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Automation in the Laborat( 

On-line computers are providing new free( 
in the design and conduct of experim( 
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grammed" by a series of codes punched 
in, say, a paper tape. The digital codes 
of the paper tape would then be con- 
verted into the analog signals neces- 
sary to "drive" the experiment. 

The experiment is then "digitized." 
)ry A series of digital input commands di- 

rects it, and the results are made avail- 
able in digital output form. Figure 2 

dom represents this situation. 

>nts. 
Plan of the Experiment 

R. J. Spinrad 

One way to gauge the nature of 
current research is to observe the skills 
in which the graduate student is trained. 
For, although the scientific method is 
immutable, the techniques of science 
change continually. In the 1930's the 
student was expected to be a proficient 
glassblower. Electronics was the sine 
qua non of research in the 1940's and 
1950's. 

Today the computer is king. The 
science student, in his undergraduate 
years and through all his subsequent 
training, is schooled in the art of auto- 
matic computation. But, beyond its 
classical role in scientific calculation, 
the computer is now being used in the 
laboratory as an integral part of the 
experimental apparatus itself. This blos- 
soming field of laboratory "automa- 
tion" is the subject of this article (1). 

Levels of Automation 

First, let me discuss the steps in- 
volved in going from a classical ex- 
perimental situation to a fully auto- 
mated one. 

It is possible to talk in quite general 
terms about an experiment and its 
"input" and "output" (for physiology, 
read "stimulus" and "response"; for 
neutron-diffraction analysis, read "posi- 
tion crystal" and "read counter") (see 
Fig. 1). I am concerned here not with 
the nature of the experiment but with 
the technique. 

At the simplest level, the input is 
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a manual operation and the output- 
noted from some meter or counter-is 
entered, by hand, in a log book. Or 
the results, perhaps as a function of 
time or of some input parameter, are 
plotted on a strip chart or x-y 
recorder. 

The first step toward "closing the 
loop" for the automated laboratory oc- 
curs when the experimenter decides to 
generate his data in machine-readable 
form. Appropriate analog-to-digital con- 
verters are incorporated in the output 
apparatus, and the results appear di- 
rectly on punched paper tape or cards 
or on computer-compatible magnetic 
tape. (Often a printed record is pro- 
vided simultaneously so that the ex- 
perimenter can maintain close contact 
with his experiment.) The output data 
are computer-processed later. The re- 
sults of the analysis are used by the 
experimenter to determine the next 
steps in his experimental program. 

Often, however, the judgment of the 
scientist is required only a few times 
in the course of the experiment. Word- 
ing it differently, we might say that 
there are subsets of the input series (a 
simple succession of stimuli, of set- 
tings, of positionings, and so on) which 
are so frequently used that they may 
just as well be made automatic. This 
automation may take the form of a 
motor slowly turning a potentiometer 
or of a sample changer progressively 
exposing different items. Or, to state 
this in general terms, the input se- 
quence could be arranged to be "pro- 

There must, of course, be some 
plan for the experiment, either carefully 
formulated or existing only as a series 
of notions in the mind of the experi- 
menter. 

In the steps discussed above, the plan 
is evident in at least three places: (i) 
the generation of the digital input se- 
ries, (ii) the computer program that 
processes the digital output data, and 
(iii) the scientific judgment that goes 
into linking (i) and (ii). 

In the simplest cases, where the 
codes are compact, the input com- 
mands are punched by the experi- 
menter on a tape-preparation typewrit- 
er. More often, however, the experi- 
mental sequence is generated by a 
separate computer program which de- 
tails all the elementary steps neces- 
sary for one run (or scan, or session, 
or trial). The input tape for the experi- 
ment is produced directly by the com- 
puter as a part of the program's opera- 
tion. 

Let me review the partially auto- 
mated experiment up to this point. 
The experimenter prepares a series of 
"macrocommands" describing one run. 
These commands are entered into a 
computer, along with the appropriate 
generating program, and are there elab- 
orated into the detailed series of 
"microcommands" necessary to drive 
the apparatus. The paper tape resulting 
from this process is fed into the ex- 
perimental equipment, which then, a 
step at a time, executes the run. As the 
run proceeds, the output data are be- 
ing generated on another paper tape. 

The author heads the Computer Systems Group 
at Brookhaven National Laboratory, Upton, New 
York. 

