V output swing for a 1 uA change in cell
current (0.1 uA/V conversion factor). This represents
the optimum condition for the analytical experiments
described here and for the particular cell and clectrode
characteristics.  The amplification factor can be
lowered satisfactorily by decreasing the feedback
resistance for A,.  This would be necessary for experi-
ments to monitor tota! reaction times.

Computer Configuration

The schematic diagram for the overall experimental
set-up, including the on-line computer, is given in
Figure 2. The specific interfacing logic and connec-
tions made will depend on the particular experimental

Synch Inlet
___________ !
! )

#*"Addition

PRTE

Dxgitol Soft-
QOutpu cPU wore
Freq.

Selnct

Synch
Input TTY

Reoction
Cell

Figure 2. Schematic diagram of on-line reaction rate instrumentation.

objectives. For cxample, if only a measurement of
At for traversement of a specified current interval after
initiation of the reaction is required, no critieal synchro-
nization features need be incorporated in the interface.
However, if it is desired to monitor the entire course of
the reaction, starting at ¢, the computer must be made
aware of the instant when sample is injected. This
can be accomplished easily within the PRTB system
by utilizing manual scnse switches (I). An uncer-
tainty of £0.5 sec in £ can be tolerated for this experi-
ment, as reagent mixing is not instantancous and the
reaction half-life is greater than 30 see, even for the
fastest conditions considered here. Reference (1)
provides details of the general-purpose interfacing
capabilitics of the PRTB system which allow synchro-
nization of experimental and computer functions.

Procedure

The detailed procedure presented here is for experi-
ments where the relationship between Gy and 1/At for a
specified current interval, A7, is determined and used for
quantitative analysis. (The fundamental ecquations
are provided in the Introduction.) Basiecally, the
experiments involve establishing an interval, Az, and
programming the computer to monitor the output
signal to determine At required to traverse the lower
and upper signal thresholds bracketing Ai.  Procedural
details are as follows.

All reagents, standards, and samples are adjusted to the work-
ing temperature by immersion in a water bath. The sample
compartment. is rinsed with de-ionized water and a siphon is used
to remove the water from the compartment. One milliliter of
composite reagent is added by hypodermic syringe to the cell
and the stirrer is turned on. The power supply to the monitoring
circuit is then turned on, and after about 5 sec, the initial voltage
will have stabilized. (NOTE—The electrodes should be pclar-
ized before use, or, alternatively, several trials can be performed
before activating the computer. Otherwise, the initial voltage
set- by P1in Figure 1 will not remain stable for the first few trials.)
Adjust P1 to bring the voltage to about —9.5 V. Initiate the
computer program. Add 1.00 ml of sample to the cell. Use.a
manual sense switch to indieate - the computer when it should
begin to monitor the output signal. The computer might be
programmed to count CLOCK pulses while the output signal
traverses the region between a lower and upper threshold speci-
fied in the program (A:¢). When the upper threshold is sur-
passed, the computer could print out the trial number, the time,
and the inverse time and ask if another trial is to be attempted.
Before executing another run, the user should turn off the circuit
power supply, turn off the stirrer, and then drain and rinse out
the reaction cell. [NOTE—The initial adjustment of P1 could
be checked before re-running the experiment by programming
the computer to sample and print the initial output bias voltage.)

A ten Hz elock rate gives sufficient accuracy when the aver-
ages of at least three trials for each standard or unknown are
used. Different eloek rates can be tiried to see if any increase in
accuraey and precision is obtained.

Since a 1.0°C temperature rise causes a 109 rise in the reac-
tion rate [ref. (6)], the water bath temperature should be kept
to +0.1°C to ensure %19 accuracy.

Reagents

All solutions in the experiment are prepared in de-ionized
water and are stored in a eold room at 5°C.

Buffer-catalyst. The buffer-catalyst is prepared by dissolving
82 g of potassiun dihydrogen phosphate, 42 g of potassium
monohydrogen phosphate, and 13 g of ammonium molybdate
((NH,)¢M0,4-4H,0) in de-ionized water and diluting the solu-
tion to a volume of one liter. This solution is stable indefinitely
at 5°C.

Potassium lodide. Dissolve 83 g of potassium iodide in de-
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ionized water and dilute to 11. This solution is stable for several
weeks when stored at 5°C.

Glucose Ozidase. Dissolve 0.06 g of glucose oxidase (Sigma
Type II) in 50 ml of de-ionized water. This solution is stable
for one to two weeks at 5°C.

Composile Reagent. Fifty milliliters of composite reagent are
prepared by mixing 20 ml each of both the buffer-catalyst and
potassium iodide solutions and 10 ml of the enzyme solution.
This solution should be stored in a flask which is protected from
the light.

Glucose Standards. Standard glucose solntions of 10, 23, 50,
and 100 are prepared by the dilution of a 1000 ppm glucose
solution prepared by dissolving 1.000 g of C.P. reagent sugar in
de-ionized water and diluting to 1 1. These standard solutions
are stored at 5°C.

Discussion

The kinetie analysis experiment deseribed here
has been run by students in Junior/Senior level ana-
lytical courses at Purduc. An approach will be
deseribed here for an experiment oriented towards
quantitative analysis. Typically, programs have been
written which provide the following funetions: Data
acquisition from kinectic runs on standard samples;
least squares fitting of a lincar calibration function;
data acquisition from unknown samples; and print-out
of analytical results. In addition, several options
might be included in the on-line program—such as the
possibility of averaging a series of runs before analytical
computations arc made, 1¢jeeting any given run, or
determining a new calibration curve. The program
could also allow for scleetion of the basic CLOCK
frequency and A7 interval.

A flowehart of a program corresponding to the
above description is provided in Figure 3a. Figure 3b
shows the details of the data aequisition flowehart
segment.  Figure 4 gives a listing of the data acquisition
subroutine written in the PRTB format (7). [The
reader should refer to reference (1) for a detailed
deseription of the PRTB CALL functions. However,
to aid the reader in interpretation of this program
segment, the CALL statements used are briefly defined
herc.] CALL (1,X,F) initializes the data acquisition

COMPUTE LEAST]
SQUARES FiT pe—
TO CALIB. DATA

Figure 3. a, Overall lowchart for kinetic analysis experiment. b, Flowchart for data

acquisitioi: program segment.

hardware and software, specifies the data variable, X,
and the CLOCK frequency, F; CALL (2) starts the
CLOCK; CALL (3) takes in a digitized datum at time
intervals determined by the CLOCK frequeney;
and CALL (19) turns off the CLOCK. The subroutine
serves to monitor the output signal (X), to compare
it to the lower and upper thresholds (4 and B), and to
measure the time interval to traverse A and B (T1/F).
(Note that the directions of the inequality signs in
statements 625 and 640 reflect the fact that the digitized
values decrease during the experiment, as pointed out in
the Experimental section. If the digital values were
increasing with time, the inequality signs should be
reversed.) Beeause the noise level of the output signal
was <19, there was no nced to incorporate noise-
rejection steps in the data aequisition program. If
noisc were a problem, an averaging algorithm e¢ould be
used when monitoring the data.

Example computer/operator dialog and results print-
out are shown in Figure 5. Typical analytical results
over the range 10-100 ppm glucose are also given in
Figure 5. A typieal calibration plot for this system is
given in referenee (8). A distinet non-zero intereept is
normally obscrved, fixing the lower limit of sensitivity
to 10 ppm.

Suggesied Experimental Assignments

Once the kinetie analysis cell, monitoring circuitry,
and on-line eomputer system have been set up, a
varicty of experimental studies ean be made. More-
over, because the computer

reduces considerably the 6 e mes
. 685 CALL {1,X,F)
data handling and proces- ¢ erom
. 618 PRINT "READY TO BEGIN EXPERIMENT”
sing chores, the student has as ouw (2)
time to investigate several 625 1 oa T ¢
. 639 LET TleT1sl
aspects of the experimental 635 cuw ()
€ip IF y>B THEN G38

system. Listed here are s ier memusr
. B 650 CALL (19)
several options suggested és5 mETun

Figure 4. Listing of data acqui-
sition subroutine only.

(1) Quantitative analysis, as out-
lined above

RUN
THIS PROGRAM ANALYZES THE XIRETICS OF THE OXIDATION OF
GLUCOSE BY THE ENZYME GLUCOSE OXIDASE.

FOR ALL YES/NO QUESTIONS WHICH THE USER OF THIS PROGRAM
IS ASKED, TYPE 1 FOR YES AND # FOR NO. FOR ALL
OTHER QUESTIONS, TYPE IN THE RUMERICAL VALUE OF
THE QUANTITY BEING SOUCHT.

WHAT ARE THE INITIAL AND FINAL THRESHOLDS FOR ALL RUNST7¢8,208

DO YOU WANT TO RUN A STANDARDTL
WHAT IS THIS STANDARD CONCENTRATION (IN PPw)T16$

READY TO BEGIN EXPERIMENT

CONC,= 188 TRIAL 1 Te 6.7
DO YOU WANT TO REPEAT THIS TRIALT#
ANOTHER TRIALT1

1/T= 149254

READY TO BEGIN EXPERIMENT

CONC,= S@ TRIAL 3 Te 1.4

DO YOU WANT TO REPEAT THIS TRIALTH

ANOTHER TRIAL?S

CONC.= 5S¢ AVERAGE 1/T FOR 3 TRIALS = 6.88124E-92
STD. DEVIATION= 7.28867E-gL

1/Tw 6.9LLLLE-p2

DO YOU WANT TO RUN A STANDARDTS

LEAST SQUARES FITTED LINE IS --
1/T= 1.4LOU2E-B3 C +-U. 38669E-#3
1/T IN SEC AND C IR PPM

CONC. AVE. 1/T DEVIATION

189 . 14$376 1.7881LE-0U  { .13%)
5@ 6.8812UE-#2  -7.28279E-gh  (1.1%)
25 3.89792E-$2 8.69516E-8L  {2.8%)
14 1.8L2TLE-2  -3.19956E-gt  (3.1%)

DO YOU WANT TO RUN AN UNKNOWNT@®
RECORD VALUES IN NOTEBOOK. GOODBYE.

Figure 5. Samples of computer/operator dialog. (Note:
Segments are sampled from a much longer total dialog.
Also % deviations added later.}

Volume 49, Number 10, October 1972 / 719



(2) Kinetic studies to determine reaction orders and rate con- Literature Cited

stants (1) PeroNE. 8. P., AND EaaLEsTON. J. F.. J. Cuem. Epvuc.. 48, 317 (1971).

(3) Investigation of effects of experimental parameters on (2) Perone, S, P., AND EaagLesTON, J. F.,J. CHEM. EDUC., 48, 438 (1971).
L. T e . (3) ToreN.E. C..J. Cuex. Epuc., 44, 172 (1967).

accuracy and precision of quantitative data. (eg., Al and (4) Parpue, H. L., Rec. Chem. Progr., 27, 151 (1866).

CLOCK rate can be varied; temperature, pH and solvent (5) GuiLsauLt, G. G., Anal. Chem.. 38, 527R (1966).

effects can be studied.) For a description of the various Eg; 1}“"'"‘;‘}‘“:4";,‘32 PAn::zl.zlzi %{bg‘;;al. Chem., 33, 1040 (1961).

. ARDUE, ., Anal. Chem., .
fea.tur‘eg of t,!us system open to fundamental study, refer to (8) Pambue, H. L., Burie. M, F., Joxxs, D. O.. J. Cuxx. Epbuc.. 44, 684
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In an effort to provide undergraduates with experience
in on-line experimentation in the chemistry laboratory,
several laboratory exercises have been developed at Pur-
due. These include data acquisition from synthetic experi-
mental signals (1, 2), a gas chromatographic experiment
(3), and a kinetic enzymatic analysis experiment (4). The
programming language utilized is a modified BASIC (re-
ferred to as Purdue Real-Time BASIC, PRTB) which al-
lows data acquisition and control commands (2). In these
experiments, the computer has been a very powerful and
convenient data collector and processor. However, the use
of the computer not only for data acquisition but also for
experiment control is feasible and desirable. In order to
illustrate more fully the capabilities of the computer for
experimental control, a computer-controlled colorimeter
was conceived, where the computer could select the wave-
length of light passing through the sample as well as exe-
cute data acquisition and data processing functions.

Approach and Design

The choice of a Bausch and Lomb Spectronic 20 as the
instrument to automate was made on the basis of its
availability, low cost, and simple, rugged design. Since
only a moderate scan speed was desired and high resolu-
tion was not necessary, a synchronous motor was em-
ployed to control the dispersive element in the colorime-
ter. To achieve a more drift-free signal from the photo-
tube, it was decided to bypass completely the standard
amplifiers in the instrument and substitute a solid state
operational amplifier to provide the data signal to the
computer.

The computer instrumentation consists of the General
Furpose Interface (GPI) hardware described elsewhere (2)
and a Hewlett-Packard 2116A computer with 8K of core
memory, a high-speed paper tape reader and punch and a
Tektronix Model 601 storage oscilloscope. An interface to
the GPI was constructed to translate computer outputs to
mechanical actions controlling the monochromator. This
interface to the GPI is shown in Figure 1.

In the control of any motor, two signals are inherent: a
direction of rotation signal, and a magnitude of rotation
signal. Since a synchronous motor was used, the amount
of rotation is determined by the time the motor is allowed
to rotate. Starting and stopping the motor are accom-
plished through activation of a clutch on the armature.
Two control signals are required and are used to actuate
transistor relay drivers. These relays in turn start and
stop the motor (engage or disengage the clutch) and de-
termine the direction of rotation.

Because the computer is controlling the rotation of the
grating in the Spectronic 20, it must also be able to sense
the position of the grating. Thus, a potentiometer has
been  connected to the shaft of the monochromator
through gears mounted on the monochromator shaft and
on the potentiometer wiper. As the monochromator shaft
is rotated, the potentiometer changes its resistance and

.acts as a voltage divider. Because the angle of rotation of

the grating is linear with wavelength, the fraction of the

This work supported by a grant from the National Science
Foundation Office of Computing Activities, Grant No. G.J-428.

Computer-Controlled Colorimetry

An undergraduate experiment

General Purpose

interface
Interface to GPI
r——————- - 10 Ftag
IWuvelenqvh I
| Sense | [————=0| Digital
Analog Sigaat F————=0 |nputs
inpute” 1 s | —
| Photo haping | e Y
| Current i
o | Fwd/Rev |
Analog |
Outputs Start /Sto, [
|
} | Digital
Voror k- | Outputs
D | Contol [jﬁ' J
|
I
|
1

Figure 1. Block diagram of the interface between the Spectronic 20 and
the computer.

applied voltage appearing at the armature cf the potenti-
ometer is related to the wavelength of light passing
through the cell. This analog signal must be digitized
through the analog-to-digital converter (ADC). Because
phototube data must also be acquired through the same
ADC, these two signals (wavelength sense and phototube
output) must be multiplexed. In order to control the mul-
tiplexer, two more digital commands must be available to
select the appropriate multiplexer channel. Thus, for con-
trol of the experiment, a total of four digital signals or bits
are required: two for motor control and two for data ac-
quisition control.

Experimental
Hardware

Figure 1 shows a block diagram of the interface. The block
called MOTOR CONTROL consists of the two relay drivers and
relays shown in Figure 2. The motor which they control is a 4 rpm
synchronous motor (Model AR-DA, Hurst Co., Princeton, Ind.).
The multiplexer and ADC are available on the GPI and have
been described elsewhere (2).

The signal shaping part of the interface is shown also in Figure
2. The signals to the multiplexer are the two data signals dis-
cvssed previously. The analog input from the potentiometer is a
v arying voltage and is followed by an operational amplifier (Fair-
child 741) (A2) used in a voltage-follower mode. The other signal,
the photocurrent, is taken directly from the phototube. Another
operational amplifier (Fairchild 741) (A1) is usea to convert the
photocurrent to a voltage capable of being converted by the ADC.
The capacitor C), in Figure 2, is used to limit the bandpass of this
amplifier. The resistor network consisting of resistors Ra, R3, Ry is
used to compensate for any dark current from the phototube. R;,
the feedback resistor, was chosen so that a photocurrent of ap-
proximately 150 nanoamps will produce a —10 V output from the
current-to-voltage converter. (The ADC input range is £10V.)

Operational Features

The software required to operate this modified Spectronic 20
will need to supervise data acquisition as well as control the
wavelength. For data acquisition, the computer must decide
which datum (wavelength or transmittance) to take at any given
moment in real-time, select the proper multiplexer channel, and
acquire the datum.

If the datum is from the phototube, then no real-time calcula-

[Reprinted from Journal of Chemical Education, Vol. 50, Page 428, June, 1973.} .
Copyright, 1973, by Division of Chemical Education, American Chemical Society, and reprinted by permission of the copyright owner
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Figure 2. Schematic diagram of the interface to the General Purpose
intertace.

tions on it are required although some may be done. For example,
if one wis'ied to subtract out the blank values in real-time, this
may be done as long as the data acquisition rate is slow enough.
Data from the phototube need to be corrected for blank values
due to the non-linear response of the phototube.

If the datum is from the monochromator. the computer must
decide in real-time if the proper wavelength has been reached and
output the proper control bits to allow the motor to continue or to
stop it. In this case, the data rate must be slow enough to allow
for whatever real-time processing is necessary to determine the
position of the grating. Since the motor is relatively slow (4 rpm),
the entire spectrum (300 nm) is scanned in approximately 6 sec.
If a resolution of one part in 300 is reguired, then the ADC must
sample at least 300 data in those 6 sec or 50 points/sec. With
these specifications in mind, a flow chart (Fig. 3) can be written
for a program to set the monochromator to any wavelength de-
sired. Note that some real-time processing is necessary. At a 50
Hz data rate. this processing can take no longer than 20 millisec
which is time for the execution of perhaps two or three BASIC
statements.

In order to demonstrate the usefulness of this system and to il-
lustrate the principles involved in the software necessary to oper-

wVINaTH
™ YLTG (¥)

cALC. $-t
FOR X(1)

BCALE AXD
PIOT DATA
OoN TTY

Figure 3. (left) Flow chart for a program to set the monochromator to any
wavelength requested.

. Figure 4. (right) Flow chart for a program to operate the Spectronic 20 as

Q

- 3canning spectrophotometer.
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Signal Shaping

ate the Spectronic 20 under computer control. a program which
allows this instrument to be operated as a pseudo-double beam
recording spectrophotometer can he written in PRTB. A flowchart
for such a program is given in Figure 4. The program correspond-
ing to this flowchart is available from the authors upon request.
The instrument becomes a pseudo-double beam recording spec-
trometer in this manner: the blank solution is scanned. and data
are taken from the phototube at some fixed rate. The digitized
values are saved in an array B(l). Next, the sample is placed in
the colorimeter and the spectrum scanned at the same data rate
as the blank. These data are saved as another array X(I). After
data acquisition is complete, the data are converted to % trans-
mittance and can be listed or plotted on the Teletype or the stor-
age oscilloscope.

Discussion

With this system, a number of experiments in the un-
dergraduate chemistry laboratory can be envisioned. (1)
Through computer control a simple colorimeter can be
used as a pseudo-double-beam spectrophotometer, as
above. (2) Since data acquisition rates can be quite high if
no real-time processing is involved (up to 20 KHz), time-
dependent analysis of absorption peaks can be done for
kinetics studies. (3) On a slightly slower time scale, time-
dependent absorbance studies at multiple wavelengths
can be done utilizing computer control of the monochro-
mator. (4) Multiple data bracketing peak regions can be
acquired, thus insuring that analytical measurements are
made at peak maxima. (5) For very weakly absorbing sys-
tems, signal averaging can be performed.

