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AutomatedTesting
Whatis automatedtesting?Whatdoesit buy us? Howis it evolving?
By RobertA. Grimm

Aurouerrc TESTINGoF ELECTRoNICDEVICESis one of
the fastest growing areas of electronic instrumentation.
It is the way an increasingamount of our testing is done
every day, and it is the way most of our testing will be
done in the future. At present, however, most of the testing of electronic components, sub-assemblies,modules,
and systemsis still done manually. Many companies are
just now installing or considering installing their first
automatic test systems. While most people involved in
electronic testing have read about or seen examples of
automatic test systems, many may not be aware of the
fundamentals involved in all automatic testing.

Fig. 1, HP Model 9500A is a typical computer-controlled,
modular, multipurpose test system. lt stimulates the unit
under test and measures its responses, then processes
and records the data. Stimuli available are dc, Iow-frequency ac (to 100 kHz), and high-trequency ac (to
500 MHz).
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This article and the others in this issue will discuss the
fundamentals of automatic testing, its advantages, the
equipment used, how programming is done, how to
choose or build a system, and what HP automatic test
systemsare currently being used.
Automatic Versus Manual Testing
Automatic testing of electronic and electrical devices
requires the same functional elements as manual testing.
These are:
I Stimulation of the unit under test
r Measurement of the unit's responses
r Switching
I Control
I Evaluation of data
r Recording of results
In automatic testing as in manual testing, the stimulus
and measurement functions are performed with instruments. Stimuli include oscillators, signal generators,
power supplies, and so on. Measurement devices include
voltmeters, counters, power meters, and the like.
Switching, control, evaluation, and recording in manual testing are usually performed by the operator. The
switching of connections between the test equipment and
the unit under test is done by reconnecting cables, by
using test probes, or by means of a manually operated,
pre-wired switch box.
Control of the test equipment is exercised by the
operator, by setting knobs on the panels of the test equipment. Control of the test sequenceis also by the operator, usually following a written test sequence.
Evaluation of test results is again done by the operator,
who compares the results to pre-established limits or
uses his judgment. He may make some calculations or
use graphs or charts. Recording of manual testing results
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Fig.2. Model 95004 is a good example of the use of standard instrumentsand computer
intertaces to make a system adaptable and expandable. Many automatic fest systems
arc now being made this way,

is ordinarily by the operator'sfilling in a test card.
In automatic test systems,like the typical example
shownin Figs. I and2, humaninterventionis minimized,
althoughit is sometimesnot completelyeliminated.Most
of the test functionsare doneautomaticallyunder control
of a computeror other devicefollowing a storedprogram
sequence.Switchingis done automaticallyby electrically

Cover: HP Modet 9213Ais a general-purpose
computer-controlled,dc-to-l2.4-GHzautomaticcalibrationsystemfor laboratory-type
instrumentation.For typical instrumentsit is sx
or more timesf asterthanmanualmethods.For
example,checking and calibrating the HP
Model3440ADigital Voltmetertakes |essthan
tive minutesusing the 9213A,but thirty minutesmanually.
In this issue: Automated Testing;page 2.
Choosingan Automatic Test Sysfem;page 7.
Buildingan Automaticfesf Sysfem,'
page 11.
HP Automatic TestSysferns,'page 16.

controllable switches,such as relays, crossbarswitches,
and switch matrices.
The recording of test results is accomplishedin an
automaticsystemusing a teleprinter,a digital printer, or
punchedor magnetictape. Thesedevicesusually record
not only the measureddata,but often the entiretestcard,
includingparameternames,flxed data, and indicationsof
out-of-toleranceresults.Sometypesof output reportsare
best presentedin the form of graphs, showing two or
more parametersplotted againstone another. X-Y recorderscan be usedfor thesereports;they can alsoprint
titles and scaleson the graphs.
The control functionin automatictestingis performed
by the program stored in the computer. The program
controls test sequences,voltagesfrom power supptes,
frequenciesfrom signalgenerators,pulsewidths and repetition rates of pulse generators,and so on. For measurements,the programcontrolsamplituderangesof voltmeters,function selectionon multimeters,gate times of
counters, and so on. The computer also controls the
switchesthat route signalsto and from the unit under test.
Evaluating results in testing is primarily a matter of