55 



Fig. 1. Generalized experimental configura- 
tion. 

At the completion of the run this out- 
put tape is fed into a computer, along 
with the data analysis program. The 
printed (or plotted) results are present- 
ed to the experimenter for his con- 
sideration. 

On the basis of what he learns, he 
prepares a new program of macrocom- 
mands to execute a different run. The 
process is repeated until the experi- 
menter is satisfied. 

Closing the Loop 

It requires no great flight of the 
imagination to see how to "close the 
loop." Clearly, if the scientist can form- 
alize the mental processes he employs 
in going from results to input com- 
mands, those steps can be programmed. 
If they can be programmed, the data 
analysis program and the input prep- 
aration program can be joined with this 
"decision-making" program to form 
a single master program. The master 
program would accept the data from 
run i, process them, apply the pre- 
programmed decision criteria, and, as 
a result, generate the driving tape for 
run i + 1. 

This is not as fanciful as it may 
seem. There are a number of labora- 
tories working in just this way today. 
Of course, complete experiments of 
such tractability are in the minority. 
However, even the most sophisticated 
experiments have parts that are suscep- 
tible to this kind of treatment. And, as 
understanding grows, longer and longer 
portions can be systematized and codi- 
fied. 
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In addition, the computer can aid 
the experimenter in many other ways, 
even when the situation is so complex 
that he must remain in active control. 

"Going On-line" 

Conceptually, the introduction of the 
computer program to take the experi- 
mental cycle from output back to new 
input completes the picture of the auto- 
mated experiment-except for the im- 

portant element of timeliness. The last, 
and most crucial, step is that of radical- 
ly speeding up the whole process. This 
is done by "going on-line" (that is, 
by electrically connecting the experi- 
mental apparatus to the computer). 

The most inefficient links in the ex- 

perimental loop described so far are 
those intersected by the vertical, dotted 
boundary in Fig. 2. At the right in 

Fig. 2, the experimental process pro- 
ceeds at a rate limited only by the 
nature of the apparatus and by the 

experimental materials and conditions. 
The rate at the left of Fig. 2, represent- 
ing the programmatic execution of the 

experiment plan, is limited only by the 
microsecond speeds of the digital com- 

puter. The bottleneck exists in the de- 

lays incurred in generating the output 
paper tape, transporting it to the remote 
computer, waiting for "computer time," 
and then carrying the new input tape 
back to the experimental apparatus- 
which has been idle in the interval. 

The obvious final step is to do away 
with the paper tape and directly con- 
nect the experiment output to the com- 

puter input and the computer output 
to the experiment input. Figure 3 repre- 
sents the final system. 

The effects of putting the computer 
on-line to the experiment are much 
greater than would be immediately as- 
sumed. Because of the immediacy of 
the interaction, it is no longer important 
to "batch" the experimental measure- 
ments into "runs." Detailed numerical 
analysis of each datum is as valid a 
part of the experimental plan as group 
analyses on the results of a day's 
measurements. 

This has the effect of freeing the 
scientist from the constraints of a kind 
of 19th-century experimental orthodoxy. 
Experimental designs become more im- 
aginative and bolder. Data can be 
taken, 'for example, just to the point 
where the desired statistical accuracy 
is achieved-without the need for con- 
servative overrun. Each measurement 

can be more to the point because all 
the preceding data-reduced and ana- 
lyzed "live"-show the way. In fact, 
for the first time the scientist can "pro- 
gram" his entire experiment, mixing, 
as necessary, measurements, delays, 
computations, decisions, reporting func- 
tions, and requests for guidance. In 
actual experience, the changes in the 
nature of research are striking. 

The Apparatus 

What of the equipment necessary 
for the automated laboratory? How does 
it differ from that already in use? 

Of course, the prime addition is the 
computer. Generally speaking, labora- 
tory computers fall in the small-to- 
medium size range. Depending on the 
scope and complexity of the experi- 
mental environment, the computer con- 
figuration will cost anywhere from 
$10,000 to $300,000. (That is quite a 
range, but so also is the performance 
range of these systems.) 

I will not discuss the selection of 
computer equipment and programming 
systems here, except to say that it is 
perhaps the most complex purely tech- 
nological issue the experimenter is ever 
likely to face. Fortunately, more and 
more of the computer manufacturers 
are becoming familiar with the "labora- 
tory" market and are ready to provide 
expert (though possibly biased) counsel. 