One experiment developed here involves the use of Job's
Method (5, 6) (the method of continuous variations) to
elucidate the composition of some complexes formed be-
tween Ni(II) and ethylenediamine. The computer-con-
trolled colorimeter is used to minimize the number of
manual adjustments usually required, relieve the tedium
of the experiment, and provide more effective data collec-
tion and handling. In addition, the computer can be pro-
grammed to process and display the data. (A detailed
write-up providing the background and directions for this
experiment is available from the authors on request.) An
important observation here is that the addition of an ex-
periment involving direct computer control exposes stu-
dents to the important principles of automation and opti-
mization of instrumental measurements.
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FUNCTION GENERATOR 11 -
(SINE-EXPONENTIAL GENERATOR)

The sine and exponential wave generator was developed for use within
several of 'the Chemistry computer experimental courses. The sine wave

~ gemerator is a modified amplitude controled Wien bridge oscillator with

8 buffered output, while the exponential generator consists of two FET
(field effect transistor) switches which alternately charge and discharge .
a timing capacitor. |

Two trim pot\ adjustments are available for the sine wave generator.
I' (50K) is adjusted for oscillation and a general rénge of amplitude
while RA (SK) is usod to trim the amplitude to the desired magnitude.
The two adjustments interact and Ry should be adjusted first.

Capacitors C1 and (I2 are chosen to approximate a .1 second time

constant with Rp the output resistor and the Séries resistance of the

- PET switch 2. The charging time constant detemmined by C,, C,, R, and

the ui-ies resistance of FET switch 1 is less providing for a quicker

veset condition.

With the input gate signal low switch 1 is on permitting Cy» C2
to charge’ through Re and the Ry of the switch to the potential level
establizhed by the zener diode. On the alternate half cycle when the
input gate signal is high switch 2 is on and now C; and C, discharge
through Ry and the Ron of the switch. The gate signal duration should
be at least .4 seconds for output and .3 seconds for reset.

The output signal is approximately 8 volts in magnitude and total

decay time of between .3 and .4 seconds as indicated below.



Pin connections for this card are listed below and shown on

drawing 114-01 along with a complete schematic.

pin function
1 +5 Volts
' 3 +15 Volts
5 Exponential output :
7 Gate for exponential
18 Sine wave output
20 ' -15 Volts

22 ' Ground

e e e i s
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FUNCTION GENERATOR #2
(SQUARE, TRIANGLE, NOISE TRIANGLE)

This function generator card was implemented for use in several
of the Chemistry computer experimental courses. The function
generator is a copy of the generators developed earlier by D. O. Jones
and described in the article "'Synthetic Signal Sources for Computer '
Experiments in the Undergraduate Chemistry Laboratory'. Several
additiocns have been included providing for quick adjustment.

Drawing number 114-02 shows the generator in its present form.
The units are constructed on standard general purpose "'Vero P. C."
"board and are wired with the connections as shown below.

pin number description
+5 Volts
+15 Volts
TRIANGLE
TRIGGER
SQUARE |
NOISY TRIANGLE
-15 VOLTS
GROUND

Five adjustment pots exist on the present cards and these pots

N X X X I m O >

are labeled R,, RB’ RC‘ RD and RE on the drawing. Proper adjustmerts
- were made at the time of construction and if any further ~hanges are

necessary refer to the listing below.




Lo

———

OFFSET FOR NOISY TRIANGLE
OFFSET FOR SQUARE WAVE |
OFFSET FOR TRIANGLE
INTEGRATION TME CONSTANT

W o o S

TRIANGLE RISE

R, and Ry are adjusted together to produce a symmetrical
triangle. ‘ *

The TRIGGER signal requircements are shown below.

!
v

35/ s0 !

—_ s |

«— -
L0 Mmsec
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LOGIC EXPERIMENT I

INTRODUCTION TO DIGITAL LOGIC

Purpose.

7 This experiment is designed as an introduction to digital logic and to
the E1 Instruments Elite 3 logic lab. It introduces the usage of integrated
circuit logic devices and their application in solving various logic and
gating problems and in constructiﬁk a8 number of common flip-flop and counting
circuits.

Equipment.

l. Elite 3 Circuit Design Test System

2. Various I.C. devices:
4 SNTLOO Quad 2-input positive HAND gates
1 SNTLO2 Qudd 2-input positive NOR gate
1 sHTLOL Hex inverter

v 2 SNTL10 Triple 3-input NAND gates
1 SNTL20 Dual L-input TIAND gate
2 SHTLT3 Dual J-K Master-Slave flip-flops
1 SNTLOl Quad 2-input NAND gate (with open collector output)

3 1.5 K2 resistors

Revised, April, 1973
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The Logic Laboratory.

The logic lab is a device that provides a convenient means of con-
structing and testing complex digital or analog circuitry. It can be
employed either as an educational aid or as a research tool, permitting the
evaluation of complex circuitry before it is actually built into a system.

The Elite 3 makes use of a positive five volt logic system in which
five volts is defined as logical "1" or "true" and 0 volts is considered a
logical "0" or "false". Accordingly, a +5 volt source is provided by several
terminals running along the two red lines at the top of the instrument, and

ground (or common) is found at the bottom. A number of toggle switches are

provided as convenient sources for logical "1" and logical "0" signals; and,
in addition, there are four push-button switches which serve the function of
manually operated, low frequency pulse generators. The remainder of the
logic lab consists of a series of indicator lights and the breadboard on
which the circuits are physically assembled.

In order to familiarize yourself with the instrument, be sure to verify
the logic level required to light the indicator lamps, the manner in which
the panel switches function, and the physical and electrical layout of the
breadboarding. (g;g., note that the terminals set in the Teflon blocks are
arranged so that those in each lrorizontal row of a strip are connected
together.)

Next hook up each of the I.C. devices provided for the experiment
according to the data sheets and verify that they are functioning properly.
Where necessary, use panel switches to vary input levels and panel lamps to

monitor output logic levels.



CAUTION: DO NOT TURN ON THE POWER SWITCH OR SUPPLY POWER TO THE I.C. UNTIL
YOU ARE CERTAIN Of CORRECT WIRING. ALSO, CONNECTION OF THE OUTPUTS OF TWO
TTL DEVICES CAN DESTROY BOTH.
Make sure that you have checked the following:
(a) What level lights a lamp?
(b) Which panel terminals are connected in parallel?
(¢) How do the panel switches function?
(d) How can power and ground be distributed?
(e) Verify the fact that open inputs on I.C.'s are logical 1l's.
(f) Use the I.C. data sheets to guide hook-up of each device.
(g) Connect the pulse generator "High" output to the Logic Lab;
connect the pulse train output to the C input of a JK Flip-
Flop and monitor the Q output as you vary the pulse frequency
on the low range.

NOTE: 1In this and later experiments, the four push-button switches will

be referred to as pulsers and will be represented diagramatically as

follows:

—~_

1 N ON For & pulser that is normally in the "1"
state. When depressed, a logical "O" is
output.

—

N _ofF For a pulser that is normally in the "O"
|8 oF state. When depressed, a logical "1" is
output. ‘

OPTIONAL - Logic and Gating Problems.

The set of I.C. devices that you have been given consists primarily of
2-, 3-, and b-input NAND gates. But from these alone can be generated most
simple logic functions. A 3-input NAND gate caun, for example, be used to

simulate a 2-input gate. Using truth tables and/or Boolean expressions,
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decide howv you would handle the unused input and confirm your answer by
comparing the modified 3-input gate with the 2-input gate. Similarly,
design a circuit that uses a 2 (or more) input gate to invert a logical

signal and agaiin confirm your design cxperimentally. Remember that open

circuit inputs to TTL gates represent logical "1" states.

?heae latter ecxperiments were included to demonstrate the characteristicas
of these gates. These characteristics must be kept in mind wvhen using
several gates 4o implement a more complex Boolean e:pression. For example,
supposé You wanted to use 2-input NAND gates to implement the AND function
X = A*B. You note that a single NAND will generate the function Z = (A-B)';
and, therefore, that the desired fuwiction X can be generated by 1nvérting

2, (X=2"or X={(AB)'])' = A-B). This function is implemented as follows:

H———- ZS(A'B)’ X'-' c(aaa)'Jl= ACB
fB""'EEé;:’P_ ‘(;31

+5 VoLTS

Gate Gl performs the NAND function, and G2 changes the sense of or inverts
the output from Gl. '
As an exercise, implement a 3-input NOR function using only NAKD gates.
Note that the expression to be 1mplen§nted is: !
7 = A+¥B+C
vhich can be complemented by means of De Morgan's Theorem to yield:
2 = X-B:C
Wire up this function and confirm that it performs the required NOR by

constructing a truth table.




In an analogous manner, implement the expression Z = A+*B+C:D using

NAND gates. Compare your results with the truth table for the expression.

In addition to the usual SNTLOO NAND gate that you have been using up
to this point, there is another type of NAND gate, the SNTLOL NAND gate

with an open collector output. The ﬁrimary difference between the two is

that, while two normal TTL gates cannot be safely used with their outputs
directly connected, two open ccllector type 1.C.'s can. As a result, open
col’ector gates allovw you to construct several functions vhich would be
either 1mpos§1b1e or inconvenient to wire with the normal TTL gate. One

such circuit i1s plctured below:

+5V ! +5Y
. LSKR
A__.__..a e
[ 1
SV .JTJ
B— 5V

+5V
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The truth table for this circuit is:

A|BiZ
0f10}0
ljo0}|1
0111l
1]11{1

The resulting logical function can be seen to be a simple OR function.
Since it is constructed by wiring the outputs of two gates together, it

is commonly called a wired-OR function. Construct this circuit vhere gates

a and-b and ¢ are taken from an SNTLOL I.C. Observe vhether the behavior
is as predicted above.

As you have by now discovered, the use of Boolean Algebra and truth
tables is intimately related to the use and analysis of logic circuits. |
In fact, Boolean expressions, truth tables, and logic circuits are just
_ different ways of saying the same thing and are completely interconvertible.
Accordingly, the folloving circuit can be represented by a Boolean expression.
Write ihe corresponding expression and, if you wish, test your amlysia

experimentally.

A1 E.
B

=
!

+5V (oR oPEN aReusT)

H 4:)3-—-—-—41

Y U
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Finally, write the Boolean expression and design the logic for the

following truth table:

>
o
(o)

OO0
HOoO+rOoO
oM KO

Incidentally, the logie function represented by the truth.table above is

quite commcn and is termed the XOR (Exclusive OR) function.

REQUIRED ~ Fiip-Flops.
The simplest type of flip-flop is the Reset-Set (RS) flip-flop which

can be constructed from a pair of 2-input NAND gates as shown below:

®u ©®)-s

_g_ g‘ 'R—D; Q

RS Flip-Flop

The inputs are lateled S for Set and R for Reset. I{ should be noted that
the normal state of this flip-flop has both inputs at logical "1" (+5V or

open circuit for positive logic in tuese experimgntu). The outputs are

\) -~ \
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labeled Q and Q. Wire the circuit and note the states of Ll and I2. One
light should be cn, and the other should be off. Using the truth table for
a NAND gate, predict what, if anything, will happen if the switch corres-
ponding to the indicator which is on (S1 for Ll and S2 for L2) is closed
momentarily (a logical "O" condition). Try it. If your interpretation is
correct, continue; if not, correct your interpretation. Now predict what
will happen if the switch corresponding to the indicator which is off 1is
closed momentarily. Try it.

The key feature of the RS flip-fiop is that it has two stable states
and that, once it is forced into one of these states, it will remain in
that state until it is forced out of it. 1In other words, a single signal
of short duration applied to the appropriate input will change the flip-
flop to a known steady state.

Noting the above, is 1t necessary to have an indicator light on each
of the flip-flop outputs? Also, can you predict the final state of the
flip~-flop if logical "O" is applied to and removed from both.the R and S
inputs simultaneously? The answer is No. Explain this observation by
setting up a truth table for the R-S flip-flop.

There are a number of apparent disadvantages and limitations inherent
in the design of the R-S flip-flop which impair its rlexibility and utility.
However, without fundamentally altering its design, a number of improvements
can be obtained easily.

One simple improvement involves the use of gating at thc input of the
flip-flop. It is often desirable to synchronize the output of a control
signal with the occurrcnce of one or more events. It may be desirable,

for example, that the flip-flop be set only when & number of events (switch
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closures to ground, level changes, clozk pulses, etc.) occur simultaneously.

This can be accomplished by inserting NAND gates at the inputs as shown below:

r

1
N
ddd

FLIP-FLoOP
1 R _

Clocked RS FF

ol

/) R-$
B,

vhere S and R are the usual input signals and C represents the input from

a switch, clock, or other element. Construct such a "gated" or "elocked”

RS flip=-flop in which C represents a switch normally close¢d to ground.
Attempt to change the state of the flip-flop with the switch closed (logical
"0"). Any succesa? Now try it with the switch open. It should be clear
that if the switch vere replaced by a clock, then information could be
transferred to the flip-flop only when the clock pulse is true.

The clocked flip-flop Just described required twvo inputs-~one at S
and one at R, to allow it to be set and reset. In many situations, it is
desirable to have the flip-floé take on the state of a single data line
vhen strobed by an enable pulse at C (from a clocked control circuit). A

simple modification parmits this:

r (o ] — — - - — Ll L) — .1

1
N - st A
{OFF ' - =
1OFF) | l }: R=S ™
Ec 1 l : .
OF% ' i . - FLIP-FLOP | =
- o .|
___{?/\»,__é_*_ b"'".-_____,_,,f"n

b e e e e e = — 4

Data Latch



-10-

In many instances, it iz also desirable to have direct Set and Reset
(or Cl»ar) inputs for the flip-flop. Yet, in its present state, there is
ro neans of changing the state of the flip-flop except by entering infor-

mation through the D input! This problem is resolved in the advanced data

flip-flop as shown below:
SET

Advanced Data FF
Wire this circuit up and test the reset, You should determine whether the
status of the clock input has any effect on the use of the direct set and
reset inputs. Also, if either.the direct set or reset inputs is held at
logical "0", can new data be strobed into the flip-flop to change its state?
Explain this. Finally, it should be noted that, while the clock input is
true, any change in the data input will be reflected immediately in a change
in the output.  However, the status of the data input at the instant of a
"1" to "0" clock transition i: preserved at the output as long as the clock

stays false,



aias
. -
DaTh |
SETOF _
G4 ) [masTn SLGV:‘-‘Q‘
CLoeK]o RS Rs | _
| — e a). | FF FeLQ
DATA | N [
RESET|oFr
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One of the most important applications of the flip-flop is in the
coastruction of counters and registers. In many situations, it 1s desirabdble
thet é flip-flop accept and hold information at some time g_whiie simul-
taneously maintaining information pertirent to time t«l at its out;ut. In
other words, it is accepting current data from one device while it is
transferring previously held data to another device. In most cases, a
single clock pulse (level change) wiil trigger the flip-flop to accept data
at the same instant it is triggering the next device to accept data from

the flip-flop. In practice, this is accomplisned by constructing the total

flip-flop from two clocked RS flip-flops as represented below:

¢3 p—

G4

Master-Slave FF
The operation of this device is as follows: If either (not both) data input
is true, then a positive level change (0 to 1) at the clock input will gate
this information to the master flip-flop through Gl or G2 and set or reset
this flip-flop depending upon wvhether the set or reset data line is true.

The clock input is inverted by Il and I2 to disable gates G3 and G4 so that

\

[N
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the information at the output of the master flip-flop is blocked from the
slave flip-flop as long as the clock input is true. However, when the clock
input goes false, the inverters enable gates G3 and Gk to permif the output
data from the master flip-flop to be entered into the slave flip-flop. In
summary, then, informstion is entered 1?to the master flip#flop on a
positive-going le'<¢l change et the clock invut; and this information is
transferred to the slave flip-flop on the negative-going level change at the
clock input.

Construct the circuit shown below:

Dmsar SET 70 LAMP

m&ifeg __SWLAVE _ ]
_l .
{ G7 TO
\ | LAetP
' I_
I Tes Q
| |

— — e

..'__

DIRECT RESET

With the clock input at logical "0", confirm that the direet set and r:set
swvitches can be.used to set and reset the flip-flop. Note also that with
the cadock input at this level, the slave flip-flop follows the state of the
master flip-flop. Next enable the clock input (set to logical "1") and

attempt to change the state of the f1ip.flop using the direct set and reset

.
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switches. Note that with the clock input enabled, the slave flip=-flop cannot
follow the master. Set the méster flip-flop so that the master and slave
are in oppositec states (one indicator on, the other off); then disable the
clock and note what Lappens to the slave flip-flop relative to the master.
ow clear the master flip-flop using the direct reset switch. Enable
the data set input and observe the master and slave outputs. Any change?
Leaving the data set input enabled, enable the clock ihput and observe the
master-slave outputs. Any change? Disabi; the clock input and agein
observe the outputs. Any change? Enable and disable the clock input again.
Any change?

At this point, you should have a reasonably good understanding of the
-operational features of the master-slave flip-flop. This type of flip~flop
(with some modification) is the basic building block used in most counters
and registers. 1In many of these applications, it is dssirable to have the
flip-flop change states each time a true state occurs a?,its input. This
is not possible with the master-slave flip-flop Just described since it can
only be set by data entered at the data set input and can only be cleared
by data cntered at the data reset input. 1If the flip-flop could be made
to sense its present state and to direct any input information only to the
appropriate input of the master flip-flosp to change the state of the flip-
flop, then the above requiremenc would be met.

In practice this is accomplished by: (a) feeding back output infor-
mation (which represents the current state of the flip-flcp) to the third

inputs of gates G and G2; and (b) tying the two data inputs together.
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The figure shown below illustrates the appropriate connections. (Note only
the pertinent pates are shown.) The resulting flip-flop is called a J-X

flip-flop. (Note that a JK flip=flop nerd not be in a master/slave con-

figuration; & simple clocked RS FF could be modified at the input gates to

be a JK FF, Also, the J and K inputs can be used independently and need

not bé tied together except wvhen the flip-flop is being used as a data

latch as below; e.g., compare the 7473 J-K flip-flop chip.)

‘; cu.oex,_L

~— com—

MRASTER | SLAVE

&>
K @‘__ }é‘—"

J-K FF (Master/Slave Configurat-on)
If time permits, make the suitable corrections to convert your master-
slave flip-flop into a J-K flip-flop ;nd rerform the following sequence of
experiments. With the data 1n?ut disabled, enable and disable the clock

input several times. Any change? Now enable the date input and then enable

the clock input several times, noting the effect of each clock pulse on

the output. Does the inclusion of the J«K connections affect the direct
set-reset ope:&ﬁions? This ability to prevent or permit the passage of
clock pulses into a flip-flop (and therefore cdunters) is very important in
the construction of counters vith special count sequences as vell as in

econtrol functions.



Counters.

As has already been mentioned, one of the primary uses fo: flip-flope
is in the construction of various types of counters and registefs. For,
Just as flip-flops consist of appropriately connected NAFD gates, counters
consist of appropri.itely wired flip-flops. The most commonly used flip-
flop in modern integrated circuit counters is the J-K flip-flop that was

discussed above. It can be used to construct twvo basic types of counters,

\ asynchronous and synchronous, which can count up or down in a variety of
\countiﬂg schemes.
The simplest type of counter to be constructed is the asynchronous
binary up-counter shown below:
—lﬁ N e \[d—_; v @
COUNT|OFF FFa| CFFB feFee
NPT K Q K @ K

f/ CLEAR T T

ssynchronous Binary Counter
Wire this circuit using the SNTLT3 J-K flip-flop chips provided, and use
the direct clear input to set the counter to an initial count of zero.
Enabls the count input several times and enter the result (indicator states)

for each pulse in the table below:
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COUNT NO. FFr(2%) FFB(2°%) FFA[2")

C

1

The completed table represents the binary counting sequence for a 3-bit
counter.