Fig.3. HP Model 85424 Automatic Network Analyzer is an
example of a standard system
designed lor a special PutPose,
in this case microwave network
analysis./f is a/so a good example of the use of a comqutet to
rcmove systematic errors trom
measurements, thereby achieving standards-laboratorYaccuracy in tast, automatic, sweqtfrequency measurements. 7he
system makes measurements
over a frequencyrange of 0.11
to 18 GHz on such devices as
transistors, ti lte rs, ampl it i e rs,
iso/ators, and any other networks that can be characteh
ized in terms of their scattering
parameters.

comparing test results against established limits. However, some calculation or manipulation of data may be
required before this comparison can be made. For example, if the linearity specification of a dc amplifier is
statedas'within -+0.01 Vo of the best straight line through
all data points,' this line must first be calculated and the
errors determined, and then a comparison made against
the limits. Although this is laborious if done manually,

too numerous, to be done economically by older testing
methods.The testing of thesedevicescalled for fast, automatic equipment which could stimulate these devicesand
measure their outputs according to their complex specifications. Manual methods of testing, while satisfactorily
meetingthe requirementsfor sophisticatedtesting in most
cases,tended to be too time-consumingwhen the quantities of devices to be tested or the number of tests to be

it is straightforward for a computer.
Frequently in testing, the results of a test are used to
determine what test should be performed next' This is
'branching'. At branch points in a program' a syscalled
tem might print out special test results or messages,or
jump to a subroutine for fault locating. This is a powerful

performed made it difficult to meet schedules.
The advantagesof automatic testing include the fol-

capability of computer-controlled testing.
To summarize, automatic testing differs from manual
testing in how the switching, control, evaluation, and
recording are done. The actual testing-the application
of stimuli and the measurementof results-is essentially
the same in automatic testing as in manual testing. This
means that to be able to test a device automatically one
must first know how to test it manually; this is especially
true for the engineeror technician who is writing the test
program.
Why Automaled Testing?
Testing started to become automatic when the devices
to be tested became too complex, and the required tests

lowing:
I Speed
r Repeatability
r More comprehensivetesting
I Self-test and error correction
r Operators can be lessskilled'
Computers operate at very high speeds,with individual
program stepstaking typically less than 2 microseconds.
Even though it may take a large number of these stepsto
perform a control or conversion operation, such operations can often be completed in a few microseconds,or
at most a few milliseconds.Electrically controlled, many
kinds of test equipment can provide signals and take
measurementsmuch faster than an operator can set the
controls or record the readings. A computer can take
advantage of this speed. Also, the manual reconnecting
of cablesbetween testsis a slow processcompared to the
speeds at which relays operate. All of this means that

testing is much faster under computer control. Digital
testing, that is, testing of binary logic patterns, is one of
the fastest kinds; thousands of tests per second can be
done easily.
Case histories of organizations who use automated
testing show that non-digital testing can be anywhere
from 5 to 60 times faster than manual testing, and digital
testing can be faster yet. ft's reasonable to expect that
most automatic testing will run at least ten times faster
than manual testing.
There are some steps in testing that may be dfficult
or impractical to automate or to speed up. These include
steps that the operator must do, such as connection of a
device to the system, a change of control settings on the
device being tested, or screwdriver adjustments on the
device. An engineer designing a new device might well
anticipate how it is to be tested, and consider providing
for automated adjustment of its controls.
Repeatability is much better when tests are automated.
Tests run automatically are done the same way each time,
faithfully following the same test sequence.Steps are not
skipped. Stimulation of the device under test and the
transfer of data from the measuring devices into the computer are done the same way each time, without parallax
errors in meter readings, transposition of digits in digital
readings, or other human errors.
With automated testing, more comprehensive testing is
practical. In manual testing, spot checking of parameters
is often necessaryto speed up the tests. For example, the
gain linearity of an amplifier may be measured and calculated at as few as three or five amplitudes. Or the standing wave ratio of a connector may be checked only at a
few selected frequencies. Or the truth table of a digital
integrated circuit may be checked with only one voltage
input level. Automatic testing can be much more thorough because it is so much faster. It is even easy to do
additional testing to detect marginal devices which may
fail only under certain conditions. The programming to
do this usually requires very few, if any, additional statements; for example, it is easy to repeat a test with a
changed condition. By knowing completely what his
product will do under very many conditions, a manufacturer can give more complete specifications, and can
specify the product's performance closer to the tested
values, with less allowance for unknown factors.
Self-test and error correction together make up one of
the most significant advantages of automatic testing over
manual testing. In any test setup, certain errors are introduced into the measurements by cables, connectors, or
equipment. Some of these are random errors which vary