At the other part of the loop, the 
experimental apparatus must differ from 
the conventional in that all of its out- 
puts and inputs must be digitized. This 
is a broader statement than may at 
first seem to be the case. It, of course, 
implies that the readings of scalers, 
rate-meters, photometers, and so on 
must be in coded form. But, more than 
that, it implies that start-stop switches, 
gain controls, prescaler settings, mode 
switches, and the like must be capable 
of being operated by electronic signals. 

Increasingly, manufactured instru- 
ments are being provided with these 
features. In many instances, however, 
they must be added to, or built into, 
existing equipment. 

Connecting the digitized laboratory 
apparatus to the digital computer is a 
straightforward engineering job which 
is, these days, made easier by the ready 
availability of modular electronic 
"building blocks." These "logic cards" 
come in great variety from many manu- 
facturers (including some computer 
manufacturers). The rules for their inter- 
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is to take place, or to sketch in a base- 
line to be used for subtraction of back- 

ground. 
Sometimes the display is used to 

portray, in graphical form, the progress 
of the experiment. Often it is used in- 
stead of the typewriter to present a 
rich body of data on the basis of which 
the experimenter must choose among 
alternative courses. It is, I believe, the 
single most flexible communication tool. 

Other back-end devices abound. The 
system can use printers, x-y plotters, 
aural devices, and so on. Appropriate- 
ness is the only criterion. 

Fig. 2. "Digitized" experiment run by punched paper tape. The raw data are punched 
into the paper tape. System Software 

connection are simple and precise. Little 

experience or training is required to es- 
tablish a perfectly satisfactory com- 

puter-experiment "interface." 
In the jargon of the field, we can 

describe the on-line computer as hav- 
ing "front-end" and "back-end" attach- 
ments. The experimental apparatus just 
discussed is the front end. At the back 
end are a variety of devices which are 
used to provide flexible and effective 
control of the experiment. 

Without question, the most ubiquitous 
of these devices is the on-line type- 
writer. The typewriter is used to issue 
commands, to receive reports or com- 
ments, to enter control parameters, to 
log results, and, in general, to provide 
for any communication function not 
explicitly handled by other apparatus. 

In the simpler systems it is the only 
communication device and, as such, 
"talks" for the equipment in the "dia- 
log" between the experimenter and the 
experiment. 

An interesting by-product of the use 
of the typewriter as both a command 
and an output medium is the fact 
that the typewritten sheets are used in 
lieu of a handwritten experiment log. 
Through proper programming the rec- 
ord can be made to show time and iden- 
tification for every entry or "transac- 
tion." 

All but the simplest systems include 
a magnetic tape unit as an item of 
peripheral apparatus. If the ex- 
perimenter has followed the prudent 
course of selecting a computer-industry 
standard tape unit, he can use the tape 
as a medium of interchange for both 
data and programs. Furthermore, he 
will be readily able to process his data 
on other computers if the need arises. 

Experience has shown that one of 
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the most useful back-end devices in the 
laboratory environment is the cathode- 

ray-tube display. With it the experi- 
menter can display graphs, scatter di- 
agrams, numbers, or textual material. 
The display can be "live," showing 
raw, partially processed, or fully proc- 
essed results. 

Greatly enhancing the usefulness of 
the cathode-ray-tube display are vari- 
ous "pointing" devices (for example, the 

"light pen" or "trackball") which en- 
able the experimenter to designate to 
the computer system a particular item 
of interest on the current picture. He 
might want to single out anomalous 
data points for special analysis. The 
pointer could be used to indicate limits 
between which integration under peaks 

It is both conventional and con- 
venient to separate "hardware" and 
"software" when discussing computer 
applications. This separation, however, 
often masks a most important char- 
acteristic of effective computer systems 
design-the fact that the "systems" part 
of the design demands the simultaneous, 
interwoven development of both hard- 
ware and software aspects. 

Invariably considerable savings (in 
both time and money) can be achieved 
by freeing the mind of preconcep- 
tions concerning what a software func- 
tion is and what a hardware function 
is. It may be, for example, that you 
do not have to buy motor speed con- 
trols because the on-line computer can 
handle the task programmatically. Banks 

Fig. 3. "Automated" experiment. The on-line computer executes the experiment plan; 
the experimenter exercises only supervisory control. 
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of binary counters may be less expen- 
sive than their decimal equivalents, and 
then readout by way of a binary-to- 
decimal conversion routine may be per- 
formed by the computer. Or perhaps 
the counters are not needed at all; the 
computer can be programmed to act 
as a set of counters. 