Now connect the J inpuc of flip-flop A to the Q output of flip-flop C.
Clear all the flip-flops and note the effect of this change on tﬁe counting
sequence. Explain.

This experiment demonstrates how thé state of one flip-flop can be
used to control tane level input of another flip-flop. The same design can
be applied to a number of other simple counters. For example, how would
you construct a binary down-counter using these flip-flops? And how would

you construct a gated up-down counter?
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As an additicnal exercise, substitute a toggle switch (normally oft)
fcr the pulser that hes been used up to now to provide the count input.
Does the counter sti1ll function reliably? Probably not. The count should
be inconsistent and unpredictable even though the circuit is wired pre-
cisely as t=“ore, The explanetion resides in the fundamental differenaces
between the two types of switches that are being used. The push-button
pulsers are realiy RS flip-flops with a SPDT push-button switch which can

apply a ground input to either the R or S inputs as shown below:
Q@ (N on)

N OFF [

Thus, the type of switch provided by the pulser is often referred to as a

Q (N oFF)

1

"buffered" switch, because it switches output states smoothly at the first
instant that the mechanical switch inputs a ground signal to the R or S
input--and remains in the new state even if the mechanical switch should
"bounce". The toggle switches, on the other hand, provide mechanical
switching only. The resulting transitions have associated with them a
certain amount of "bounce", oscillation or "ringing" which can often be of
suf “icient magnitude to repetitively trigger a counter. Thus, the use of
"unbuffered" toggle switches may well lead to erréneous and unpredictable
counting.

The 3-bit counter Just examined can be used to count by five rather
than oy eight, provided that appropriate gating is used. The object is to
have the counter clear itself on every fifth count. Consider the count

sequence in the following table:
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COUNT NO. FFC FFB TR

0 0 0 0
1 0 0 1

2 0 1 0

3 0 1 1

NOR“AL 3INARY 4 1 0 0
SEQUENCE 5 1 0 1

i
DESIRED SEQUENCE > 0 ° 0

The normal count sequence and the desired sequence are represented. It will
be observed that the desired sequence can be achieved if:

a) The fifth pulse is prevented from
setting flip-flop A; and

b) The fifth pulse is used to clear
flip-flop C.

Further examination of the table shows that the unique state of both flip-
flops A and B being true can be used to control the desired count sequence.
The count-of<five device can be implemented by: (a) feeding the count
input direc..y to flip-flop C; (b) using the a'outputs of flip-flops A and
B to cnable flip-flop C when (and only when) the first two flip-flops are
true; and (c) using the @ ontput of flip-flop C to disable the J input of
flip—flép A vhen (and only wheh) C is true. The resulting circuit is

represented below:

___L..‘ J Q J Q
N |
OF F —XFFA —“EE.E
Kcszs Ka® )

CLEAR ~_

@
*_\r——"_\l’
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Construct this circuit and evaluate its operation to show that it does
indeed cnunt as predicted.

The count-of={ive device can be converied to a count-of-ten device by
inserting a single FF ahead of it. Use another flip-flop to construct a
binary stage identical to one of the flir-flops employed in the binary
counter. Ccnnect the count input to the input of this binary stage and
connect its Q output to the input of the count-of-five stage. Test the
counter for counts up to ten and construct a table. It will be observed
that if the four flip-flops are assipgned the weights of 1(2°), 2(2!), u(2?),
and 8(2%), then each d~cimal number can be built up by a sum of these weighted
values. The counter is called a Binary Coded Decimal (BCD) counter. This
type of counter is very useful for decimal display of digital data. But in
order to be useful in this fashion, the BCD output must be decoded té
represent esach decimal number.

Shift Repisters,

A L-bit shift register can be constructed from four 7-K flip-flops

(using 2 SNTLT3's) as shown below:

A &
>0

X
EOI
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Predict and test 4he behavior of this circuit for the following conditions:

.

B,

Initially clear all flip-flops and hold the Dats Set ir~ut at
1ogical 1. Wwhat will be outputs of the four FF's after four
sequential clock pulses? Test this prediction.

Repea’, A, dbut ihis time connect the Data Set input to the 5
output of the first FF, Explain ‘“he results.

Repeat A, but connect 55 to the Data Set input. After
initially clearing all of the FF's, allow ten or more

clock pulses to be input, aﬁd observe the pdttefn gen-
erated by the indicator lamps.

Note that master-slave flip-flops were used to construct

the shift register. Cen you explain why a shift register
would not work properly if constructed from simple clocked

r
RS flip-flops?
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Aruitoxt provided by Eic:

CIRCUIT TYPES - . SN7400
QUADRUPLE 2.INPUT POSITIVE NAND GATES

*schematic (each gate) 4 OR N DUAL-IN-LINE PACKAGE
_ (TOP VIEW)
VC‘ (1% - ay bl } n v

..' "HO OO0
i I

f - |
= B

NOTE: Component values shown sre narainel.

L

pasitve logls: ¥« KB

“recommendcd operezing conditions i MIN NOM MAX | UNIT
Supply Voltege Vo: SNB40OCircuits . . . . . . . . . . . .. ... .... |48 6 88| v
SN7400Circuits . . . . . . . . . . .. ... . ... Ja8 8 B2B| V
Normalized Fen-Qut FromEach Qutput, N . . . . . . . . . . .« . . .« . .. [T
Opersting Free-Air Temperature Range, Ta: SN5400Circuits . . . . . . . . . . (-88 26 1285] °c
SN7400 Circuits . . . . . . . . .. 0 28 *c
slectrical characteristics over recommianded operating free-air tamperature (unless otherwisa rioted)
. TEST
' »t
PARAMETER FIGURE TEST CONDITIONS MIN TY MAX | UNIT |
Logical 1 input voitage required ‘\
Vin{1) 9t both input terminais to ensure ' 2 v
logical O tevel at cutput |
Logice! 0 input voitage requued
Vin(Q) % *ither input termingt 16 ensure 2 ( 08 v
{ogics! 1 lewel #t output
. . Vge = MIN, Vip =048V,
v 1 ) 2 24 3 v
out(l) Logical 1 output voltage lload * ~400 uA 3
) Vee = MIN, Vin* 2 V.
v, 1 . 4| v
autl0) LOgical O output voltage Isink = 18 mA 072 O
L) ,L:::'o vl st current {each 3 |veceMAX,  Vine04V ~18{ ma
\ Logical 1 levet input current (each . VeC* MAX,  Vipn24V rFRED
) noun) Vo s MAX.  V, =65V T | mA
) SNSano ~20 -58
‘os Shortcircuit outpu! current s Vee ® MAX SNI400 s vy n.
'CC!Q Logicel O level su,ply current 6 VEC * MAX, Vin* 5V 12 2| mA
Icetn  Logical 1 level supply current 6 Ve * MAX, Vin®0 4 8| mAa
switching characteristics, VCc =5V, TA=25°C,N = 10
PARAMETER TEST TEST CONDITIONS MIN TYP MAX | uNIT
FIGURE
L’wmmhv time to logwcat O level 65 |C_=150F A = 40041 7 15 ne
tody Propagation delay time to logical | levet 68 Cp = 150F, Ry = 400 81 n 72| N
! For 0anditions shown o8 MIN or MA X, use the eROrooTte velue tied under opereting i for 1he
Oovice type.

3 antypicel veluss sra st Ve = § V, T @ 25°C.
# Not more then one cutput should be shorred et ¢ time,



CIRCUIT TYPES' Sn7401

QUADRUPLE 2-1:1FUT POSITIVE NAN®

{WITH OPEN-COLLECTOR QUTPUT

JATES \

n&mtic (each gate)

LY R ie]

. J—O oureut v

L}
180
oND

NOTE: Component velust shown sre

R =
AP N CUALIN-LINE PACKAGE
{TOP VIEW)

wositive logic: ¥ =« X3

recommended operating conditior::

Supply Voltage Voi:  SN5401 Circuits
SN7401 Circuits

Normalized Fan-Out From Each Output, N .

Operating Free-Air Tamperature Range, TA:

SNS401 Circuits

SN7401 Circuits

electricnl characteristics over recom: “ended operating free-air temperature range (unless otherwise noted)

MIN NOM MAX | UNIT

45 3 585 i y

415 5 825 | v
10

268 26 125 | °¢

0 25 70 *r

[~ TEST
1ONS? ve T
E PARAMETER FIGURE TEST CONODITIONS MIN  TYP$ MAX | UNI
Logical 1 input voitage required
Vin(1) et both input terminas to ensure 1 2 v !
logicei N (on) level ot output !
\ Logical 0 ingut voitage required ! t
Vin(0; ot either input terminal to ensure ? l 03 v |
toglcai 1 (v} feve! ot output _
vee = MIN, Va*08V H
[ Output reverse current ? n ' 25 | uA .
out(1) | Vouut1) =55V
Logical O output voltage | Vog = MIN, Vin=2V,
1 04 v !
Vouto) (5, teve) bk * 13 mA ;
ical O level i L]
lotg)  0cMt O fevelinput current (eac 3 | vec=Max, Vin=04V 18] mA i
input) —
.' Logicel 1 level input current (ssch T e Vee = MAX, Vin® .4V 40 | uA
in(t) npu’ i B Vo MAX, Via*S3V 1 ™A
eécto) Logical 0 leve! supply current € Ve = MAX, Viae8V 12 2| mA
Iccit)  Logicat 1 leve! supply curvent [} vee = MAX, Vin®=0 4 8 mA
switching characteristics, Ve = BV, TA = 25°C
TEST .
T L TYP UNIT
PARAMETER FIGURE TEST CONDITIONS N MAX
Propagetion delsy 1ime to logicet O H
] - 1S pF, A" n. [ ] 15 ny
0d0 Jovel (] CL oF L~ 400
i { et 1 {
tpdt w.,,., ion deley time to logicl o CL = 150F. A= 4kn » “© -

tRar contions shown s MIN or MA X, uss the sporoprists velus spacified under

fecoOmma. ded opersting
$AH tvpical values am et V

for the 5 1a davk

e
CC-.V' TAOZB (=

Q

ERIC

Aruitoxt provided by Eic:

type,
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Aruitoxt provided by Eic:

CIRCUIT TYPES

QUADRUFLE 2-INPUT POSITIVE NOR GATES

wchematiz (¢ ch gate)

<
%4 ¥ ih ,m%n W $200
A
§ Oomeam. - — TP
~ Y
[
<
; k0 )
GND

JOR NOUAL-IN-LINE PACKAGE

Zh

TG

lV 1A 18 2¥Y 2a 20 GND

iTCP VIEW!
.kC 4y 4@ FA )Y M- j
'l‘hl'l .|» Iﬂi l l L.
?; T “’C?—a I
For o<y |
J

NOTE. Component velves shown are nominal,

{:nmnch: vedh+¥8

recommended opeviﬁng conditions '

MIN NOM MAX | UNIT
Supply Voluge Voc: SNS5402 Circuits 148 8 S5t v
SN7402 Circuits 478 8§ S25| V
Normalized Fan-Out From Each Qutput, N e e e e e e e s e e 10
Operating Free-Air Temperature Range. To:  SNS402Circuits . . . . . . . . . . |-86 25 28] °C !
SN7402Cicuits . . . . . . . ... Lo 2 %1
electrical characteristics (over recommended operating free air temperaturs range unless otherwise noted)
Test | . R o
PARAMETER {ncunq TEST CONDITIONS MIN TYPg Mgﬂ Nt |
Logical 1 1nout voluge required | |
Via{l) 81 @1ther inpyt terminal 10 ansure M T 2 v
logcl O 'wve! 8t autput !
Logical 0 «nput voltage required 1
Vint0) 8t LOth input terminals 10 anwure 9 o8 | Vv
logicsl 1 level ot output J
! Vee » MIN, Vin= 008V,
v A vol 9 4 . v
out(1) Loweal | cutput velege Noag = ~400 uA . 24 33
. Veg s MIN, Via®2V,
Vout{C} Los:cal Q ou'put vottage 10 lyns * 16 mA 022 04} v
Logucat ™ lovel input current lesch
ol o J| 1 [vec=Max, v, e04v 16| mA
, LogTH 1 love! input current isech P yg PCCTMAX,  Vine24V | MR
wil) input) ch = AX, Vine55V 1 mA
‘ . 5N5402 | -20 -5$
los Shorteircust output currentd 13 Ve * MAX \ A
SN7402 | ~1\8 ~5% 1
1CC10)  LOGEN O leve! smupply Current 18 Ve~ MAX Vip * 3V ! 14 271 mA
leepny  Logical 1 levatl wosly current 114 1Ven ¢ MAX, v, 0 B ) EY
switching characteristics, Vo * 6V, Ta = 25°C,N = 10
r TEST
17} b} ¥
PARAMETER FIGUNE TEST CONDITIONS MIN TYP MAX UK ::
) Propagaticr Jeigy me 10 lonical O iovel 85 [C_*SpF, Ay » 400 ) * s LI
gt Propagation celay Lime 10 oy <ot 1 level 6% C ® 150F, Hy *400 0 12 2 | ™
t P or conditions shewn ag MIN or MA X, use the e0OrQEr I8t~ value 08K ieg ynaer SDveting tov the ap: A

Govige type.

$ Al typicel values orv ot Vee

as v, v‘-u'c.

{ Net mere then ane eutput shautd be sherted et ¢ 1imd,

SN7402

L oantasa bl o TN

-

[ S,



CIRCUIT TYPES

SN7404
HEX INVERTERS

schemaetic (sach inverter)

'ﬁ - |
ouTPUY
NPUT Y
A

) e

\

JOR N DAL AN-LINE PACKAGE
{TOP viEw

NOTE: Come: velues sh sre o .
. positive legie: Y « A
recommendad operating conditions
MIN  NOM  MAX | UNIT
Supply Vottege Voe:  SN5404 Circuits (48 S 85 v
SN7404 C'rcuits . 47 s 5.2% v
Normalized Fan-Out From Easch Output, N . . . . . . . . . 10
Operating Free-Air Tempersture Range, Ta:  SN5404 Circuits -5 25 125 °c
SN7404 Circults e 1] 3 70 c
electricsl characteristics over recommended operating free-sir temperature range (unless otherwise noted)
TEST )
RAMETER t
PA [ { rioune TEST CONDITIONS MIN TYPt max | umnIT
Logice! ¥ input voitage requived
Vinl1]  ®tinput terminal (0 ensure 18 2 v
logicel O avel et output
Logicsi 0 input voltey: ;oquired
Vin{0)} st sny input terminsl to ensure 16 08 v
logical 1 level ot output
L vee = MIN, Via= 08V,
Vout{1) Logical 1 cutput voltage A . - wA 24 3 v
Vour(sy  Losical 0 outpu vohage R P o2 oaf v
A]
HindO) Logical O level input current 18 Vo = MAX, Vip=04av -18] ma
~——
Vee = MAX, Vin" 24V 40 uA
1 —n <
\ (1) Logical | "f'" inout current 8 Hccs Wax. Vin=55V v ] mA ]
- . - SNS4os | -20 -$5
08~ Shortcireunt output curremyg W Yge T MAX *viacs | s 5] ™
Iccioy  Logicz: O lewed supply current + 20 Vee © MAX, Viae 8V X 18 W[ ma
1CC(1)  Logical 1 kevel supply current 20 Ve = MAX, Vin=0 1 s 12] ma
switching charactaristic., VCC "5V, TA=25°C,N= 10
PAHUAMETER Tesr TEST CONDITIONS MIN  TYP  MAX | UNIT
' FIgUNL
U] ovel fon e 19 ogicel 0 (] Cp = 180F. R =400 0 8 18 L
1 Propagation delay time to logieal 1
C =t . R =400 12 n
e ® [ouwe  m i

? Por conditions sthevm ss MIN or MAX, use the epprepriste valus weeified undir recomMmmended Ouersting sendit.. >~ 1or the applitabie

dovigs type.
$ AN cypicsl valum sre 01 Ve = 8 V, T4 = 27°C

§ Mot more then ene cutput sheuld e sharted at 8 ¥me,

ERIC

Aruitoxt provided by Eic:
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CiRCC!Y TYPES , SN7410
TRIPLE J-INPUT PCSITIVE NAND GATES
A}

schemetic (each gets) ‘ JORM DU#&N('L'I:"!’ PACKAGE

113

ourmt -

ano

\
NOTH: Componen veluss show. 1 s mlul.lmm logle: v - AWC

recormnmonded ope: sting cond
pe: ating conditions MIN_NOM_MAX [UNIT
Supply Voitaje Vo: SNB40Cikeuits . . . . . . . . .. ... ..., a8 6 85| v
SN2410Cicults . . . . . . . . .. ... 4718 8 88| v
Normalized FansQut Fiom EachOutput, N . . . . . . . . . . . .. . .. ... . 10
Opersting Free-Ailr Tempocature Range, Ta: SNS41CClezults . . . . . . . . . . . -8 2% 1%] °
: SN7410Circuits . . . . . . ... .. 0 _® 7] °%
‘ eloctrical charactecistics (over recommended opersting fres-sir temperature rangs uniess othurwise noted)
.’ AT TR PARAMETEN TasT TEST CONDITIONS? N TYet max|uwir
R = R =
s Logical 1 input vo'aags required
\ Vin{1)  stell input termineks 10 ensure 1 2 v
jogical O level at output
Logiosl 0 input voitsge required
Vin(O} 8t eny input sermingd t0 ensure 2 \ o8| v
logice) 1 level st output
D vee e VN, Vine 09V,
Vourl1) Wlwmtm 2 tigeq = 40D uA 24 A3 v
Vee = MIN, Vin®2V,
Vout{0) Logics 0 output voitage 1 Ly = 16 WA 022 04| v
\
TN :::" % tovel input current each 3 [VeeeMAX, vj,e04V <t ma
' Logical 1 lsve! input cusrvent (esch . Vee ® MAX, Vin* 24V | ua
) VeC=MAX, V88V T | mA
i 45410 -2 88 }
‘o3 . -Swertciroult sutput curreaty 8 | Vee u\( S50 — = ™
ecio Logical 0 fevel supply current 8 Voe = MAX Viae 8V N 9 168} mA
iceit)  Lopicsl 1 level muppty current _ O Ve = MAX, Via®0 1 3 61 ma
switching characteristics, VCC =86V, i A= 26°C,N= 10
. PARAMETER J:::‘ TEST CONDITIONS MIN TYP MAX|UNIT
1090 Propagstion deley tinw to iojical 0 level 08 |Cp~15pF, Ry = &0 0 7 13 ) m
todt Propagation deley time 10 log'ad 1 leve! e [CL=15pF, R = 4000 1] 22 [
? For ecnoitions shewn as MIN or MAX. Uss the SRSrepristnVsius WNeltied under operaving for the

dovies type.
$ AN typicsi valusssre st Ve = 8 V, Ty » 28°C,
§ Mot meTe then ene cuIUL Shouid e sherted ot a time
N
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Aruitoxt provided by Eic:

CIRCUIT TYPES . SN7420
DUAL 4-INPUT POSITIVE NAND GATES

schematic (each gate)

Vee
g e
LN H -
A

outeur

v

[} n GND
Co t velues sh ere nominal.

4 OR N DUAL-IN-LINE PACKAGE

YNP VIEW)
‘e 0 H L H ) 2a ir l
W, |

r_ﬁ? f

1it2fjsfeNsNsH T
A 18 NC IC 1D iy ON

C~No Internsl Connection

z

positive logic: ¥ = ABCD

recommended operating conditions

 Supply Voltage Vee:  SN5420 Circuits
SN7420 Circuits
Normalized Fen-Out From Each Output, N .