from test to test; these errors may be caused by noise or
other non-repeating parameters, and they are difficult to
eliminate, although averaging techniques are sometimes
helpful. However, many causes of error are repeatable.
These include such things as voltage drops in cables, reflections in connectors, zero oftset or full-scale elror on
a voltmeter, frequency calibration error of an oscillator,
and so on. In an automatic test system it is both possible
and practical to have the system make measurements
based on internal standards to determine these systematic
errors, then store the correction data and correct all subsequent measurements before using or displaying them.
This capability is used extensively in the HP 85424 Network Analysis System (Fig. 3) to eliminate reflection
coefficient measurement errors caused by connector and
cable mismatches, coupler directivity, sampling head
efficiency, and so on. The result is accuracy approaching
that of a standards laboratory, but obtained at a much
higher speed.
Automated testing demands less skill on the part of the
test station operator, one reason being that the test procedure is read into or stored in the computer's memory,
so the operator does not have to know or follow a complex test procedure. Simple instructions can be typed out

Fig.4. Small general-purpose digital computerc are being
used more and more as controllersin automatic fesf systems because of the tlexibility and vercatility they otfer.
HP Models 21144 (shown here),2115A, and 21168 arc
designed to accept intertace cards which allow them to
communicate with signal sources, measuring insttuments, and peripherals.

for manual control and visual readoutof results.Therefore, automatic systemshad to be assembledusing
custom-built,and consequentlyexpensive,equipment.
Now, however, many standard instrumentsare desigred so they canbe remotelyprogrammed,and systems
are being assembledusing these instruments.This approach not only lowers initial costs, but also can be
expectedto enhancereliability and maintainability,since
standardinstrumentsare usually well debuggedand easily serviced.This approachalso makesmodular systems
possible,so a user can have a systemassembledto fit
only his immediateneeds,and yet be able to expandor
modify it as his needschange.
Another problem in the early days was that even the
smallestcomputerswere relatively large and expensiveby
today's standards,so small automatictest systemswere
impractical.The first automaticsystemsusedpaper-tape
readersto control the test equipment,and hardwarelimit
comparisonto check results. Arithmetic capability was
AutomaticTestingGomesof Age
very limited and branchingto other testswas awkward.
Interfacing betweenthe computersand the test equipMuch of the early work in automatictestingwas done
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Today there are many small general-purpose
have
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Automatic test systems
ers,costingbetween$10,000and $25,000.Ithas become
tical as they are today. For example,in the early days
there was a shortageof equipmentsuitablefor systems economicallypractical to use computers almost excluuse. Most of the test equipmentavailablewas desigrred sively as automatic test system controllers. Other controlling devicesare expensiveby comparisonwhen the
many capabilitiesof computersare considered.Progress
RobertA. Grimm
is alsobeginningto be madein standardizinglogic levels,
Bob Grimm receivedBS and
and other progmmmingparameters,and prepared
codes,
MS degreesin electricalengiinterfacesare often available.HP computersacceptplugneeringfrom Purdue University
i n 1 9 5 0a n d 1 9 5 1 .H e h a s h a d
in interfacecards (seeFig. a); there are standardcards
extensive experience in instrufor standardinstruments.and customcardscanbe manumentation,especiallyin autofactured.
matic test systems,and he has
written a numberof papersand
Programming of automatic test systemsused to be
articles on automatic test sysdifficult becauseprogramshad to be written in tedious
tems.At HP since 1951, Bob
machinelanguage.Engineersand technicianswho knew
has developed oscilloscopes,
TV frequency monitors,and
what testshad to be performedhad to describethesetests
signal generators,has been
to programmers,who would then write the testprogran.
generalmanagerof the HP
neither group understoodor appreciatedthe
Often
sysdataacquisition
DymecDivision
whichmanufactured
problems,the possiblealternatives,or the lantechnical
corporate
of
temsandcomputers,
andhasbeenmanager
manager
of the
engineering.
He is nowmarketing
systems
guageof the other. This also complicateddebuggingand
Division
whichproducescomputer-controlled
HPSystems
changes,and made softwarepreparationvery expensive.
automatictestsystems.
Things are different now. BASIC, AuTest, and other
Kappa
Bobis a seniormemberof IEEE,a memberof Eta
profesNu,TauBetaPi andSigmaXi,anda registered
simple, conversational,English-likelanguagesare availHedevotesmuchof hisspare
sionalengineerin California.
able. Programsare easilymodified and can be written by
timeto UnitedFundactivities.
the test engineeror technician.4t