On the other side, certain kinds of 
complex signal processing functions 
may still be most expeditiously handled 
by the hardware. Combining data into 
the proper arrangement for entry into 
the computer is probably best handled 
by a patchboard. Even some of the 
rather sophisticated control programs 
can be considerably simplified through 
the use of specialized hardware "priority 
interrupts." 

A skilled system designer is prob- 
ably the "investment" with the best 
payoff for the laboratory that is think- 
ing of "going automatic." Smaller lab- 
oratories that cannot support a full- 
time specialist still have many sources 
to draw upon. Workers in university 
laboratories should be able to interest 
some of their engineering or computer- 
science colleagues in their automation 
problems. For nonaffiliated laboratories, 
there are many expert "systems houses" 
and consulting firms. Some-though 
not many-of the computer manufac- 
turers have competent advisory services. 

The Experimenter's Programs 

The well-designed system separates 
-or perhaps I should say "insulates" 
-the experimenter from the red tape 
and organizational details of the system 
control program. The user sees avail- 
able to him the macrocommands he 
needs to manipulate his experiment and 
a programming language in which to 
express the computational and decision- 
making parts of his experimental plan. 

In the earliest days of on-line com- 
puter systems, the programming lan- 
guage was always machine language or 
a symbolic assembler language. The last 
few years have seen the introduction 
of higher-level (compiler) languages such 
as Fortran or Algol. This is a wel- 
come development because it opens up 
the field of laboratory automation to a 
much wider audience-those trained in 
Fortran or Algol. In addition, it makes 
available a much greater body of previ- 
ously developed programs for use in 
on-line systems. 

However, the system program and 
the apparatus- or data-manipulating 
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programs must still be written in ma- 
chine language or symbolic assembler 
language. In a large experimental 
group, some workers will be able to 
avoid learning the details of the com- 
puter. The lone research worker will 
be less lucky and must realize what 
he is getting into. 

In the Industrial Context 

Contrary to the usual situation in 
which industry applies tools developed 
in the laboratory, the successful use of 
computers to control complex processes 
was first achieved in the industrial en- 
vironment. Even the earliest attempts 
at laboratory automation were made 
considerably after computer process 
control was well established in oil re- 
fineries and machinery manufacturing 
plants. Much of the early impetus to- 
ward development of sophisticated man- 
machine interfaces came from the re- 
quirements of the military and not 
from the laboratory. The laboratory 
has, nevertheless, profited from all these 
developments. 

In the last few years the differences 
between industrial and laboratory "proc- 
ess control" have become clearer. First, 
laboratory automation is less expensive 
than its industrial counterpart because 
there need be so much less emphasis 
on reliability and redundancy of com- 
ponents. A day's downtime (time dur- 
ing which the machine is inactive) in a 
solid-state physics laboratory is much 
less costly than one in an automatic- 
crankshaft manufacturing facility. 

Second, laboratory automation de- 
mands much greater flexibility. An in- 
dustrial process, whether cake baking 
or paint spraying, is a reasonably stable 
enterprise. Changes of any significance 
are introduced on time scales of months 
and years. Not so with research, where 
procedures may be changed daily or 
weekly. This has put much greater de- 
mands on laboratory systems in terms 
of hardware and software versatility. 
Much of the demand for easily learned 
programming languages that can be 
used to control equipment may be 
traced to this need. 

Some Applications 

As should be expected with such 
a powerful technique, the applications 
have been varied and are distributed 
over most of the scientific disciplines. 

A field which has profited consid- 
erably from the application of on-line 
computers is crystallography. A num- 
ber of laboratories have incorporated 
computers into their neutron-diffraction 
and x-ray-diffraction apparatus. The 
step-by-step scanning procedures which 
characterize this work were natural 
candidates for automation. The tech- 
niques have been sufficiently success- 
ful so that the computer-driven diffrac- 
tion equipment is now available com- 
mercially. 