SN5420 Circuits

MIN NOM MAX |unIT
Jas s s5) v

Jars 5 s25] v
. - 10
d-56 28 28| °c

Oporsting Free-Air Temperature Range, TA:
SN7420 Circuits e e e e e 0 25 70 | °c
aoloctrial characteristics (over recommended operating free-air temperature range uniess otherwise noted)
b b
TEST
PARAME ]
TEA FIGURE TEST CONDITIONS MIN TYPS max!umit
Logical 1 input voltage requwed
V"“" o1 ¥ input termunals 10 ensure 1 2 \'J {
fogical O levet ot output
Logical 0 irput voltage required 1
Vinio) St eny input tevming +0 eneure ? o8| v !
togica! 1 level ot output {
. Vce = MIN, Vin=08V,
v, seal 1 output vol \'
out(} Lo v tage 2 | et = 400 uA 24 33
Vouit  Logihl 0 outout voitage y | YecTMIN, Vin=2V, 022 04| V
gk ® 16 MA
Logical O levet input current (esc! !
'Nm input) ) .3 Ve = MAX, Vin=04V —-1.8] mA
S -
" Logica! 1 level input current (esch 4 Ve = MAX, Vin=24V 40 | uA
‘ n(t) m‘) . vee ® MAX, Vin®e55V 1 "L
lgg  Shortcireuit outout currents 5 | vge = Max SNB420 | -20 —55 : ma
_ SN7420 | 18 -85
o, Logicel O leve) sipply current 8 Ve » MAX, Vin"5V [} | ma
Iecr]  Logicsl ! level supply current 6 |[VccoMAX,  v,-0 2 4 | ms
switc! ing characteristics, Voc =5V, TA= 25°C,N = 10
PARAMETER ey e TEST CONDITIONS MIN TYP MAX l it
FIGUAE S
t Propagstion delay time 1o togics! O tevel 65 | C=150F, A~ 400 1 8 15|
tod) Propagetron daiey time 10 logical 1 level €5 |C_=15pF, Ry =400 2 12 22|~
T Bor conditions Shawn 88 MIN or MAX . Use the SODFORNINE value s0eCH 180 Under epereting for the L

devics type.
3 At typical veluss sre st Voo » 8 V, T4 » 25°C.
§ ot mere then ENS SUIDUL BhouId be shorted ot 8 Time.

-
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CIRCUIT TYPES , SN7473, .
DUAL J-K MASTER-SLAVE FLIPS-FLOPS

SNS473, SN7473 o
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positive logic:
Low Input to clear sets Q 10 logical 0.
Cilear is independent of clock.

description logic
These J-K flipfiups are based on the master-slave '
principie. Inputs to the master section are controlled

[ TauTH TABLE |
by the clock pulse. The clock pulse also regulates the {€ach Flip Flog) |
state of the coupling transisiors which connect the tn the )
master and slave sectons. The sequence of operation J | K Q
is o follows: {Sea wavetorm on page 2.2€) oo | Q:

1. isoiste slave from master CI L.
2. Emer information from J and K inputs to LIS L
master HENES

, Dissble J and K inputs

A " . NOTES: 1. 1y = 81t time betore clcck puise
. Trengfer information from master 1o siave.

2. tney # Bit time atier clock Duite,

> w

recommended operating conditions

$NS4?3 SN7473 ]
SN54107 SN74107 UNIT |
MIN NOM MAX MIN NOW MAX

Supply voltage Ve ' a5 5 5.5 4.75 5 5.25 v
Normalized lan-out from sech outout. N 10 10 -
Width of clack pulse, tp(eigcu) ISee Figura 69} 20 20 L
Width of claar puise, ty( eqr) ISe® Figure 70} 6 % ns |
1ADUL SBTUD 1NE. Tegy , 1See Frgure 691 M tg(clack) 2 toiclock) 1

— Input hokd time, thg)q 0 [1]
Operating frae-air temperature renge, Ta ~55 25 125 [}] 2% 70 ¢
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LOGIC EXPERIMENT II

TIMING AND SYNCHRONIZATION

Purpose.
The purpose of this experiment is to introduce the concepts of timing

and synchronization of events in digital circuitry. These topics are of
primary importance in all types of digital circuitry whether it be a self-
contained dedicated system or a general purposec computer interface. In
most (if not all).digital systems, an error in timing of one or more events
can invalidate the entire operation of the system.

'Most digital systems contain a central clock (oscillator) or pulse
generator vwhich generates an uninterrupted pulse irain with a definité time
interval beﬁween pulses, This clock generates the time base for the system.
The proper operation of a system may depend upon the synchronization‘of two
or more events. For exemple, if it is desired that the clock time be
felated to the real elapsed time in an experiment fhen it is necessary that
the initiation of the experiment be syanchrenized with the occurrence of a
clock pulse which is then used as a reference point from which other time
measurements'for that experiment are made. The operation of a digital cir-
cuit, whether it be a single component of a larger system or an entire sys-
tem, must be controlled. In other words, the occurrence of events pust be -
rroperly sequenced to perform the deéired function. This experiment is

designed to demonstrate some of the circuite involved in these operations.

Revised April, 1973 . '



Compgnents.

Elite 3-a logic lab.
Dual trace oscilloscope.
' Pulse generator, Model PG-1.

TTL logle chips: |
SNTLOO Quad é-input NAND
SNTL121 One shot (monostable multivibrator)
SNT4LT6 Duml JK flip-flop
SN7§0h Hex inverter
SNT4LL2 Decoder (BCD + Decimal)
SNTL95 L-bit shift register (data latch)
SN7410 Triple 3-input NAND
SNTL20 Dual L-input NAND
SNTL02 Quad 2-input NOR

25 K potentiometer

0.1 uf capacitor

Required Sections.

Component familiarization, Fig. II-1, II-2, II-3
Time Interval measurement, Fig. II-§
Synchronization, Fig. II-T, II-B, II-9

Flip~flop Time Delay, Fig. II-1ll

Optional Sections.

Timing, Decoder Data Latch, Fig. II-}
Time Interval Generator, Fig. II-6

Asynchronous Level Change-Pulse Synchronization, Fig. II-10




Component Familiarization.
It is necessary to fully understand the components which will be used

to be able to build more complex logic circuits. Here; three new compongﬁts
(the one shot, decoder, and shift register) will be introduced and some of
the important characteristics of the components already used (pulse gen-

erat-r, gates, flip-flops, and counters) will be shown.

Oscilloscope. The oscilloscope provided should be a dual trace instru-
ment capable of at least a 200 nsec. time scale sensitivity and internal or
external triggering. Become familiar with the various controls on this
device, asking the instructor for-pid vhen necessary.

Pulse Generator. The Model PG-1l pulse generator provides the timing

used on the Elite 1lab. Displuy & pulse train on the oscilloscope using the
internal scope trigger and Channel A. Observe the pulse characteristics.
Pulse height may be varied between O and +10 volts and the maximum pulse
width is about 100msec. The maximum frequency is about 1 MHz. Observe -the
output éulses by setting all dials on the pulse generator .to their maximum
positions. Scope settings of about 5V/em (vertical) aﬁd 0.5 usec/cm (hori-
zontal) should permit well-defined pulses to be displayed. Vary the pulse
generator controls and note each result.

One-Shot - SNTh12L - The function of the one-shot {0.5.) ig ko generate
a cOntrdliable delay after being triggered. Connect an 0.5. to the pulse
generator and oscilloscope as shown in Figure II-1. 1In this mbde, the 0.8,
will'pulse continuously when SW1l is closed. Observe the effect of the
fotentiometer on the delay time. Notice that the one-shot gives a broad
0-to=1-t0o-0 transition. In other words, on ghe time scale of thé P.G., these
changeg are more properly considered level changes than pplses. A Q12 WF
_capacitor may be substituted for the 0.1[chapaéitor to obtain shorter timé
delays.( a .

f
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Figure II-1 (Required)
One-Shot
Decoder - SNT4L42 - The BCD-to-decimal decoder may be tested as shown
in Figure II-2. Wire the circuit as shown. Prepare a truth table for this

device. (Power and ground connections for the chips will no longer be shown

in the following figures.) Make sure of BCD Input logic levels.

I 4 A

o— ~ n W
| 10
—0— g 3 9]
a1 ‘ 1
~ —C / 4 ¢ ‘
—Oo— ~ s f
8coh .Ine\l+ 3
(0-9) ? B
" SN7442 Dacimal Output

(0-9)

Figure 11~2 (Required)
Decoder .
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Shift Register/Data Latch - SN7L95 - In Logic Experiment I, a L-bit

serial Shift register was built.

register.

The SNTL95 is a single I.C. L-bit shift

However, this device 18 more versatile in that it can also function

as a L-bit data latch.

Parallel or serial input or output are availatle.

The data latch function is shown by implementing the circuit in Figure II-3,

The external command is provided by a one-shot.

The one-shot pulse must be

long enovgh to allow the register to shift the input code from the input to

the output.

Vary the 0,S. delay time and note its effect on the data transfer.

A pulse of about 3-5 HUsec should be necessary for data transfer to occur.

Scog
I 15y €280 (n
N, :
F_.‘_-T
ot o oHFE—s e 3 Qui put
1" one- Control : ‘
By I Shot " RSl".ﬂ: &®
J a1 s
N eél (A ot
vai Y . io
SN74|2| |
]
> o] L__E:g j
—> Ch, A :; 3
In(:u_f J
SNI495%

Figure II-3 (Required)
Data Latch



Timing.
(oPTIONAL) Decoder-Data Latch. A combination of all the circuits used to this

point is shown in Figure II-4. Very often in a eomputer interface, it is
necessary to obtain a piece of coded data, decode it to a desired numerical
system, and transfer it to a place where it may be readily accessed for
further use. Also, the timing of the data conversion and transfer may be
critical to the experimental procedure. Timing errors may be serious; for
example, if the strobe pulse to the data latch is not long enough, the input
data will not appear reliably at the output.

Wire the circuit as shown in Figure II-4., By enabling SW1l, the tim;
when the data is transferred from the deboder to the latch may be controlled
by the one-shot. This may be ehown by the following procedure. With SWl
closed (+5V), adjust the time delay of the one-shot output pulse to approxi=-
mately 200 nsec withthe 25K potentiometer. Open SWl. Apply a suitable code
to the decoder input (0100) and enaﬁle SWl. Does the correct code from the
decoder appear’at the output of the shift register? It should not, and the
shift register should remain unchanged. The pulsc time from the one-shot

/
was not sufficiently long to allow the decoder to "settle" with the decoded

result at its output for tra;sfer into tfr2 shift register. Increcase the one-
shot pulse to 10 usee, open SW1l, input a different code into the decoder
(1000), enable SW1l and note the result. This time the correct code should
appear at the shift register output. Vary the 0.S. deley and note ‘the dEIay
time where the pulse is just long enough for the proper result to occur.

There should be a region where the shift register will change its value,

but not to the correct value.




c f
‘ +5v "%f‘.—l
— 12 .
— 13 . °
! . N Dqta 1
8CD —1'* Decoder y ‘ 5 Latch "
In(wd' 3 4
<0'3) ] 2 '3 -
3 Decimal
\ 2 Ou‘l‘fu‘"‘ (0-3)
B y 6
XRITHE e SN TE TS
Q .
- 6 :
+5
n Shot ‘
" | #J o PG,
SNTWI2|
Scepe -Ch, f

Figure II-l4 (OPTIONAL)
Decoder~Data Latch
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(Required) Time inteérval Measurement. The time interval between pulses from

serarate pulse sources can be measured by meking separafe connections to
the clock inputs of two flip-flops. rThe resulting circuit is shown in
Figure II-5. A pulse (momentary closure of SW1l) at the start input opens
the counting gate and a pulse at the stop input (sW2) closes the counting
gate. Accurately measure the pulse frequency of the pulse generator and
adjust it to 10 Hz. All flip-flops must be cleared with Pl before any
measurement can be made. The counter will measure the time between closing
switches 1 and 2. If you are fast, you may need to use a higher clock
frequency. Save this circuit if you plan to do the next circuit.

Time Interval Generator. (Optional) A precision time interval

generator may be constructed with the modifications made to the previous
circuit as shown in Figure II-6, The generated time interval begins when
the counter begins counting clock pulses and stops when a predetermined
number of clock pulses have been counted. The preset count is established
by selecting the input levels to the presettable decoder.

Wire the ciréuit in Figure II-6. Preset the counter to 1111 rather
than 0000 so that the first count produces a "0" level output at the zero
decoder gate resulting in a "1" at the Fime interval output. Note that when
the preset count is reached, the indicator lamp Ll goes off. The presettable
decoder output applies a "O" level stop pulse to the count gate control and
to the output 5istable gate circuit terminating the output pulse. After the
counter and count gate control circuits are reset, the circuit can again be
triggered with SW1 to generate another precision duration pulse. Use a clock
input of 10 Hg and generate pulses of 0.1, 0.5, 1.0, and 1.5 seconds duration.
Observe the pulse duration with both an indicator light and the oscilloscope

set on & very slow scan rate.
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Output Bistable Gate Circuit




0 utput
g Bistable
2 P. (\! Gote
2 Cireult
+ SNT410 Q
FFC v
Frl §>\_¢
Swa
Set | 3 Start
Clear
- SNT4 16
P2 Fr2 |&
' Q
LY
§ —_
NTy420 ( -%' Pi
S CMQV .“ON
~ *.'.L /\u ' ‘
‘Ze ro
Decoder - |Qount
Gqte Gq‘h
eon*FO'
ey

SN1400
v —

)—-’
Scope
CK, A

11

[ 1

11

1 | shree
:)"’ :}’T_

B
SNT420 . Time

Interval
W, (SR — b gy
Pregettable

: DSCOJQT !
123 ‘/-22 i . . :20 Gate

a—
——

= Presetfable Decoder

. Iﬁfu;; .

Figure II~6 (OPTIONAL)
Time Interval Generator




Synchronization.

Often it is necessary to synchronize randomly occurring (asynchronous)
pulse or level changes with the syétem clock. Consider the following problem.
Suppose it is necessary to output clock pulses on two lines labéled A and B.

A pulse train is vanted on line A only if a controlling lavel is true, and

a pulse train on line B is wanted only if the same controiling level is false.
In addition, the first appearance of & pulse should be synchronized with the
system clock. A first solution to be considered might be to use a pair of
AND gates to pass the clock circuit enabling one gate (A) when the controllin;
lefgl is true and enabling the other level when the controlling level is

false. A typical circuit would be that in Figure II-T,

—— Scop
e

PL [worF >C""6
g s ) I
— ] Line A
i sw1

B )t |
’ I

Figure II-T (Required)
Pulse end Level Change Synchronization

Construct thiélcircuit and test it a3z follows. Put the scope on a very
slow scan rate (l'sec/div), open SW1 and press and relea3e the pulser several

times, noting the behavior of line A relative to the pulser output. (Use

s

N




a 0-1-0 pulse (Norm OFF).) Now connect 1ine B to channel B of the scope.
Push the pulser button (logical 1) and, while ﬁolding it closed, close SWl.
Then release the pulser switch. Is the change at line B synchronized with
thu;- change in pulser output? Does th1§ circuit fulfill all the requiréments
set down cbove? The answer is no. This may be explained oy considering the

|

timing diagram in Figure II-8.

Pulser f ﬂ

- -

+S

Sw1i

- e - ——

e - - - - -

L
]

o

CleeK e X
o

A +5 F
Obtained

A +5
Desjred .
(4]

—

g '
Obtained o

-

g
Desired o

v e e em o e m —

{-

dom e - e - - e = -

b e e e - - o

Figure II-8 (Required)
Timing Diagram

It can be secn that if the level change at SWL occurs Yetween pulses, the

outputs on channels A and B are as desired; that is, only the first whole
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pulse after the SW1 level change 15 seen at Channel A vhen SW1l is logical 1
and at Channel B when'swl is logical 0. However, when the SWl level change
occurs during a pulse, the levels at both A and B change immediately in the
middle of a pulse. This produces a shoitened puiae on both lines A and B,
vhich could cause probléna wvith any device which requires a specific pulse
width. Moreover, the pulses occur at the wvrong time. Synchronization of
l1ines A and B with the pulser will be maintained if only the first complete
pulse after the switch change appears at A and B.

Test .this circuit further by applying a 1-0-1 pulse with the pulser
(Norm ON) or by using the pulse generator through an inverter. Construct
the timing diagrams for this situation and compare with Figure II-8.. Note.
that the deviation from the desired output on Channels A agd B occurs when

the switch change occurs between pulses.

- The circuit 1nlrigure I1-9, employing the memory capability of a JK
master-slgve,flip-flop. resolves the problem seen above. Construct this
circuit and téat it as suggested for Figure.II-7 above, except the pulser
switch should be opened and closed at least twice after closing SWl. - Use
0-1-0 fulees. The flip-flop triggers on a 1-0 level change. Replace the

pulnérdih Figure II-9 with the pulse renerator operating at a low frequency

—_—

P1 |[NOFF

A 4

Q

Tk |2 *>" Eg:zy—————?.
V\S LINE A
Fr
rrA EE;:»——__)
, ' | Lzwz B

SN746
Pigure II-9Q (Required)
Flip-flop Synchronization



- § '

and note the effect of opening and closing SWL on lines A and B relative to
the P.G. Check to see 1f this circuit operates ;a desired usiiigq 1-0-1 pulses.
Remember that the flip-flop is negative-edge triggered. Save this circuit

if you plan to do the next section. V

Asynchronous Level Change-Pulse Synchronization. (Optional) Consider

the problan of converting an asynchronous level change or trigger pulse

(0 to 1) to a single synchronous pulse corresponding exactly to a pulse
" supplied by the pulse generator. The circuit in Figure II-10 provides a
solution to this problem. Construct and test this circuit. First, clear
"the FF's with P2 and confirm that the circuit performs the desired funétion.
A single pulse should appear at the output for a single 1-0 change at Fl.
This pulse should be the same as a single pulse from the pg;se generator.

Construct timing diagrams for the three indicator lights in the space below:

Flip-Flops and Counters, Time Delays. In most applications, it is

assumed that the output of a binary counter is synchronized with the input
clock pulses. Flip-flgps are made up of NAND gates and theraefore have

propagniion delsys associated with them. To illustrate this point, wire the

.
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SNT402 Q
Jerear
—
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Figure II-10 (OPTIONAL)
Asynchronous Level Change-Pulse Synchronization
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¢ircuit shown in Figure II-11, an asynchronous ripple-carry counter. Use
about a 10 KHz pulse frequency and a 10 Usec pulse width from the pulse
generator. Adjust the one-shot time delay to about 50 usec and set the scope
to a 200 nsec/div time scale. Observe the input pulse (Ch. A) and the pulse
as it emerges from the counter into the 0.S. (Ch. B). The one-shot delay and
the P.G. frequency &ernier will have to be varied to obtain a stable output
on the-scope. The circuit is designed to continually set and clear on alter-
nate pulses allowing the desired signals to be studied continuously. Note
that when the counter is set, the count "ripples" through all FF's. Note
also that a full pul'ée will not be cbtained at the final flip=flop Q output.
A total tiﬁe delay of about 300 nsec should be observed for the 10 FF's,

This means that the time delay per flip-flop is only about 25-30 nsec. A
300 nsec delay can be a serious DProblem if extremely accurate timing is needed.