automatically to tell the operator what action he should
take and what the resultsof the test are.In testingsimple
devices,such as electroniccomponentsor simple modules,only a go or no-go indication may be required,and
this can be in the form of lights. With an automatic
handler,good and bad devicescan be ejectedinto appropriate bins. In testing integratedcircuits while they are
still on the substrateslices,bad units can be marked
automatically,perhapswith a dot of ink. In all of these
cases,the operatorneedsto be competentto conductthe
test, but doesn'tnecessarilyhave to understandit.
There are many other advantagesof automatedtesting
besidesthose discussedhere. For example,a computer
can do statisticalanalysisof test results as the data are
gathered,and can call attention to recurring problems
very quickly. With a computerin a test station,there is
no waiting for results to be resolved and tabulated offline at somelater time.

ChoosingAn AutomaticTestSystem
Whenis an automaticfesf sysfemiustified?
How do you decide on the configuration?
By M. D. Ewyand StephenC. Shank
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and
how automatic it should be, dependsupon how it will be
used.Selectionof a test stationshouldbeginwith an estimate of what tests are needed and what quantities of
units must be tested.Thesemust then be comparedwith
what is possibleand what is economicallyand humanly
feasible.There are many choicesand tradeoffs;someof
the most important oneswill be discussedin this article.
Once a manufacturer has an idea of what kind of test
systemhe needs,the bestplace to get it is usually a systems manufacturer.He should discusshis requirements
with a systemsmanufacturerbeforedecidingon a system.
Standardsystems,whether special-purposeor multipurpose, are often the best buys, but if thesewon't do the
job, a customsystemcan be ordered.
If a manufacturerhas manpower available with the
capability of designingwhatever special software and
hardwareare needed,he may find it most economicalto
build his own system,usingcommerciallyavailablecomputers, programmableinstruments,and prepared interfaces,whereverpossible.Someof the considerationsthat
go into the designof such a systemare discussedin the
article on page 11.
Man-MachineTradeoffs
Any test station must be able to perform the following
five functions.
r Interpretation of the test procedure
r Equipment setup
I Data acquisition
r Data processing
r Decisionmaking
Both men and machinescan do all thesethings, so both
meet the requirementsfor test stations.There are obvi-