Research in neurophysiology has, 
similarly, been radically altered by the 
use of computers in many laboratories. 
Test subjects (animal and human) are 
stimulated by means of the computer; 
their responses are automatically re- 
corded, correlated, and compiled into 
a growing body of data that is presented, 
in abstracted form, to the experimenter 
on a cathode-ray-tube display. The vari- 
ety of experimental systems is astonish- 
ing. 

In an allied area, research into the 
nature of perception and learning is 
being conducted, with the assistance of 
a computer, in a number of psychology 
laboratories. Again, the "tirelessness" 
of the computer in administering the 
programmed pattern and response se- 
quence and simultaneously timing, 
measuring, and guiding has wrought 
a revolution in experimental practice. 

In low-energy physics much special- 
purpose equipment (for example, pulse- 
height analyzers) has been replaced by 
the general-purpose computer. On-line 
systems are taking, sorting, and dis- 
playing data and making "live" com- 
parisons of the data with theoretical 
expectations. 

It may be fairly said that high- 
energy physics research, today, is to- 
tally dependent on the computer. Di- 
rect-reading spark-chamber and counter 
experiments are run "on-line," prodi- 
gious feats of data reduction being ac- 
complished while the experiment is still 
in progress. Bubble-chamber films are 
scanned by automatic and manual ap- 
paratus, the data going directly to a 
computer. The computer, in turn, rapid- 
ly reconstructs the "event" being meas- 
ured in order to provide the manual 
operators or the scanning instrument 
with timely information. 

The computer has invaded the hos- 
pital. Medical diagnosis, monitoring of 
patients, and bioanalysis are all being 
done by computers at one place or an- 
other in the United States. The feasibil- 
ity of pattern recognition by computer 
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Fig. 4. Representative dialog at a control typewriter. The experimenter's shorthand commands appear at left. The Multiple Spec- 
trometer Control System response to each command appears one line down in the next column. Italicized explanations are at right. 

for cancer-cell detection is under active 
study. Chromosomes are recognized and 
paired; tumors are pinpointed; remind- 
ers of medications due are typed for 
nurses. 

The number of applications snowball, 
being limited only by ingenuity and 
the availability of funds. 

Multiple Spectrometer Control System 

In order to particularize the con- 
cepts I have been discussing, I next de- 
scribe a computer system that was first 
put into operation at Brookhaven Na- 
tional Laboratory in 1965 (2). It is 
called the Multiple Spectrometer Con- 
trol System, and its function is that of 
simultaneously operating, controlling, 
and monitoring eight neutron spectrom- 
eters and one x-ray spectrometer at the 
laboratory's High Flux Beam Reactor. 
In addition to exercising direct digital 
control of all the mechanical and mea- 
surement processes, the computer per- 
forms all the complex data reduction 
computations necessary to effectively 
guide the separate experiments. 

The nine spectrometers are used by 
independent research groups and must 
be individually controllable. The typi- 
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cal spectrometer has five motor-driven 
axes, two detectors, and various limit 
switches, error switches, ovens, Dewars, 
and so on which must be monitored. 
The programmed master control sys- 
tem (the "operating system") provides 
manual, semiautomatic, and completely 
automatic control for each unit. Each 
spectrometer can be operated from a 
local control station, from a typewriter 
(located in the computer room), or from 
the user's stored program. 

It is the function of the control 
station to provide the direct interactions 
already familiar to users of manual 
controllers. The experimenter is pro- 
vided with axis-position controls, scaler 
controls, decimal readouts and displays, 
and various general-purpose switches 
and signals. All control stations are 
identical and interchangeable. 

The computer is located in a room 
that is central and accessible to the 
individual experimenters. It is from this 
room that all the semiautomatic and 
fully automatic operations are handled. 
Data recording and display for all the 
experiments are centered here. In addi- 
tion, all system messages, error signals, 
and status reports are typed on one of 
the control typewriters for the opera- 
tor's attention. The system supervisory 

control is so arranged that all the 
operating commands and station re- 
sponses form an unambiguous, clocked 
log which proves quite useful in trac- 
ing experimental faults and in recon- 
structing test sequences about which 
there is uncertainty. 

While the user has a great deal of 
flexibility in manipulating his spec- 
trometer from the local station, some 
of the more complex setup and ex- 
ploratory procedures can become 
rather tedious and time-consuming. 
When he wants to, he can take ad- 
vantage of the broader range of facili- 
ties provided in the Multiple Spectrom- 
eter Control System by throwing the 
switch on the panel which puts his 
spectrometer under system control. With 
the spectrometer under the supervision 
of the control system, the user's meth- 
od of control changes from manipula- 
tion of the specific functional switches 
to use of one of the control typewriters. 