Use of = parallel synchronous counter would reduce this delay significantly.
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Figure II-11(Required)
Asynchronous Ripple-Carry Counter
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GRCUILTYPES. . \sH7ain
 MoNostABLE TAULTIVIBRATORS

—

fogie J OR K DUALANALINE PACKAGE
. (TYOP VIEW)
TRUTH TABLE {See Noter } thu 3) 1See Notes 8 theu 9)
WINPUT | g INPUY i - TIMING PING
- ouUTPUT
Ajaaje ! arjazie
1 1{o ] Tl it
ofxledolx o] wmmen !
Xjo)t ] xjojo] tenor |
0 X{OJ O] X1V ] OvShot!
x{otof xjo 1| OneShor:
1 ] X]o}? One Shot
] 11 0 X1 Ona Shot
Xjajo} x| ,Lo tnhidit !
ol xj]o t{x;0 Inhibit
xfolv gt v ep somon |
01 X} ] LRI ] iaibir s
1 110 Xi1014{0 tembit -
| t]0 0 xlo Tnhibit i positive logic: s¢e truth teble and notm b end f ,
-
! V‘M">IV S. AV snd A2 are negetive sdasdrigueres  » Extetnal timing cedstitor mav be
°.vin(0) <osv togec inputs, end vill trigget the ana cONPECING BeTwesn Bin @ (®osi
: Whot when elther of HOth g9 1G fogwet O tiva) ene oln (). With no externa!
with @ of logical 1. copacitence, en outpul pulse wigih
NOTES: 1.t = time befors input 8. 8 is 8 poutrve Schmint tngger .nour tor of tvoitellv J0 4 s obtained.
troumon. dow edgrs ©f level detoction, and wnli 8 To vis the lmvul timing renistar
2., 3 ™ Yme atter Input tigrer the one shot whan B gom 12 «ft nomln.ll connect om@'o
renalition, logicel 1 wntn either AL or A2 sin
3. X indicates that elvher o logicel Q. {See Trutn Yeblo) 2. Yo obtein varisbis oulse widh son
logicl O or t mey e nect enternal varlable reuntance be
bresent, tween oln@nd (L) @ No sewe.
B nsl ¢t needed. . -

4. NC » No internel Cennection,
1Q, For accurate repestadia puite wiithm

sonnect an eaterndl renlitor between

. oocn-emull

Cercription . . on @ ana pin (& win “"‘O

o

This monolithic TTL monostable multivibrator featuresd<¢
tiggering from positive or gated negitive-going inputs with -
inhibit facility.. Both positive and neqgative-going output
puises e ptovmd with full fanout to 10 normalized
loeds,

Pulse ummq occurs at a particular voltage fevel and is

not’ dirtly refated ta the transition time of thre input pulse Schriitt-trigger input cireuitry (TTL compmbla and
htudnﬁ tempaeratui ~independent backlash, See Figuta L} for :!.@ B input allows jitter-frae triggering from inputs witn
lnndllo’n times as slow a3 1 volt/second; providing t -2 Circuit with an exceilent noise “wnunity of typically 1.2 voits.
A high immuinity to Vee notse of typicaily 1.5 voits i~ 350 provided by internat larching . | Iwmv.

Oncs ficed, the outouts are indepandent of further trangitions on the inputs and sre 8 tunction only of the timirg
components. (nput pulses may ba of any duration relative to the dutout pulse. Quibut oulse iangths may be varied
from 40 nanoseconds to 40 s8conds by choosing appropriate timing comoponents. With no external timing companents
tie., pin@® connected to pin §3 pins (O D cpen) an outout pulse of typically 0 nanaseconds is echieved whic
mey be used 83 a dc triggeved retet signal. Qutput rise and fall times are TTL compatibia and independent of puise
M' s )

Pulse width is schigvzt! through internal compensation and is virtuaily independent of VCC and temperature, tn MOs?
¢pp!lauom pulse stabitity will only be limited by the accuracy of external timing components.
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CIRCUIT TYPES
: i SN7442,

M5l 4-LINE-TO-10-LiNE DECODERS (1-0F.10)
® 8CD-10-Dacimal ¢ Excess-3-to-Decimal e Excess-3 Gray-10-Detimal
. Also for applications n
¢ 4-Line-to-16-Line Decnders ¢ 3-Line to B-1 ine Decoders

e featuring diod:-clamped inputs
JOR N DUAL.IN LINE

deseription o OR W FLAT PACKAGE ITOP VIEW!?
Thess monolithic decimal decoders INPUTS QUTPUTS
consist of sight inveviers and ten v " Nee—o— \
foursinpst NAND gates. The cc 8 < c v 8 7
inverters are connected in.pairs to
make BCO input data available for ] 16 15 14 13 12 i 10 9
decoding by the NAND qates. Full - i —
d@dll‘n of valid input logic ]___._l
ensures thit all oulputs remain oft . ——
for all inwalid input conditions, A 8 C »]

The SN5442/SN7442 BCD-to--
decimal, SN5443/SN7443 excess.
3-todecimal, and SN5444/SN7444 01 2 3 45 67 829 ) )

excem-Jgrey-to-decimal  decoders R*J Lo el
feature familiar transistor-’ “_—} le l t..;ﬁ
transistor-logic {TTL} circuits with oot

s[16f]7

inpuis and culputs which are com- 1 2 3 4 3 F_J
patible for use with other TTL and

DYL circuits. D-c noise marging are : N i 2 3 4 5 s, GND
typically one wvoit and power : A

dissipation - is  typically 140 - QUTPUTS

milliwatts. Full fan-out of 10 is
svailsble ot alt outputs.

A

pouitive fogie: e truth tables |

it SasigNAMOnts 107 11ee8 it cu.1s #7@ ThE 1ama 1O 311 DACAAQNY,

' . SNBAA2/SNTAS2 SNSA4/3N7443 SNSALA/SN ALY ALL TYPES
S (<) Excess ) EXCESS 3 GRAY DECIMAL
INNT ‘ INPUT INRUT outr
m ol C[alay {0 C '8 A 7D Ci b A 01.2 34:547 409
© 10,010 10,0 § V. © ;010 | ORI
of{olof do i [olo ottt vio T OIREHERE
0ojo i jo o[t Jo 1 0 |1, 11 ! ,:T-T:on;um.“ll_
BEEERIK o 't l1]ot NEIEXER RIS
elytolo 0 ;1 j1 1y TIERERE ﬁmh,omx\b
TBEBERE (1 {0f0jo0 Vi1 loto :mllmolsll_]
o] vi1]oe I o lo ! R EEE ,||~l¢|-|-|0\-l._l_j
RN R T {0 11 10| .T"‘T":"'T“»T“ ,'TTTTTT:-JFT‘T‘H;
T{ololo BEBERE ARENERICE U
'\ {ojo i} I RN IREEEE, EROEICR N Y
1 joitioe Vit lo [ L I At L
Vot i : B EREE i 010 .1 NI
hfviole]l ™ ‘171 ! Lljzl'o—;é:: f-l-n'n'mmmn
§ 1 10 i1 0 :0!loi0 ¢ 5 0.0 ¢ LSS L
8 A A TREEXREN EREIT R XTI
Vi g TRENERE 6 YTy BRI
) N ..v , ) \
X Texas INSTRUMENTS

ORINOR A
Sgev 0rrcE .ol "wip . on.uo vont nnt
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m

L : CIRCUIT TYPES SN7495A
MSI 4-BIT RIGHT-SHIFT LEFT-SHIFT REGISTERS

A TTL MSI PARALLEL-IN PARALLEL-OUT REGISTER
for application as
e N-Bit Seriai-To-Parallel Converter e N.Bit Carallel- To-Seriat Converter ¢ N-Bit Storage Register

description

This monolithic shift register, utilizing transistor-
transistor-logic {TTL) circuits in the famillar Series
54/74 configuration, is compased of four R-S master-
siave flip-flops, four AND-OR-INVERT gates, one
AND-OR gate, snd six inverters-drivers. Internel
Interconnectians of these functions provide s versatile
register which wiil perform right-shift or left-shift
operations dependent upon the logics! input level to
the mods control. A number of these registers may be
connected in series to form en n-bit right-shift or
left-shift register, This register can a!so be used 23 2
persiiekin, paraliei-out storage ugimr with gate
{mode) control.

Whaen o logical 0 level is spplied to the mode control
input, the numbers1 AND gates sre snabied snd the

number-2 AND gates are inhibited. In this mode the JORN
output of esch flip-flop is coupled to the RS DUAL-IN-LINE PACKAGE (TOP VIEW)
- QUTRUTS
inputs of the succesding flip-flop and right-shift Vee /B alUTRITS G\ SLOCKT cLock 2

operation is performed by clocking at the clock 1
lnput. In this mods, serisl data is entersd at the
sarlel input. Clock 2 and parsitel inputs A through D
are inhibited by the number-2 AND gates.

When a logical 1 leve! Is applied to the mods controf
. input, the numter-1 AND gates are inhibited (de-
coupling the outputs from the succeeding R-S inputs
to prevent right-shift) and the numbe:-2 AND gates
ore enabled to silow entry of data through paraliel
inguts A through D end clock 2. This mode permits
peratiel loading of the registes, or with externs!

interconnection, shiftieft operation. In this mode, St A Piputs — controL o0
shift-deft can be sccomplished by connecting the

output of each flip-fiop to the psrslist input of the positive logic

previows flip-fiop (Qp to input C, and etc.), snd Mode control = 0 For right shif

serial date is entered st input D, Mode centrol = 1 for lefr shi%h or pevalle) loed

Clocking for the shift register is accomplished through the AND-OR gets E which permits sepsrate clock tources 10 be
ueed foc the shiftcight snd shift-laft mades. If both modes can be clocked from the sare sourca, the clock input may
be applied commonty to clock 1 snd clock 2, Information must be present st the R-5 inputs of the master-stave flip-
flops prior to clacking. Trenster of information to the output pine occurs when the clock Input goes from a logicat
to 8 logicai 0,

This shift regisier is complistety compatible with Series 54/74 TTL and DTL togic families. Average power dissipation
Is typically 188 milliwarts. The SNSA9SA snd SN7495A srs uniletersily interchangsable with and replace SNG495 snd
SNT4985, respectivaly, but offer dicde-clamped inputs, improved speed, and reduced powar dissipation.
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7
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CIRCUIT TYPES

.}

- SN7400
QUADRUPLE 2-1NPUT POSITIVE NAND GATES

(TOP VIEW) |

i ° JORNDODUALIN-LINE PACKAGE

(LT ST

Suthyt 3

NOTE: Companent valuze shown ars Aomingl.

iy

__f’"

EL I )

- . NG '“LL“J:'ﬂJ"F'
rr‘ . 9

3
L:._-TL—JEJ‘E]\-—-JL_J\-—J'

‘a0 ST

i
i
i

positive logie: v « X8

recominended operating conditions : MIN NOM Max [uniT
Supply Voltage Voe: SNS400CircuUits . . . . . . . . . . . L e e e 48 8 88| v
SN7400Cieuits . . . . . . . .. ... e 475 %  sas| ‘v
Normailzed Fan-Qut From Esch Qutput, N . . . . . e e e e e 0
Operating Free-Air Temperature Range, Ta:  SN5400 < wcunu e e -55 25 128 | °C
SN?2400 Circoits . . . . . . .. 0 29 0] °C !
olmlell characteristics over vocommended op~rating free-air tamperature (unizss otherwise nated)
TEST |
PARAMET . St MIN TYPI MA
AMETER | - TEST CONDITICNS N TYPI MAX | UNIT
Logical 1 input voligs required t ]
Viat1) 81 both input terminsts 1o ensure, ot | 2 v
fogical O tevet 31 output X |
Logical O input voltage requwed ] :
Vinl0) 8t Sither 1nput termansl 10 evmure o2t 3 o8 v
logscs! ¥ leve! &t outout : :
. vee = MIN, Vins08 v,
v ” 1 output vl : 2 24 2
‘outl)) Logice! 1 output valuge lioad * —400 A 33 v
=) . Vi - -
Voutl; Logieal Ddutput voltage 1 CcoMIN, - Vine2v. 072 04| v
. 'gnl = 18 mA
icel O level reri {asch
gy T #nout current feac | 3 [veceMAx. v, -0av ~16| ma
nput) .
Ytn) l.w t lovel irgut current (each . Veg ® MA. Vinr 24V | 40 | uA
. iepun) Ve * MAX, Vin® 95V 1 ' | ma
! Shartcircuit 2 Vo « MAX SN8400 |- i Al
WO ent - m, -
o8 output cwr s cc o SN7400 |y TS
lcem Logeal O loval suppiy current [} Vae * MAX, V.,. 8y 12 2. oy
icciy)  LRgical 1 tevel wopply carrent 6 )vec s MAK, ey 4 -8l ma
switching characteristics, VEC » 5 V, TA =25'C.N= 10
T . i !
[ ' { ! T , i
ARAME TER 'ricume. ) TEST COND'TIONS CMINTYR MAX U
‘a0 Propmaton delay ume 10 logcai Otevel < 5§ C,  15¢F 3, - a1y " ? 54 el
todt Propsgatioh delay time to agcal,l level <« gg 1 Cuf 15 0F,; AP 0G0 L H 1] 22 n_l_)'
' ::;:MMOM ShOown g MIN Or MA X, use 119 8DBrONrISte value s0eci!iey upo- #ecor.mencen, qumu conaditians for tha apoicanie
type
P anrypus vevm e st vee @ S v, T4 s 259
¥ Not mare than ene .ul.\ol shoyid DO shorted 8t & time, .

D e L L 3

é5



CIRCUIT TYPES ~ SN7404
: HEX INVERTERS

schematic (each inverter) JORNDULAL INUINE PACKAGE
{TOP VIEW)
16 Vee : V_c_c_ sA (.v :f« v 4 s
a3 g fren X ey
GPre=dt Aoty Mepfg it 0
K ]
- ouTPUT i ]
INPUY v ! x
A b i

]
: !
GND -, ' D"] ( D"’l I
] ' »zﬁzﬁa‘,‘.s P
. o e e s L_.- —~—
NOTE: Co voluee » zre nominl. . EEYEY" n Y JAa Y LD

Eunm togic. Y v A

recommaended operating conditions

MIN NOM  MaX | UNIT
Supply Voltge Voe: SN5404Circuits . . . . . . . . . L L L L L s 8 8.5 v
SN7404Cwcuits . . . . . . . . . ... ... . 475 § 5.25 v
Normalized Fan.Qut From Each Output, N . . . e e e e e e e 10
Operating Free-Air Temperature Range, TA: SN5404 Circuits . . . . . . . -5 2% 125 °c
SN7404 Circuits  , . . . . . . ] 25 70 °C
electrical characteristics over recornmended orerating free-air tamperature range {unless otherwisa noted)
PARAMETRY TEST TEST CONDITIONS? ] MIN  TYPS
] FIGURE ! MAX [ umiT|
Logical 1 1nEu) vOItage required . .
Vinlt).  atinput tarmingi to erre 18 2 v i
flagice? O leve! st 0utput !
Legics) O'inpui voitege requiey | i i .
Vin(G) ot sny incut termnsl 10 ensury .18 . s v
/ ) logiczi § level at output ]
T o -
Yout(1) Logicel } output valtege 1) /cc = MIN. Vin= 08V, [ 24 33 v
liged = 400 uA . ’
Voutl0r Logicel G cutput voltspe 1§ | VecT MIN. Vin=2V. 022 04} v
fynk = 16 mA
%nlO)  Logicel O lavel input curreny 18 |vee s Max, Vin =04V 16| ma
A Vee = MAX, Vias24V @0 | aA
Vin? Logicel 1 level t current 18 ! M
ni®) oy Ve = MAK, Vin " 55V _ v | ma
4 o lv.. s MAX SNSene | -70 =551
, 08 ~ Shortcircuit output currem § cc 51404 | _1g i A f
10C10)  Logical O lcvel suppty current 20 Vee = MAX, Via " 5V L 33 mA
Icc(n) Logical 1 level mupply current 20 Ve » MAX, Vin* 0 N 6 12| ma j
switching characteristics, VCC =5V, Ta =25°C,N = 10
‘ TEST L
FARAMETER TEST CONDITIONS MIN  TYP  MAX | UNIT
: _LFIGURE :
Propagaton delay 1itne 10 logical 0 1
et umqm Y > 'L ] j L= 15F. A = 400 (1 .8 1% | ns jl
- » delgy tima 10 [ H ‘
tod? opmstion deley (ovicm | & lc-mer.  AL-won 7 o2 | o,
level N A }

Al
! Ror conditions shewn sa MIN 07 MA X, U89 1he SPDIORIEIE vEIUe LI Lited unaw vuommnolﬂ ODAreting cONgIione for 1he e0Biics0le
Sovicn type.
S Anrvpiesl veues s st Vo = 3 V. Ta * 23%C
Net e than ene Gutput sNauKd be INATed 4t o timw,

N

\ c11
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SN7476

Cemamsa e

CIRCUIT TYPES

|
|

DUAL j-K MASTER-SLAVE FLIP-FLOPS

WITH PRESET AND CLEAR

logic .
o N M
TRUTH TABLE (Eoch Flip-Flop)|
1, Lo, !
A ] 3 Q
0 0 Q.
[} 1 0
1 ] 1 J
V ) o, |
NOTES: 1, 1, * 811 ume betore clock pulse.
2 v a Bt ting pfrer clock pulte.
description

The SN7476 J.K ftip-Hop s based on the master-stave
principle, Inputs to the master section are contralled
by the clock pulse, The clock pulse also reguiates the
state of the coupling transistors which corect the
master and stave sections. The sequence of operation
is a3 follows:

1. lsotate slave trom master

2. Enter intormation from } and ¥ 1nputs to
master

3. -Disable J and K inputs

4. Transfer informatio>. from master to slave.

LCw
CLOCK WAVEFORM
recommaendec operating conditions . ]
e . " wiN NOM__ Max | uMif

Supply Voltage Vee:  SNS476 Circuits . T 5 55 | v

SN7476 Circurts . : R 5 525 )
Operating Free-Air Temperature Range, Ta: SNS5476 Curcunts . . . . 1 -5 25 125

. SN7476 Crcuis . . . . v 25 0 |
Normalized Fan-Out From Each Cutout. N . 10 !
Width of Clock Pulse, tyicinck) (See tiqurn 691 . . 0 oo
Width of Preser Pulse, ty(reqer) See haure 70} . 2 o
Width of Clear Pulse, thcieyr $5ne tiqure 70) R
Input Setup Time, tey, ofSee figure 62} D15 1ci0ck)
Input Hold Timé, tpgyg = . - . . . . 0 4

JOR N DUAL-IN LINE OR
WFLAT FAUKAGES (TOP VIEWIT

w l(: 1T L] C ) 0 25}

o e r.«
i 1IRIENIEY
r’“r—--ﬂ- lﬂf
L l :

H [} u | H

' CLEAR PHISET !—cvm'n CLEAR

l-at__i (ll{'K- l

4] Q

-

L 'J
= "'Ez .
SRR

\ ) : TR N e T
CLOCK PRESEY LiFar LLOCK PAESET Culak

ponstive lngic LW Rpat Lo prevet sety Q 12 fonicet 1.
T 0w snLul L LR 3918 Q 10 10 O

Claar and preset are ingepandant of clock

'Pin assiqrinents (or these - 11CuIts M@ the wame

1ot a1l pacvages,

HIGH




CIRCUIT TYPES $i'7402
QUADRUPLE 2-INPUT POSITIVE NOR GATES

schematic { ) : JOR NOUAL-IN-LINE PACKAGE
sach gats) (TOP VIEW)

\fcc 4Y 48 4A v 38 3A

[ v
' R i
cm:»ch:-mjlnn
4
A
to-
1¥ 1A 18 2y 2A 2B GND
—acrno

NOTH: Como values shown are noml positive logle: ¥ = K38

recommenced operating conditions !