ously tradeoffsbetweenthe two. A machineis fast, and
it can be programmedto repeattestsreliably. A man can
learn and adapt, and can interpret complex indicators.
Automatic testing is most appropriate for situations
which call for many testsper unit (such as digital logic),
or where volume is very high eventhough few testsper
unit are needed.On the other hand, automatic testing
is dfficult to use when a unit to be testedrequireselaborate setupor complex adjustments.
Troubleshootingis still fairly difficult to automate
becauseof the need of a large memory to store all
possible troubleshootingtrees and becauseof the
difficulty of writing an executive troubleshootingprogram.However,pretesting subunits automatically,before
assembly,can often significantlyreduce the amount of
troubleshootingneededon the assembledinstrumentor
system.This can result in a reduction of total test time,
since the time required to troubleshoot an assembled
systemis usually far greater than the time required to
pretest and debug parts before they are assembled.
In general,with the industry's trend to greater complexity, testing can be expectedto keep pace, and one
way will be greater automation.Where it can be used,
automatictestingprovides reliability in the test process,
a means to reduce troubleshootirg by pretesting, and
better warranty reports through additional and more
thorough testing.
Types of Test Stations
Test stationsfall into two basic categories:
I Product-orientedor special-purpose
I Multipurpose (sometimescalled universalor general
purpose).
A product-orientedstation is designedto test a specific

Fig. 1. This block diagram
would tit many modular multiputpose tesf systems. Such a
sysfem can be turther divided
info subsyslems, such as a dc
subsystem and a low-trequencY
ac subsystem,andeach subsYstem would have separate caPabilities tor stimulus, switching,
and measurement.

product, while a multipurposetest stationhas the capability of testingmany productswithout significantmodification of the test station.
A major factor influencingthe designof a test station
is product volume.In caseswherethe deviceto be tested
is high-volume,the test stationcan reasonablybe deviceoriented. The desigrremphasisis on the hardware and
the result is typically a very efficienttest system.
A manufacturingenvironmentcharactetizedby many
low-volume products calls for a multipurposetest station. A multipurposestationis practical where productorientedtest stationswould be idle too much of the time'
However, a multipurpose test station may require a
larger initial investment,and justification of this investment requiresdetailedanalysis.
As a test stationbecomesmore general,it relies more
on software.In somecases,this meansa sacrificein speed
and efficiency.However, it makesit possibleto develop
a commonin-plant test languageand terminology,which
in turn makes it easier to generatetest proceduresfor
new products. Multipurpose test stationsmake it easy
for the designerto incorporate test objectivesinto the
desigr of new products.
Multipurpose systemscan be designedso that lessskilled personnelare neededto operatethem, since the

same test approach can be used for many products.
Another advantageis that, with a singlestation able to
servicedifferent devices,lesstotal equipmentand space
is tied up.
Fig. 1 showsa conceptof a multipurposetest system.
Such a systemcan be further divided into subsystems,
such as a dc test subsystemand a low-frequencyac test
subsystem.There must be separatecapabilitiesfor stimulus, switching, and measurementin each subsystem'
The capability neededin each of the subsystemsmust
be definedby analyzingthe requirementsof the highesttotal-test-timeproducts.The test systemshould provide
at least this capability. Greater capability may be insuranceagainstearly obsolescence.
is
A better way to insure againstearly obsolescence
to have a test systemthat can be modified easilyto keep
pacewith the testrequirementsof new products.Whether
the systemis product-orientedor multipurpose,it should
be adaptableto maximizeits usefullife. Oneway to make
a systemadaptableis to make it modular. Modularity
can also help reduce the cost of systemdesign and
fabrication.
twareTradeofls
Hardware-Sof
an automatictest system,a common
designing
When