In its most elementary use, the type- 
writer control duplicates all the func- 
tions of the panel switches. It does, 
however, provide a more rapid and pre- 
cise control of the axes and counters. 
In addition, it provides facilities for 
making various apparatus tests, status 
reports, and time checks. 
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In its broader use, the typewriter 
control allows the user to load into the 
computer memory a detailed operating 
program. This program may be the one 
which will run the experiment for the 
next several hours or days or, alterna- 
tively, may represent a series of ex- 
tremely complex test manipulations 
which may then be selected, started, or 
stopped by means of the station's com- 
munication switches. The experimenter 
is thus able to select, at will, the de- 
gree of automatic control he wishes 
to employ at any stage of his experi- 
ment. 

The user is free to organize his pro- 
gram in any way he chooses. Normal- 
ly, however, he reserves a portion of 
his allotted space for storing data. 
When he has accumulated a block of 
information he calls on the Multiple 
Spectrometer Control System to write 
it out on magnetic tape, properly ar- 
ranged and identified. The magnetic 
tape records, which are centrally ac- 
cumulated for all users, are in a form 
directly suited for entry into the labora- 
tory's central computer complex. Al- 

ternatively, the user may wish to re- 
read a portion of the data previously 
stored. In particular, the system pro- 
vides the facility which enables him to 
retrieve information and display it on 
the console cathode ray tube for im- 
mediate analysis. A light pen is also 
provided. 

Beyond its normal role of providing 
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Beyond its normal role of providing 

the medium for the "dialog" between 
the user and his spectrometer experi- 
ment, the typewriter also keeps the sys- 
tem operator alerted as to the status 
of the whole experimental complex. The 
operator is automatically informed of 
such things as overtime usage, error con- 
ditions, and equipment malfunctions. 
The typewritten sheets, therefore, rep- 
resent a complete and accurate record 
of total-system usage and performance. 
A representative section of an output 
page is shown in Fig. 4. (The italicized 
comments do not, of course, appear 
on the record. The user's "shorthand" 
entries appear at the left, and the sys- 
tem's response appears in the second 
column.) 
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The Human Factor 

At the beginning of this article I 

spoke of the young graduate student's 
training in computer science. A recent 
survey (3) indicated that, among a rep- 
resentative group of scientists, more 
than 90 percent wanted their students 
to learn to program a computer, al- 

though only about half of the scien- 
tists themselves knew how to do so. 
The older the scientist was, the less 

likely he was to be skilled in these 
new techniques. (Only one in ten of 
the men over 50 was able to program 
a computer.) 

One effect of this is that those least 
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likely to understand these new tech- 
niques are the ones most likely to have 
to pass judgment on them. The in- 
stability of this situation has produced 
a corresponding polarization in views, 
the "pro's" being unreasonably pro and 
the "con's" being unreasonably con. 
Unfortunately, because the techniques 
of laboratory automation are radical, it 
is difficult to write about them and to 
adequately describe their effects on re- 
search. (One of my colleagues-now 
an enthusiast-recently confessed that 
when he first read about on-line com- 

puters he thought the idea was "just 
plain crazy.") 

I encourage the reader to go see for 
himself. 
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faster as they fall. Over 300 years ago 
Galileo, in studying how things fall, 
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rest varies as the square of the time. 
To show this, he used an inclined plane 
to slow down the motion (to "dilute" 

gravity); by thus extending the time 
scale of his experiments, he was able 
to make quantitative measurements with 
the limited experimental means at his 

disposal. In his Dialogues Concerning 
Two New Sciences (1, p. 178), Galileo 

depicts for us the technology of his 

day as he describes his experiments 
concerning motion on an inclined plane: 

A piece of wooden moulding or scant- 
ling, about 12 cubits long, half a cubit 
wide, and three finger-breadths thick, was 
taken; on its edge was cut a channel a 
little more than one finger in breadth; 
having made this groove very straight, 
smooth, and polished, and having lined 
it with parchment, also as smooth and 
polished as possible, we rolled along it a 
hard, smooth, and very round bronze ball. 
Having placed this board in a sloping 
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