MIN NOM MAX | UNIT
SUpplvVoancc:SNMCimlu..................._..4.55u.sv
SN7402Ckeuits . . . &« v ¢ ¢ v v s v v 0 s s 0 o0 .. J85 B 838]1 V
Normalized FanOut FromEschOQutput, N . . . « & . v v ¢ 4 o o v o 0 o « o & . 10
Operating Free-Air Temperature Rangs, TA:  SN5402Circuits . . . . . . . ... J-58 28 18] °C
- SN7402Ckcvits . . . ... ....40 28 ]| °*C
" alectrical characteristics (over recommended ating frae-air temperature range unless otherwiss noted) }
.8 {1 X
PARAMETER "':::‘ . TEST CONDITIONS! MIN TVPE MAX [UNIT ! {3 .
Logical 1 Input voltage required . +
Vin{t)  stelther ingut terminal to ensure 8 2 v
logicsl O level 4t output :
Logicsl 0 input voltage required .
Vintol st both lnput tcrminals 10 ensure 9 o8| v
logical 1 leve! st output
Voo s MIN, VinsQ8v,
Vout(1) Logieal 1 output voltsge ] oo = A 26 23 v,
Voe = MIN, Vin®2V, I
Vout{oh uﬂdoquaw 10 g = 18 mA 022 04| v
o) poon O bt ioput currint sach 1 [Vecemax,  Vip=04v 18| ma
' Lopical ¢ level lnput current (sech 12 ‘vﬂ'm' vu-uv 4 | sA
W gy ' Voo MAX,  VigeuBV 1 | mA
SNS402 | -20 -85
los  Shortcircult output current 13 |Veg = MAX mA
: - | SN7402 | ~18 -85
TcCi0)_ Lowedl O level mipsly current 1 |er “MAX, Vv, ~BV 1427} ma
'ccm * Logical 1 level suppty current 14 Ve ® MAX, —V,! *9 8 18 | ma
switching characteristics, Voo 26V, T4 = 26°C,N= 10
PARANSTER "7:::! TEST CONDITIONS mn_ TVP (MAR [UNIT
Propagation deley time to logical O levet s CL = 80F, AL~ 40003 8 18 1]
i tod1 Propagetion delsy time to logicat 1 leve! 88 |CL = I5pF, R =40 12 2] m
{ t For conditions shown se MIN 0r MAX, use the sppropriats velue spscified under ded operating condlitions for the spplicable
) Sevics type,

$ AN typicel veluss ars ot V, -sv,'rA-zs'c.
§ Not mare than ane eutput should ba shorted ot 8 time,




CIRCUIT TYPES

SN74i0

TRIPLE 3-INPUT POSITIVE NARD

GATES

schamatic (eech gate)

%e

Quimt v

JOR N DUALIN-LINE PACKAGE
{TQP VIEW)

bl b 14

VC'. '

< v
BEHCIED
!

positive logie: ¥ » ABEG

NOTYE: c;mooﬂvn veluss anOwn are nominst,

recommendad operating conditions i o Fax o
Supply Voltage Vee: SNS410Circuits . . . . . . . . . . .. . L L .. ] 48 8 53| v
"SN7410Circuits . . . . . . e e e e e e 41 & 825 v |
Normalized Fan-Out From EachOutput, N . . . . . . . . . . .. . ., ... .. 10 ;
Opersting Free-Air Temparsture Range. TA:  SN5410Circuits . . . . . . . . . . . ~88 25 125] %
SN2410 Circuits e e e e e Q@ 26 2| %!
electrical cheracteristics {over recommended operating tree-air temperature range uniess otherwise noted)
yesT ) i
t H
PARAMETER - TEST CONOITIONS MIN TYP? mAX umr[
Logical 1 input voltage required
Vin{1) st sl input terminel v erisure 1 2 v
logicst O tevel o1 Jutput i
Logies! O input vottage required ¢
Vingy st any Inout wrminal to eneurs 2 o8| Vv
fogics) 1 level at output
vee * MIN, Vin=08 YV,
2 4 v
an Logicsl 1 output volmpe lioed ® ~400 A 2 33 i
. vee @ MiN, Vine 2V,
Vour{0) Logicsl O output voitege ' Lo = 16 mA 022 04| Vv
Yl Logics! O level inoulcfamm (ouch 3 VEE = MAX, Vig w04V 18| ma
‘ Logicat 1 Jevel input curent (esch § Vee ® MAX Vin® 24V aQ | uA
) on Veg T MAX, _ Vip=88V v [ A
Y SNS410 «~20 =55 i .
los shon elrewk wwu.ummﬂ | s ! Veg® %o V T -5 _”' mA
lecioy Logicat O tavel supply current 178 |Vec=MAX,  VipeSV i 9 1651 ma
foetyy  Logiost 1 leve) supply current i 8 |Vee"Max, Vin=0 1 3 8| mA |
witching charecteristics, Vec * 6V, TA= 25°C,N = 10
| L
TeST
UNITY
PARAMETER FIGURE TEST CONDITIONS MIN TYP MAX
 tp0 Propsgstion delay tima to logicel Olevel | 68 1 C = 19 0F, A - 400 1 7 H L
1og1  Propagation deley tme tological  fevel | €9 {Co = 150F. AL =400 1 W2 m
T For congitions hown as MIN 8¢ MAX, U6 the SODTODHEN veiue soucilied under recy dea aperating tor the eppiican
dovies typs.

3 At typical viles sra st Vg = 3 7, T » 28°C.
§ Mot mare then one eutut shoulo be snorted st @ time.

20
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CIRCUIT TYPES |SN7420
DUAL 4-INPUT POSITIVE NAND GATES

~
i

schematic (sach gate) : | 3 OR NDUAL IN-LINE PACKAGE
! . Y0P VIEW)

 values are
NC-=Ns internst Connaction posltive logie: ¥ » ABCD

recommended opersting conditions

MIN NOM MAX | it
Supply Volage Veo: SNS420Cieeuits . . . . . . . . . . o o o ..JJas s B3] v
SNIAOCTICUItS . . . . . . - . . e e e e e e e s Jears 8 825{ v
Normalized Fan-Out From Each Qutpus, N . . . . . . e e e s e e e e e e 10 |
Opwing Fre--Alr Temperature Range, Ta:  SNS420Ciwcuis . . . ., . . . . . . . -65 28 128] °C
SN7420Circuits . . . . . .. .. ..l o 2 10| °
slectricat characteristics (over recommanded operating free-air temperature range uniess ctherwise noted)
) VESY
- t
PARAMETER PIGURE TEST CONDITIONS MIN TYP! MAX [T
Logical Tinput votuge required H
Vinit) 8121 input terminghs to ensure ' : 2 v
jogical O leve! at Gutput !
Logical 0‘ nput volrsge required . {
Vini0} 5t any input terminal 1o ensure 2 . os| v !
fogical 1 lows! ! output - x
- Vee = MIN, Vin*03V, ‘
Vourlt) Losicatl 1 output vonsge 2 lioag = 400 uA 24 33 v
- Ml »
Voustah- Logical 0 sutput voltage R ] 'Vcc ‘: N . Vine2v. o 04| v
sk * 16 mA
(. :M'i @ devst input current teach 3 |Veg=MAX, Vi e04vV RTIEY
Lagies! 1 lovel input current (each Vee ® MAX, Via® 24V . 40 | uA
L LIS ‘ Vee: MAX. V=S5V T 1 A
SNS420 | -20 ~558 |
t“ Shencireuh output currentd s Vee ® MAX sz T oie e mA
[} Logios! O tevel suppiy current 6 Ve = MAX, Vin=8V [ 11 | ma
1eeis)  Lovical | tevei wupply current 6 | Vog " MAX, V,\ <0 74 |~
switching characteristics, Vg » 5 V., TA = 25°C.N = 10
PARAMETERR resv TEST CONDITIONS MIN TYP MAX } it
FIGUNE .
Pﬁf Propagaticn detey tima to togecel O favel 65 {C s 150F, By« 400 {1 ;M 8 15
1 Prevagstion detay ume 1o logeat Vievel | 65 [ Cy = 159F. "y e 4001 1 2 2 ™
T For conEINIOns Shown 55 MIN or MAX, Uss THhS ADDYODIIETE VaIUS SO0S 1180 UNG TBc operating tams fos \ne ap e

dovige typs. - .
S antypiesi vilunr e Voe = B V, T4 < 1%
§ Mot msre than 6ne out shouid be sheresd et o time,
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INF"{J_I'; QUTPUTS
QCTB - ) 8 7
dwps e lednljulfs |

I ————
I
A 3 Cc [»)
0V 2 34567 89 |}
—J [ (==
1121304 5js~7 8
Q12 3 4 5 s cmD
R4
UTPUTS

7420

Yee
wifn][n THD
3
! P

W X o~ N

7495

[ ARSI I B

'—__—0 OU‘I'W'I'S -0—\

CLOCK Y CLOCK 2

RIAL [ ] o _ Mo
u NPUT \_L.__ mmn —t CONTROL.

Vee A D' REHIFT LAHIFT

ll‘“ﬂ”‘?”“”"“j”ll .
.

a

[~ V

1

i

—

K 10
oin|

7404

Tce 6A
'_f_‘.u u'rn
il
it
»
i
1
(=
) ?
e

Veg A &Y A 3v ea v

i Lr'“.r-“

1174 .| $
—
1A v 2a ?V ]A v G"O

7410

LR 4 .2

"' Eﬁz"_’ -
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M 2Q

mmrinmrﬁ
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1

|l

[drum PHESETP l -1

7

|
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[

t
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.
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F R ]
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) v TIMING PINS
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wifu][e]{nl[w
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LOGIC EXPERIMENT III

USE OF INTEGRATED CIRCUITS IN COMMON
COMPUTER HAFDWARE DEVICES

Purpose.

The purrnse o»f this experiment is to demonstrate hgw several different
logic components to vhich you have besen introduced either in lecture or in
revious experiments can be connected together to make circuits useful in
comﬁuter applications. We will. deal specifically with digital-to-analog
and analog-to-digital converters.,

You will be »—ovided with a digital-to-analog converter (DAC) chip;
by adding components to it, an inexpensive analog-to-digital converter (ADC)
can be constructed. After this has becn done, modifications can be made,-
changing the ADC from e counter-converter ton a continuous converter. Finally,

8 different ADC circuit ill be built, without using thc DAC chip at all.

PART I - Setting up the DAC circuit, and modifying it to make an ADC.‘

Components Used.

a) Datel DAC-9 -- Digital-to-analog canerter module.

b) RCThiDy - Eight pin operational amplifier used as 2 current-to-
voltage converter.

c) VOM - Volt-ohm-milliammeter used to monitor the DAC and current-
to-voltage ~onverters, and to troubleshoot circuits.

@) VRS -- Heath voltage referencc source, used as analog signal.
(CAUTION - naver use above 5 Volts)

e) Transistorized Power Supply

Revised, April, 1973
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f£) LMT10CN ~ Voltage comparator - Puts oﬁt a logical 1 or 0, depending
on differential voltage at its + and -~ inputs.

g) SNTh0O -.Dual input NAND gates - Used to make an R-S flip-flop
and to control gating pulses to che counter.

h) SNTLOL inverter - Used to convert the R-S flip-flop output for
controlling a data storage device (latch).

i) SNTLO3 binary counter - Used as the source of digital signals for
the DAC, and for the representation of analog signals of the ADC.

J) SNTLT5 - Bistable data latch - Used to store the contents of the
counter when the counter's binary contents equal the input
analog signal;

k) Resistors - One 2K, % watt resistors for the current-to-voltage
converter.

1) Capacitors -~ Several .012 mfd. decoupling capacitors to be used on all logic
chips at + and - 15 Volt inputs to eliminate high frequency noise.

m) Power supply - One *15 Volt Analog Devices power supply for the

710 and TWl chips (may be built inside the Elite).

Introduction:

Figure 1 shows a schematic of the first circuit you are to wire. We
will trace its operation starting with the SNTL93 counter.

Initially, the counter should be cleared and the Control FF should be
sct to a logical "1" output. With the counter at zero, the digital converter
puts out zero current. Vhen the Control FF is set; the pulser output can

be seen by the counter. As the count increases, so does the DAC output until
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7400 oF¥
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Pigure 1. Counter ADC
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it reaches g maximum of about 2.5 mA at a count of 15. The DAC output goes

through a current-to-voltage converter using a TWl operational amplifier.

From there, the signal is led to a 710 voltage comparator. Here, the VRS
analog voltaée is compaied‘to the converter voltage. The function.of the
oversll circuit is to generafe a digital representation of the VRS voltage.
This is done by inhibiting the pulses from reaching the counter when

Voael 2|

Vs *
< . . ) . 1, . o Y . .
the |VDAC| IVVRS‘ with bo@h inputs having the seme polarity. Starting

DACI The T10 chip as wired will output a logical 1 as long as

DAC | > IVVRSI. At this point, the

comparator goes to logical 0. This changes the Q output of the R-S flip-

at ZET0, the V increases until IVDAC

flop from 1 to O. As a result, the pulser output is inhibited at thev7h00
NAND gate. vAlso, a TW75 data latch can:be enabléd by the inverted flip-
flop output. At thi; point, then, countingvis stopped, and the digital
represéntation 6f the VRS voltage is "sﬁrobed" into the latch. It is
then stbredlthere, even if counting is. continued. .By ﬁanuali& resetting
the coﬁnter and flip;flop, andther.conversipn can be made,

How could yoﬁ quify the éircuit so' that another conversion process
could be initiated agtomatically?~ Couid you set uﬁlthe'circuit-so that
confersions could be made repetitively after a start command? |

Experimentai'Details.

A) Haok up a TU93 counter using’the Qata sheet provi@ed. Hook up the
A, B,”C,'éﬁd_D outputs to lights. Hook up & norm off pulser to the reset.
pin 2. Don't farget tgrc?nnect pin 1 to pin 12. - Tempqrarily_coﬁnéct‘a norm
off/pulser to clock input pin iu. Check that -the counter counts and resets

'>properly.



B) Power a DAC-9 using pin 9 for +15V D.C. from your power supply and
pin 11 for ground. Make sure ground and common are shorted on the power
supply. Ground pins 5 through 8. They are for least significant bits and
will not be used in this experiment. Hook up the A, B, C, and D counter
outputs to pins 4, 3, 2, and 1 of the DAC. Pin 1 is for the most significant
bit and pin 4 for the least significant bit. Take tﬂe output {rom pin 12,
Connect it to your VOM using the 15 mA scale. With the counter at zero,
your converter should give out zero current, énd at a count of 15, the
output should be about 2.5 mA. Make a plot of mA output vs. count.

C) The current output of the DAC must be converted to a voltage. Wire

a Tl op. amp. as shown in Figure 2.

A
2K NC 1 fNC
. INPUT 1415 V
*Loac | -V ou :_-_t>‘_
COM,GND- OuT PUT
-ISV ¢ NC
Current-to-voltoge Converter T4l Connections

Figure 2

In this mode, V £« -i, xR

out in g+ Since R, = 2K, the maximum output is -5 Volts.

Be sure to put decoupling capacitors across +15V to the ground and -15 V to
ground for the op. amp. Now plot voltage output from the op. amp. vs. digi-
tal counts.

D) The 710 comparator will be damagéd @f voltages greater than *TV are

present at its inputs or if the difference in voltage between its inputs
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{ A
is greater than 5 Volts. The comparator output should be logical 1, until

the lV > 'VVRS!' TherefFre, the negative VRS signal should be hooked

DACl |
up to the - input of t@e comparator, Use your data sheet for proper pin
assignients. Connect the op., amp. output to the comparator + terminal,
Power the T10 chip connecting the +15V power supply to pin 11 and -7V from
the transistor power supply to pin 6. Use decoupling capacitors as above,

Clear the counter. Set the VRS to -UV, At this point, the comparator
should be at logical 1. Monitor it with an indicator light. Now pulse
the counter. At a count of about 12, the DAC will have an approximate
output of (-5V x 12/15) = -k Volts, -5V being the full scale reading corre-
sponding to a count of 15. So the comparator should flip to the O state.
Verify this, monitoring the VDAC with the VOM. If the light does not go
out before a count of 15, recheck your wiring.

E) Because the comparator oscillates near the null point, another com-
ponent must be included to generate a steady logical 0O at the comparator's
transition point. Thus, the cross coupled NAND gate (RS flip-flop) is
used in Figure 1 (Control FF). Set the FF by grounding the set input
MOMENTARILY, through a toggle switch. Hook the comparator to the reset
input. Monitor the Q output of the flip-flop. When the comparator output
goes from 1to 0, this will change the state of the Q output from 1 to O.

Any oscillations at the reset input after the initial transition will not
affect the Q output. Check the operation of this gate using a norm off
pulser in place of the comparator. Use decoupling capacitprs for the TLOO's
between Vcc and GND.

F) Connect the R-S flip~flop's Q output to one input of a TLOO NAND gate.

The other input is connected to a norm off clock pulser, which had previously



been connected directly to the Th93 counter. The gate output goes to the
input of the T493 counter.

At this. point, the ADC converter is completed. To check its operation,
reset the counter, and set -3 Volts on the VRS. Make sure the Q output of
the flip-flop is at logical 1. Now pulse the counter. It should count up
only to that value corresponding to -3V and stop. Continued pulsing is
inhibited from reaching the counter through the NAND gate as long as the
flip-flop remains at logical O. Don't worry if the comparitor light stays
on. During this time, the contents of the counter can be strobed into a
data latch which will store the data even after the counter is reset.
Clearing the counter, then setting the flip-flop, will allow repetitive
runs.

G) OPTIONAL. Hook uprewer and common to & T475 data latch according
- 10 the data sheet. Use decoupling capacit?rs. Hook up the outputs of
the counter pins 12, 9, 8, and 11 to pins 2, 3, 6, and 7 of thé latch.
Connect pins 16, 15, 10, and 9 of the latch to indicator lights. - Take
the signal coming from the R-S flip-flop, invert it using a ThOL gate, and
conneét it to the two clock inputs of the latch, pins 4 and 13. AOnly when.
the flip-flop's Q output goes to O will data be strobed into the latch.

By holding the set input of the flip-flop at ground, the counting can be
resumed without the contents of the latch changing from that when the counting
was first inhibited.

Plot the latch contents as & function of different VRS voltages from
O to -5Volts to examine how well your analog-to-digital converter will

perform. How good is its resolution?
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If you modify the circuit to provide automatic repetitive conversions,
be sure to check your proposed circuit with the lab instructor before

proceeding to wire it up. What is the conversion time of the ADC for the

maximum voltage? minimum voltage?

PART II - Comstructing an ADC which continuéusly follows a changing
analog signal.

New Compunents.

a) 74193 - up/down binary counter.

Introduction.

Since actual analog signals change with time, it is desirable to have

an ADC which continously follows the analog signal. This can be accomplished

be replacing the Th93 counter with a TW193 up/down counter. See Figure 3.

- YRS

74i93 r.{>,,___7"'°l' {00
' ' ) J — :Z>——___
) N
0 oFF
N DAC ¢
T Puls. e
(4 or P.G ‘ 7400
Ur
DownwN

Figure 3. Continuously Converting ADC




This circuit is somewhat different in operation from the previous one.
Now clock pulses are allowed to reach the counter continuously either in
the up-count or down-count mode, depending on the output of a T4l op. amp.
used as a comparator. In this open loop configuration, the op. amp.
theoretically multiplies any voltage differences at its input by about
100,000. However, its output is iimited by the *15V power supply. Note
that it is again necessary to use negative analog voltages form the VRS,
in order to reach null conditions at the comparator's input. If
IVVRS, > IVDACI,'then a logical 1 (+15V) will éppear at the op. amp's.
output since the T4l has greatly amplified and inverted the negative signal
at its input. This will allow pulses through the up gate (2), and thus
the DAC output will increase until ,vVRSl & IVDACI at which point the
counter will oscillate *1 bit. Conversely, if [V

IV ,» the op.

<
vas! < [Vpycl
amp. will put out a logical O, disabling the up gate while enabling the

\

Vpac!-

down gate. Thus, the DAC output will decrease, until lvVRS‘ =

Experimental Details. \

A) Hook up the T4193 counter. Pins 7, 6, 2, and 3 are the counter
outputs. Monitor them with lights and hook them up to the DAC chip, pins
1 through 4 respectively. Check the operation of the counter by hooking
pins 4 and 5 to separate norm on pulsers and pin 14 to a norm off pulser.
Pulsing pin 4 causes the chip to count down, pulsing pin 5 causes the chip
to count up, while pulsing pin 14 clears the counter. Refer to the supplied
\k data sheet.

g B) Hook up the T4l op. emp. in the open loop configuration (no feedback

resistor), as shown in Figure 3. Again use the %15V power supply for the
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DAC and op. amp., using decoupling capacitors as needed across.tlS and
ground. The VRS red lead is connected to one 2K resistor and this component
into pin 2 of the op. amp. The black lead is connected to ground. By using
the reverse mode, this unit will then put out the required negative voltage:
between O and ~5V. When the VRS is set to =5V, it will generate -2.5 nA,
which matches the maximum output current of the DAC. In practice, it may

be necessary to set the VRS as high as -7V to balance the makimum DAC output.
The DAC output is connected to the (-) iﬁput of the Thl.

Check the comparator's operation. Set =4V on the VRS and reset the
counter. With a norm on pulser connected to pin 5 of the counter and pin b
left open, the counter output will increase as one pulses it. Initially,
the comparator should be logical 1 (4+15V). At a count of about 8 or 9,
the comparator should go to O (-15V). Plot the count at which the comparstor
changes state for initial VRS settings of -i, -2, =3, -4, and -5 Volts.

C) Now connect the comparator as showg in Figure 3. Use a norm off
pulser connected to gates 1 and 2. Connect the down gate output to pin U
of the counter and the up gate output to pin 5. While continuously pulsing
the dqunter, note how the VRS signal is followed by the digital output as
it is varied between O and -5V.

One modification which may be made is the substit...ion of a pulse
generator set at about 1 Hz for the hand pulser. Another modificstion would
be to include a data latch to store the counter value at regular intervals.
This circuit would then correspond closely to a commercial ADC. Design

the modified circuit and check with the lab instructor before implementation.
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PART III - Making & ramp type ADC.

New Components.

a) 10 Meg. resistor for ramp circuit.

b) 1 uf capacitor for ramp circuit.

c) 7410 three input NAND gate.

Introduction.

Another type of ADC can be built using a remp voltage which is compéred

to the incoming negative analog signal. See Figure i,

Pu".&t‘.
Sw,z T400 Vthgrq_fgr
o
< u
— N
+ _ 7410 &
=3 - §w3 ; 7
. ne ®+73
sl 7425 L7
) Resut
N
GFF
Sw_|
%yF'
+5V —NW -

+ &N
(Elite) oM +

D 741 1

Figure 4., Ramp Type ADC
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Here, the TUl operational amp is used to generate a ramp voltage. The

ramp will increase until it equals the |VVRS

point, the comparator changes form the 1 té 0 state. This resets the R-S

| analog voltage. At that

flip~-flop, putting a O on one input of the three~input NAND gate, to which
the pulse generator is connected, thus disabling the_counter. Tne larger
the VRS signal, the longer it will take for the ramp to equal its value,
and the larger will be the counter wvalue when clock pulses are inhibited.
The counter value should be proportional to the VRS signal.

Experimental Details.

A) Wire the circuit in Figure 4. The ramp voltage at the output of the
R )
T4l integrating amplifier will vary from 0 to -5V over a period of about
10 seconds since

e, = -1/RC . e, dt
Use the +5 Volts on the Elite lab for ein to the integrator. Monitor the
| ramp output with the VOM. Do not let the ramp VOltage go above ~T Volts or
the comparator will be damaged. The ramp capacitor can be conveniently
shorted using a toggle switch connected aéross the 1 uf capacitor. Familiarize
yourself with this component before hooking it up to the comparator. Use
VRS values between O and -5 Volts.

B) The remaining components are hooked up as in previous experiments.
(Don't forget to use decoupling capacitors.) Monitor the outputs of the
comparator and flip-flops with lightis.

C) To initiate a run, clear the counter, set the VRS (-) voltage, set

the R-S flip-flop by momemtarily closing SW2 , then open the capacitor switch,

(SW1), and the sync. switch, (SW3), simultaneously. At the end of a run, close
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the sync. switch and capacitor switeh. The sync. switch while closed will
keep clock pulses from reaching the counter. Once open, only the control
flip-flop can disable the counter.

The actual readings you obtain for a given VRS signal will depend on
the frequency of the pulse generator which must be kept constant for a
given series of runs. For example, setting the pulse frequenecy control at
1 Hz and the vernier at mid scale, a VRS signal of -4 Volts results in a
count of about 7.

Plot counter output vs. VRS voltage at two or more clock frequencies.

After doing Logic Experiment IV, you will become familiar with using
analog switches. If you have time, you should return to the eircuit of

Figure 4 and modify the design for automatic repetitive digitization.
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LINEAR
INTEGRATED CIRCUITS

[ LR a

CIRCUIT TYPES SN7Z10)
DIFFERENTIAL COMPARATORS

e Fast Response Times
¢ Low Offset Characteristics

¢ Output Compatible with Most TTL and
DTL Circuits

description

The SN52710 and SN72710 are monolithic high-
speed comparators having differential inputs and a
low-impedance output. Component matching,
inherent in silicon integrated circuit fabrication
techniques, produces a comparator with low-drift and
low-offset characteristics. These circuits are especially
useful for applications requinng an amplitude
discriminator, memory sense amplifier, or a high-
speed voltage comparator. The SNS2710 is character-
ised for operation over the full military temperature
range of ~55°C to 1256°C; the SN72710 is character-
ized for operation from 0°C to 70°C.

terminal assignments

1
i
schematic ‘

Component velues tiown ere nominel.

JORN
OUAL-IN-LINE PACKAGE (TOP VIEW)
_J
LI I TU K
EiniGinigigy
| l, - e e e
r |
' l
TR T
W OMONONIN WINT W vig e
H RN
NC~No internet connection )
absolute maximum ratings over operating free-air temperature range (unless otherwise noted)
SN52710 SN72710 [ UNITI
Supply voitage Vo + (see Note 1} 14 14 v
_ Supply voltage V.. see Note 1) -7 -7 \
ifferential input voitage (see Note 2) t5 5 vV !
Input voltage (either input, see Note 1) +7 £7 v !
. Peak output current {1y, *» 1 s) 10 10 mA |
Continuous total power dissipation
at (or below)_79_"_C_fLe_g_qn temperature (see Note 3) 300 300 mwW l
Operating free-air temperature range -55t0125 | 010 70 K
Storage temperature ranne -65t0 150 | -6510 150] C
Lead temperature 1/16 inch from case for 60 seconds J. L. or S package 300 300 C |
Lead temperature 1/16 inch from case for 10 seconds N package 260 260 “C |
NOTES: 1. All voilage vaiues, except difterential voitages, are with resDect {0 the network ground termins!,
2. Differentie] voitages are at the naninverting input terminal with ¢*#3008CE 1O the invering Input terminel,
3. For operetion of the SN52710 ahova 70 C frae ar temperature, ralar 10 Ossipation Oerating Curve, Figurs 8,
271
368 TEXAS INSTRUMENTS
INCORPORATED
POSY OFFICE SOX $012 « DALLAG. TEXAS 29222
TR YTy > -y




CIRCUIT TYPES

7404
HEX INVERTERS

schematic (each inverter)

H CuUTPUT

<Vee
1300 :

INPUT Y
A .
-
NOTE: Comp. ¢ valugs sre nominel. 1A 1y 2A 2v 3A 3Y GND
. positive logic: ¥ = A
recommended operating conditions
MIN  NOM  MAX | UNIT

Supply Voitage Vcc:  SN5404 Circuits 48 5 55 | V
SN7404 Circuits 475 g 5.25 v

Normalized Fan-Out From EachQueput. N . . . . . . . . . 10
Operating Fres-Air Temperature Range, Ta:  SN5404 Circuits 86 25 125 | °c
SN7404 Circuits [} 25 70 °c

elsctricsl characteristics over recommended operating free-air temperature range (unless otherwise noted)

JOR N DUAL.IN-LINE PACKAGE

{TOP VIEW)

SA sy

4a 4y

TEST
PARAMETER t
FIGURE TEST CONOITIONS MIN  TYP: MAX| UNIT .
Logica! 1 input voltage required i ; o .
Vin{1)  stinput termingt 1o ensurs 15 2 v -
togical O levet st output
Logical 0 input voitage required
Vin{o}  #t sy input terminal to sneuce 18 08 v
topical 3 level st output
. Vee ~ MIN, Vin=08vV,
A/ Logical 1 output vo 18 n
out(1) hage g = ~400 uA 24 23 v
Vee * -
Voutl0] Loical O output vohage 15 Cc = MIN, Vin=2V, 02 o4t Vv
Ysink * 16 ma
Yint0) Logicel O levet input current 18 Vee = MAX, Vin~04V ~-16| mA
(1) Logicsl 1 level input current 18 Yec = MAX, Vin=24V 20 A
Vee = MAX, Vin=S55V 1 mA
1 ) 19 V... « MAX SNG404 | -0 55
0S5 Shortcircuit output current cC SN1404 | —1e Ty mA
lcctoy  Logical O level supply current - 20 Vee = MAX, Vine5V 18 3P| ma
Icc(1)  Logical 1level supply current 20 [Vge=Max Vin®=0 [ 12| mA
switching characteristics, VCC =5V, TA = 25°C,N = 10
PARAMETER TEsT TEST CONDITIONS MIN  TYP T
FIGURE MAX | uidal
Propagation delsy time to logical 0
tod0 muw v o9 s C = ¥5pF. RL =400 0 8 15 n
Propagation daisy time to logicst 4
w ‘"l“ sy ‘op 65 cL.|5°F. RL‘““ 12 2 ns
T Por sonditions shown as MIN of MAX. Use the spPrOpriate velus itied under g operating tor the

devioe type.

$ AN tvpicst veiues sre st Ve = 8V, T = 289C.
§ Not more than one output shou!d be shorted &t & time,

Q
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CIRCUIT TYPES

QUADRUPLE 2.IN

schematic (each gata) .
%«
n -
»-am{ outst ¥
»
(XY}
(o]

NOTE: Component valuse shown are nom}

© SN7400 )

/ﬂﬂ)OSlllV! NAND GATES

J OR N QUAL.IN-LINE PACKAGE

(TOP VIEW'

positive fogls: ¥ = X¥

.

recommendc< operating conditions MIN NOM MAX | UNIT
Supply Voitage Voc: SNS40QCircuits . . . . . . o v . o o o v e e 48 § 85| Vv
SN?7400Circuits . . . . . . . . . . . o e e e e 7% 8 828| Vv
Normalized Fan.Out FromEschOutput, N . . . . . . « .« « « « v v 0 v v 10
Operating Froe-Air Temperature Range, Ta: SNS5400 Circuits . . . . . . . . . -68 28 128 | °C
SN?7400 Circuits . . . . . . . . . 0 25 1] °C
electrical characteristics over recommended operating free-air temperature (uniess otherwise noted)
T
PARAMETER EST TEST CONDITIONS! MIN TYP: max|uNnit
FIGURE
Logica! 1 input voltage required
Vin(1) 8t both input terminais t0 ensure 1 2 v
fogical O leve! at ourput
Logical 0 input voltge required
Vin(0o}  ®t sither input terminal to ensure 2 0.8 v
logica! 1 level at output
] Ve = MIN, Vin= 08V,
V, 1 I 24 3 v
'out(1) Logicel 1 output voltsge ? Hoad * —400 uA .3
Vee ® MIN, Vin= 2V,
v A ol v
'outi0) Logicsl O output voltage 1 sint * 16 MA 022 0
Logical O level h
lin(0} 09 nput current {eec a Vee = MAX, Vin=04V 16| ma
input)
" Logical 1 level input current (esch: R Vee ® MAX, Vin* 24V 40 | uA
i noun Vec " MAX,  Vip=58V 1 | mA
' : SNS400 -20 -55
Shortcircuit o urrent V. = MAX mA
0s <HCUit Ouut € L3 cCc SN7400 18 —58
[tccio)  Logical O level supply current 6 Vee ® MAX, Vin*8V 12 22| mA
Icc(1) Logueal Y level supply current [ vee ® MAX, Vin=0 4 gl ma
switching characteristics, Vcc =5V, TaA=25'C,N=10
PARAMETER F::j:ﬁ TEST CONOITIONS MIN TYP MAX ! UNIT
[} Propegation delsy time to logrcal 0 level 65 CL » 1S0oF, AL = 400 52 7 15 ns
tod Propagation delay tirme to logical 1 tevel 65 Cp = 15pF, R = 400 12 " 22 ns

* For conditions shown as MIN or MA X, use the spPrODriate velue SDECHied UNCEr FECOMMENTed OPErating conditions 107 the applicable

device type.
£ Al typicel vaiuss sre ot Ve = 5V, T = 25°C.

Not more than one output shouid be shorted at s time,

L2 ]



CIRCUIT TYPES

i

TRIPLE 2-IMPUT POSITIVE HAND GATES

. NOTE: Compor

schematic (each gate)

1 se} & tref?

Cum.t -

t vatuss sh

. !ponithn logle: ¥ o ABC
N

JON N DUALAN-LINE PACKAGE
{TOP VIEW)

Vec

- 1 re b o it 14 .
nininiininios

recommends: rati nditi
rded operating conditions i wom wax o
Supply Voltoye Voe:  SN541C Circuits . 45 8 551 v
SN7410 Circuits . . Jar8 6 825( v
Normalized Fan-Out From Each Qutput, N . . . . . . . . . .. 10
Operating Free-Air Temperature Range, Ta:  SN5410 Circuits J-s8 28 128} °c
SN7410 Circuits e e e 0 28 70| °C
electrical characteristics (over recommended operating free-air temperaturs range unless otherwise noted)
TES,
T 4
PARAMETER FIGURE TEST CONDITIONS MIN TYPE MAX|UNIT
Logical 1 input voitere required
Vin{s)  stallinput terminals to ensure LI 2 v
logicel O level at Dutput L
Logleal 0 Input volage required |
Vinigs 4t eny input terminel 10 ensure 2 08| v
fogical 1 level st Dutput
. vee = MIN, Vin=C.8V,
Vout(1) Logicat 1 output voltsge 2 lioad ® A 24 33 v
R . Vee = MIN, Vin=2V,
Vour(0) (ogicel 9 output voitage 1 Link = 16 mA 022 o4 ( V
ooy ;9::! 0 level input current {(each 3 vcc- « MAX, Vin=0.4V _16| ma
' Logical ‘1 level input current {esch 4 Voo = MAX, Vin=24V 40 { uA
Y g VeC 2 MAX,  Vip=55V 1 | mA
SNS410 -2 ~55 !
! 5 Vap ™ v 4 mA
OS  Shortclrcult outbut curmentd 5 VeSS SN7a10 |18 o5 |
1ce(0)  Logical O level supply current 8 Voo = MAX, Vin=8V 9 188 | mA
lgtfy) Logical 1 level supply current 8 Vee = MAX, Vin=0 3 6 [ mA
switching charactsristics, VeCc =5V, TA=25°C,N= 10
TEST ]
17T
PARAVETER £IGURE TEST CONDITIONS MIN TYP MAX|UN |
¢, Prapagation delsy time-to logicsl O level 66 |CL=150F, R~ 4000 7 195 ns
tad Propegation deley time to logical 1 level 65 [CL-ISnF. R = 400 :1 1 22 ns
¥ For conditions ahown as MIN or-MAX, use the sPRIOPIIATE VEILS s0aci!ied UNTEr FECOMMENdsd D #ting tor the

820
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devies type.
$ All typical values sre at Vo = 5 V. Ta = 25°C.
§ Not more then ane output enouid be shortes st a tima.




1L CIRCUIT TYPES
Ml 4-BIT BINARY COUNTEKS

MSI TTL HIGH-SPEED RIPPLE-THROUGH COUNTERS

for epplications in

¢ Digital Computer $ystems o DataHandling Systems ¢ Contro! Systems
. JORN
m‘c TRUTH TABLE (See NOtes 1, 2. and 3) DUAL-IN-LINE PACKAGE (TOP VIEW)
Quthut LA
COUNT LB ESEFEL T A NC A 0 o~ o8 [4 .
TR O N R DIIEERENERE
\ o Jololl o
2 o o]+ ]o - T [ T < L
3 “lLojofnr i (] cr cr ’ [!
. ? 7 2 10 « X e B [x ¢ . € "
s (BN il
I KR ERER DS it
7 o [t 1 [ :I
s (BB KR &}
(HIRZIR AR IR RILRIR

’ HERAERK Wt e L—n‘?c‘ <
10 tjol+]e o tom
1 R ERK
[ t[v]of¢® positive logic: see truth table N
3 1 1 o it
7] t \ [ )
m T NC~No internal Connection

NOTE®: 1, Output A conmcted 10 input 8
2. To reset oll outdiit to 10gical O both
Ro(1) and Ry (}) Inputs must be et
loglcal 1,
3. Either lor both] reset Inputs Mgy,
snd Rg(g) must be et 8 I9gitel O to count.

description

Thes high-speed, monolithic 4.bit binary counters consist of four master-slave flip-flops which are internally intercon.
nected to provide a divide-by-two counter and a divide-by-eight counter, A gated direct reset line is provided which
Inhibits the count inputs and smultaneously returns the four flip-flop outputs to 2 Jogical 0. As the output from flio.
flop A is not internally connecied to the succeeding flip-flops the counter mey be operated in two indepenient modes:
1. When used as a 4-bit ripple-through counter, output A must be externally connected to input B. The input ¢ °
count pulsss are applied to input A, Simultaneous divisions of 2, 4, 8, and 16 are performed at the A, B, *~"=-"=-
C, and D outputs 83 shown in the truth table above. .

2. When used as a 3-bit tipple-through counter, the input count pulses are epplied to input 8. Simultaneous
frequency divisions of 2, 4, and 8 are available st the B, C, and D outputs. Independent use of flip-flop A is
avallable if the reset function coincides with resat of the 3-bit ripple-through counter.

These circuits are completely compatible with Series 54/74 TTL ard DTL logic families. Average power dissipation is
40 mW per flip-flop (160 mW total).

sbsolute maximum ratings over operating temperature range {unless otherwiss noted)

Supply Voltage Ve (SeeNoted) . . . . L . L L 0 L L d h e e e s e e e e e .2V
input Voltage Vi (See Notesdand5) . . . . c e e e e i e s e s e e . . SBY
Operating Free-Air Temperature Range: SN5493 Cm:unu e e e e e d e w .. -85'C0125°C

SN7493Cireuits . . . . . . . . . . . .. .. 0QCt20°C
SOrage TOMDeratur@ RANGE . . . . . &+ &« « « o + + 4+ 4 « o o+ e e e . « . =65Ct0150°C

NOTES: 4. Theee voltage values ere with resoect 1o network round terminel,
8. INDUT signels Must De 2870 OF Positive with resDECt 10 network ground terminal,

e ———
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i CIRCUIT TYPES
i MS| SYNCHRONOUS 4-BIT UP/DOWN COUNTERS (DUAL CLOCK WITH CLEAR.

S A a—

. 2¢<
Cascading Circuitry Provided Internally e
me
Synchronous Operation JORN 3 -
. . DUAL IN-LINE PACKAGE {TOP VIEW! 21
Individual Preset to Each Flip-Flop —_ — o~
————e ‘ TS e 2y
Fully Independent Clear Input e " o sl
———, Typical Maximum Input Count Frequency . . . 32 MHz =
bt
- - -
dascription ; g
-
o . mmemen These monolithic circuits are synchronous reversible (up/down) i E
—— o~ e counters having a complexity of 55 equivaient gates. The J ;5
SN54192 and SN74192 are BCD counters and the SN54193 and <=
SN74193 are 4:bit binary counters. Synchronous ogeration is "," 2l e N s g-:
provided by having ali flip-Hlops clocked stmultaneously so that R T <
the outputs change cowincidently with each other when so logic: Low input 10 load sets Oy E
instructed by the steering logic. This mode of operation Qg =8,0¢ * C,and Qg = O «

eliminates the output counting spikes which are normally
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NOTE ¢

ssociated with asynchronous Irippte-clock) counters.

The outputs of the four master-stave flip-fiops are triggered by a low-to-high-tevel transition of either count (clock)
input. The direction of counting is derermined by which count input is pulsed while the other count input is high.

Alt four counters are fully programmable: that is, the outputs may be preset to any state by entering the desired data at
the data inputs while the {oad input is low. The output wiill change to agree with the data inputs independently of the
count pulses. This feature allows the counlers o be used as modulo-N dlwders by simply modnfvmg the count length
with the preset inputs,

A clear input has been provided which forces alt outputs to the low tevel when a high level is applied. The clear function
is independent of the count and load inputs An input buffer has been placed on the ~"ear, count, and load inputs to
lower the drive requirements to one normalized Series 54/74 load. This is important when the output of the driving
circuitry is somewhal fimited.

.

These counters were designed to be cascaded without the need for external circuitry. Both borrow and carry ou!puls! 3

are available to caxade both the up- and down-counting functions. The borrow output produces 3 pulse equal in Witith Budseete. .

to the count-down input when the counter underflows. Similarly, the carry output produces a pulse equal in width to
the count-up input when an overflow condition exists. The counters can then be easily cascaded by feeding the borrow
and carry outputs to the count down and count-up inputs respectively of the succeeding counter.

Power dissipation is typicatly 325 milliwatts for either the decade or binary version. Maximum input count frequency is
typically 32 megahertz and 1s guaranteed to be 25 MHz minimum. Al inguts are buffered and represent only one
normalized Series 54/74 toad. Input clamping diodes are provided to minimize transmission-line eftects and thereby
simplity system design. The SN54192 and SN54193 are characterized for operation over the tull military temperature
range of ~55"C to 125°C; the SN74192 and SN74193 are characterized for operation from 6°C to 70°C.

absolute maximum ratings over operating free-air temperature range (unless otherwise noted)

Supply voltage V¢ (see Note 1) e A
Input voltage (sce Note 1) . . S X1
Qperating free-air temperature range SN54192 and SN54193 Cnvcuns —55 Cto 125°C

SN 74192 and SN74193 Circuits 0°C to 70°C

Storage temperature range -65°C to 150°C

Voltage veiuat are with respect to NOtwork 4rounda termenal

TeEXAS INSTRUMENTS
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5 141} CIRCUIT TYPES

\ | " 8-BIT AND BISTABLE LATCHES

oo SNS477/SN7477 SNS475/SN7475
B W FLAY PACKAGE JOR N DUAL IN-LINE

OR W FLAY PACKAGE (TOP VIEW)'

SLOCe
[- - SR TY 17 N I - B 1
ll‘”!”N”ll”ll”“”ﬂ”!l
'

logic

f

{(Each Lstch) ‘“—T— "““h : ‘ ;e . g

| . e ___¢_-;..—s—-‘ ;
. : ta tael B 'r‘[-n n"1‘-'” ]
. i '||”z||] RIS RIERIGAIA)
ve aevimal O may be used [o] Q R R I ) %)
icant bit (MSB) ot the ! . -
1y i10C) is applied to the 2 2
-ank-xd, this signal is gated

NOTES® 1. t, = bit time before clock
negsative-going transition.,

2. thet ™ Dit time stter clock
negative-going trensition.

1NOICATOR
Tuse

NC ~NO internst connection

2

LY . s
description
These latches are ideally suited for
use as temporary storage for binary
! information between processing
. J f units and input/output or indicator
Il f units. Information present at a data
i

1See Nate A}

b6648884¢8
T

¢

{D} input is transferred to the Q
output when the clock is high, and
the Q output will follow the data

——

CLamP
S8 Nove 8!

H input as long as the clock remains
= i high. When the clock goes low, the
information (that was present at
the dsta input at the time the
transition occurred) is retained at
the Q output until the clock is
permitted to go high.

enrom Tie SN5475/SN7475 festures compiementary Q and Q outputs from a 4.bit latch, and is availabie in the 16-pin
'at packages. For higher component density applications the SN5477/SN7477 4-bit tatch is available in the 14-pin flat
/'\ package. The SN54100/SN74100 features two independent auadruple tatches in 2 single 24-pin dual-in-line package.

9 ! ! A These circuits are completely compatible with all popular TTL or OTL families. Typical power dissipation is 40
§ P mllhwam per tatch. The Series 54 circuits are characterized for operation over the full military temperature range of
5 I —55°C to 125°C and Series 74 circuits are charactenized for aperation from 0°C to 70°C.

§ .‘--'.L—? _:i,,:_; absolute maximum ratings (over operating temperature range uniess otherwise noted)

1 fore ot &2 Supply Voltage, Vo (SeeNote3) . . . . . . . . . . it e e e e e e e TV
b ' Input Voltage, Vin (See Notes3andd) . . . . . . . . . ... ...+ ... 58V
I S Operating Free-Air Temperature Range: 5N5475 Circunts - . . . . . . . o 0 o o e . =55°C t0 125°C
. Cl.»‘«M! SNTA7S Circuils -« « + - . e e e e e e e e e 00!070°C
- f;:"" Storage Temperature RANgE . . . . . . . 4 . 4 . e e e e b e e e e e -65°C to 150°C

A

= . NOTES: 3. These voitege values sre with respect 10 network FOUNd terrninel.
4, Indut signals must be rera or positive with respect tO network ground tarminal.
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LOGIC EXPERIMENT IV

INTERFACING ELEMENTS

Materials Needed.

1) Dusl Trace Oscilloscope.

2) Elite Logic lLab.

3) #15V Power Supply. (May be built inside Elite.)
4) Dual Function Generator.

5) 2-SNTL90 Decade Counter ‘(see attached data sheet).
6) 1-SNTLO4 Hex-Inverter (sée attached datas sheet).
"7) 2-CAG 30 FET's and holders (see attached data sheet).
8) 2-741 Op. Amps. (see attached data sheet).

9) 3-100K Resistors.
10) 1-0.1 uf Capacitor.
11) 1-0.01 uf Capacitor.

Introduction.

The purpése of this experiment is to introduce track-and-hold ampli-
fiers and the multiplexer. These are two elements which are commonly used
in interfacing analog signals to a digital computer. The multiplexer allows
an analog-to-digital converter to be time-shared, thus allowing several
different analog inputs to be sampled by one ADC. The track-and-hold ampli-
fier is used to ailow precise assignment of the acquisition time of a data
point as it should have a very small aperture time. For more detaiis,‘see

Chapters 8, 9 in Reading Material, Volume II.

Revised, April, 1973




Dual Function Generator.

For this experiment, you will be furnished & dual function generator
card, which piugs in directly to the Elite lab. ”In order to be able to
use this functién generator, it is necessary to supply +15 volts at pin C,
=15 volts at pin X, +5 volts at pin A, and ground at pin Z or at the pins
indicated on the card. In order to trigger the generator, a positive level
(of less than 40 msec.) is applied to pin H. When the generator is triggered,
it will output a square wave at pin K, and & triangular wave at pin E.
the period of each of these two signals is 100 ms. The signal generator
should not be triggered at rates greester than 10 Hz as erratic results will
be observed.

Multiplexer.

First, it is necessary to set up the counter circuit composed of two
SNTU90's as shown in Figure 1 (Note: This part of the circuit will be used
throughqut the experiment and should not be disassembled.). Apply a pulse
train of 1 KHz or slightly less. Monitoring the outputs, you should observe
the input frequency, the input frequency divided by 10, and finally the
input frequency divided by 100. Now set up ihe multiplexer circuit as
shown in Figure 1. Consult Spec Sheet to be sure of pin connections to CAG30.
Now apply the +10 output to the 'mltiplexer. Observe the output of the
multiplexer and compare it with each of the inputs. Now apply the 1 KHz
clock to the multiplexer and again observe the output ol the multip%exer.
You §hould note that the higher sampl;ng frequency allows a mucﬁ better re-

solution of both signals. In ad ition, an inversion of the input signals

should be noted. Finally, by increasing the scan speed of the cscilloscope,

' you should be able to observe the speed nf the switching from one state to

the other and the settling time of the out}put.
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Many commercial multiplexers do not include the amplifier which is
used in this circuit. This, however, places much greater resirictions on
the FET's which can be used. In order to get a $#10 volt swing, it is
necessary to use a FET capable of #10 volts. In the circuit you have set
up, howevaer, the FET is located at the summing point of an amplifier and
will not have large signals applied across it. Thus, very inexpensive FET's
can be used.

Track-and-Hold Amplifier.

Set up the track-and-hold circuit as shown in Figure 2. Use a 0.1 uf
capacitor for the hold capacitor. Apply the 100 Hz clock to the FET. Now
obserVe.the input and output of the circuit. You should note a dis=-
tortion of the input signal. Can you explain this? Now add a second
amplifier to the circuit as shown in Figure 3. Again, observe the nature
of the input to the system and the output. In this case, no distortion
should be noted on the input. Can you explain the difference between this
9nd the earlier circuit?

Now replace the 0.1 uf caspacitor with a 0.01 uf capacitor. Observe
the output and note the decay of the signal. - This is known as the "droop

rate" of the track-and-hold.
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CIRCUIT TYP

ES

SN7404
HEX INVERTERS

JOR N DUALAN.LINE PACKAGE
(TOP VIEW)

)
2y 3A

3y GNO

NOTE: Comp valuss s are _ T ) 1A v 2A
-recommended operating conditions
. MIN NOM  MAX | UNIT
Supply Voltage Voc:  SN5404 Circuits 45 5 5.5 v
SN7404 Circuits . . . . 475 5 826 | v
Normatized Fen-Out From Esch Output, N . ., . . . . . . . 10
Operating Free-Air Tempersture Range, TA:  SN5404 Circuits -56 25 125 °c
SN7404 Circuits . 2] 25 70 °c
electrical characteristics over reccommended operating free-air temperature rangs (unless otherwise noted)
PARAMETER TesT TEST CONDITIONS ! v vrt Max| UN
FIGURE . N T UNIY
Logicel 1 input voitegs required
Vinl1)  #tinput terminal to ensure 16 2 v
togicat O level at output )
Logical 0 input voltage required .
VIR(N at snw Input termingl to ensure 18 0.8 v
fogics! 1 leve! at cutput
Vee = MIN, Vin= 08V, .
v, 11 g
'out(1) Logical 1 output volage 16 Hosd ® uA 24 33 v
Vee ™ MIN, Vin"2V,
\7/ 0 output voit 15
out{0}  Logical tPut voltuge , lgink ® 18 mA 0.22 0.4 v
Hinto) Logical O level input current 19 Vee ® MAX, Vin= 0.4V ~18] mA
Ve = MAX, Vin® 24V 40 sA
t 11 i 18
in{1) Logical 1 level input current Vee = MAX, Vip» 85V 1 mA
. 515404 | —20 ~55
los Short-circuit outpyt current§ W Vee " MAX T T ma
fccio)  Lonicet O level supply current 20 vee = MAX, Vin*8V 18 N ma
- tleetn Lopgicel 1 fevel supply current 20 vee ® MAX, Vin=0 8 12 mA
wwitching characteristics, Vec =5V, TA=25°C,N = 10
PARAMETEN Tes TEST CONDITIONS MIN  TYP  MaX | uniT
FIGURE
a0 - ::‘:""“" deley time ta logical 0 | oy | cLe18pF, A -400n 8 15 | m
‘ot ::q.:mmcmnblui - CL = \5pF, AL =400 12 n ns
1 For canditions shown ss MIN or MAX, use the spDropriate vaius specified under ersing for the
dovice type.
§ Al typicel veluss are st ¥eg = 8V, Ty = 20°C.
Net more then ene Gutput should be shorted et & time.
-
- - — oo

611
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m CIRCUIT TYPES , SN7499
msi DECADE COUNTERS

MS1 TTL HIGH.SPEED DECADE COUNTERS

for applications in
¢ Digital Computer Systems o Data-Handling Systems - e Control Systems
JORN
fogic DUALJIN-LINE PACKAGE {TOP VIEW!
TRPOT
e A NC A D GND 8 ¢
TRUTH TABLES | e
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NOTES: 1. Output A connectsd to input BD for BCD count. '
2. X indicetes that elther s logloet 1 or a logics! O may
be present.
description artd typical count configurations’

These high-speed, monolithic decade counters consist
of four dualsank, master-slave flip-flops internally
interconnected to provide s divide-by-two coupter
and adivide-by-five counter. Gated direct reset iines
sre provided to inhibit count inputs and return all
outputs to 2éro or to a binary coded decimal (BCD)
_count of 8. As tha output from flip-flop A Is not
Internally connected 0 tha succeeding stages, the
count may be separated in three independent count
modes: .
1. When used a3 e binery coded c' cimet decade counter, the BD inp 1t must be externally connected { the A
output. The A input receives the incoming count, and s count seq.ence is obtained in accordance with tr#»
BCD count sequence truth table shown sbove. In sddition to a conventional zero resst, inputs are providec
to reset 8 BCD count for nina’s complement decimal applications,

2. If a symmetrical divideby-ten count is desired for frequency synthesizers or other applications requinng
division of 8 binary count by a8 power of ten, the D output must be externally connected to the A input.
The input count is then applied at the BD input and a divide-by-ten square wave is obtainod at output ++.

3.  For operstion a1 a divide-by-two counter and s divide-by-five counter, no external interconnections are

o required, Flip-flop A is used as e binary element for the divide-by-two function. The BD input is usea 1<

obtain binary divide-by-five operation st the B, C, and D outputs. in this mode, the two counters opeu it
Independently; hawever, all four fiip-flops ace reset simuitaneously.

These circuits sre completely compatible with Series 54/74 TTL snd DTL logic families. Average powsr dissipatinn
fs 100 mW,
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CAG30
SPST
® GO OHM MAX. Ron
e WORKS DIRECTLY FROM LOGIC
@ HIGH LOGIC NOISE IMMUNITY VIN
e BREAK BEFORE MAKE ACTION
ABSOLUTE MAXIMUM RATINGS
TO-100
Operating Temperature ToeR --55 to +125 °c — Wou =
Storage Temperature TSTG ~55 to +150 °C j___l i
Logic Supply Voltage VL +4.5 to +5.5 v o) e
Logic Input Voltage VIN 0 o VL v “_’__ :—[ m
Positive Supply Voltage vee 0 to +18 Y L i Lﬂ i T,wm
Negative Supply Voltage VEE ~18 10 ~7 \ wm A0 el 22 0w
il

R e 170 00
‘The CAG30 is a low cost general purpose FET analog gate capable of switching up to £10V signals "
directly from DTL or TTL while providing high logic noise immunity (typically 1.0V). The use of [ —
a monotithic switching circuit as a driver has the advantage of small size and full military tempera- by g
ture range at low cost, The CAG30 turns off faster than it turns on to allow multipiexing without 'C-::?( Bottom
. (W B
shorting. : I-— {‘{-E,_;i"_‘,l' view
L H ~ (\_)_l & )‘/ 043
ogic 1 (> 2.0V) closes contacts & — 833
. Logic 0 (< 1.0V} opens contacts .
.’?—.
ELECTRICAL CHARACTERISTICS: Ta = +25°C; V| = +5.0V; Vg- = -18V; Vg+ = +18V (Unless otherwise stated)
PARAMETER SYmMBsoL TEST (_:ONDIT!ONS i MIN. | TYP, | MAX, [ ULNET
input Signal Range VsIG See Note (1) -10 410 Vv
Drain-Source On-Resistance Rds iD= 1mA, VIN = 2.0V ' 60 |Obhms
Drain-Gate Capacitance Cdgo Vdg = 10V, I§ = 0, f = 140KH2 6 pt
Source-Gate Capacitance Csgo Vsg= 10V, 10 = 0, f = 140KH2 6 pt
On Current Ip {on) YDS = 2.0V, VIN = 20V 20 'n_»}_J
Drain Cut-off Current Ip (off) vOs = ~-10V, VIN = 1,0V 1.0 nA
Source Cut-off Is (off) vVsD = -10V, VIN = 1.0V 1.0 na
Logicat “1°* Input Voitage VIN (1} 2.0 1.5 v
Logical *'0” tnput Voltage ViN (0) 1.5 1.0 v
Logical 0" input Current N (0) VIN = 1.0V 10 uA
Logical *“1* {nput Current 1IN (1) VIN = 2.0V 30 uh
Logic Supply Current L 1.8 4 mA
Positive Supply Current lce 3.5 5 | mA
Negative Supply Current 13 3.5 5 mA
Propagation Delay Time Tpd0 CL =~ 20pf, RL = 1K 05 | uS
to Logical O
Propagation Delay Time Tpd1 CL = 20pf,RL = 1K 1.0 | uS
to Logical 1
Total Power Dissipation PT 75 150 | mw

NOTE 1) VN limits are determined by the Ve and VEE voltages.
VN min, (VEg + 8V) and V  max, (Vcg -2V
Ex. VEg = -8V,Vee = 48V, VN = O to +6V
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748

741 OP AMP
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ABSOLUTE MAXLIAUA RATINGS

ENVIRONMENTAL PRODUCTS

Supply Yullage [e4
Inteen it Foser Dissinstion (ilale 1) SN ey
Dtlecential (vput Vel e ANy
ingut Vo'taze (Note 2} sih%
Storsge lemoeratire fRrage ~65'Cty 11°.0°C
Opcrading Temperatyre Finge ULy + 0%
Lead Temparalate (Salvenng, €0 seivards) 00°C
Output Shat-Crecuit Oufaten (Hate 3) Lt

s

CONNECTION DIAGRAM
Qor }itw)

L 21" 11 1YY
]
SOVL: Pt 4 CONKICTID 10 LAY
ECTRICAL CHARICIZRISTIZS (¥ = =15V, T, = 25°C unless otherwise 33ecified)
PRANETIER CORDITIONS WiN, e, MAX UNITS
Input Oitse L Vortage L] 20 €0 oy
Inpiut Offset Cureent 30 23 A
traut Bias Cureent 200 K0 LV
tngut Res.:tarce oy’ 18 ug
Large-Sipnat Votiage Cain R 2210, V,,= 210V 2,003 100,000
Oulpul Yoilaze Swing K 210k 212 =4 ¥
y 221 210 213 v
input Yollzie Range 12 13 \J
Common 1*ate hejectinn Ritro &, S 1047 % 2 @
Suppis Vo'trie Reezion Fato R < 10As » 150 NN
Power Corsurinsion S0 | H) oW
Trangient Respanse (umily gain) Y, =20V, R =2k0
. €, < 1005F .
Riselime "' 03 - ’”
Overshoo! 50
Stew Rete (uaity g2ie) x 22t 03 Y
The foicwing specihizatiens apply for 0°C < ¥, « 4 70C ) .
Bpul Mgt Vutage 8, S 10\ 15 oY
frgut Othyet Corrent ‘ 300 M
frpul Bas Cutrenl €00 )
Large S onat Valtege haum SR 2200 Y, ,m 210V 15,60 '
Outpul Veltage Su 1.2 %> 00 210 ¥
b’
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NOTE: The suffix letters
T and V refer to the case
style. The most co:ion
designation for thesc op-
amps is 741C or 74SC. In
this case the '"'¢' stands
for the 0°-70°C temporaty
range. Regardless of th«
case style the specs are
identical.

The 748 is identical to -
741 except that no inter
compensation capacitus i
included. ‘

Addition of the offsc* ¢
trol is optional. The t
ends of the offsct o u
connccted to the cffnet
terminals (1 § %). The
wiper is connected to pf
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