tendency is to use software to perform as many functions
as possible. This is not always the best approach. A good
example is the HP 2060A (Fig.2), a systemfor testing
logic circuits, which uses another logic circuit, identical
to the one being tested but known to be good, as a test
reference. This eliminates the need for generating thousands of limit parameters and storing them in the computer's memory. The system is much easier to program
and requires much less computer memory than a system
in which the expected responsesof the circuit under test
are stored in the computer.
If all one needsis to collect and record measurements,
the simplicity of a manually controlled or tape-controlled
data acquisition system is attractive. However, computers
are becoming so inexpensive that many data acquisition
systems are now computer-controlled, chiefly because
software programming is so much more versatile than
manual or tape programming. A computer can not only
control the test procedure like a punched-tapecontroller,
but can do it faster and more efficiently, while performing other functions. A computer can:
r Facilitate program changes.
r Do fast branching. A computer doesn't need to search
through punched tapes. It goes right to memory for
instructions.
r Convert units. For example, it can take a current
measurement from a thermocouple, then convert it
to temperature.
I Calculate parameters. For example, it can calculate
bandwidth from power and frequency measurements.
I Make reports. It can keep failure and analysis data.
I Do self-correction. For example, the computer can
measure system errors using a short and a known
standard resistance for calibration, then correct all
future resistance measurements.
r Diagnose faults. The computer can sometimes be
made to compare a problem pattern with prestored
patterns and print out the probable cause of the problem.
I Average measurements and give quick trend analysis.
Cost will often be decisive in making hardware-software tradeoffs. A factor that is sometimes overlooked is
that the development cost for software is significant, just
as it is for hardware.
Operator Interfaces
Another important factor to consider in choosing a test
system is how the operator will interact with the system.
Test-Station-to-OperatorSoftware fnterface. An appropri-

Fig.2. Should a system be designed to accomplish a particular task by meansot soltware - i.e., programmingor hardware? HP Model 2060ADigital Logic Module Test
System exemplities this tradeoff. Insteadof requiring the
progtammet ta generate thousands of expected responses ol the module undet test, the system uses an
identical known-good module as a relerence and compates the responsesof the two modules. lt thereby saves
programming time and memory space.

ate programminglanguagewill make it easyfor the test
engineerto generatethe testprogmm. The operatormust
be able to tell the systemto perform the following basic
operations.
r Programinstruments.For example,set a digital voltmeter to the desired function, such as dc volts, or
causea switch matrix to connectpower, stimulusor
measurementdevicesto the proper pins on the unit
under test.
I Collect status information and measurementdatafor example,power supply overloadstatus,frequency
measurementsfrom a counter, or voltage measurementsfrom a digital voltmeter.
I Provide systemtiming. For example,while a power
supply settles,wait 1 millisecond before taking a
measurement;after programming a relay, wait 10
millisecondsfor it to close.

r Perform logic and arithmeticoperations,suchascomparing statusto the norm, linearizingdata,or comparing againstlimits.
I Perform program branching.For example,if a measurementis out of limits, take appropriateaction.
r Output formatted data, that is, type out a test report.
The test languageshould allow convenient communication for all these operations.It should be at least a
pseudo-Englishlanguage,so that it can provide easily
understooddocumentation.The languageshouldinclude
convenientmeansfor makingchangesto the testprogram.
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HardwareInterface.This interf ace
Test-Station-to-Operator
allows on-line control of the test stationby an operator.
There are two approachesto the desigrrof this interface.
r Character-serialinput/output, e.9.,that providedby a
typewriter.
r Functionalpushbuttonsand lights, e.g.,that provided
by a control panel.
The basic communicationperipheral for small computersis a teleprinter.As an operatorinterfaceit is convenient from a design standpoint, and inexpensive.A
teleprinter provides a very versatilebut somewhatcumbersometest station control capability. Using the teleprinter's alphanumericinput capability, one can modify
testprogramson-line.On the other hand, severalcharacters or words must be typedto give a commandto the test
system.
A hardwarecontrol panel, althoughlessversatile,can
be easierto understandand more foolproof. The design
with the task of electronictestcan be human-engineered
ing in mind. An exampleof sucha panelis shownin Fig.
3. It containssystemcontrol pushbuttons,lights to show
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systemstatusand test results,buttons for enteringnumbersand other data,and displaysto shownumericaldata.
A simpler, but lessversatiledata input capability could
be provided by thumbwheels.
Data output for permanentrecordsand testreportscan
be providedby various standarddata-handlingcomputer
peripherals,suchaspunchedor magnetictape.Recorded
test results in permanent computer-compatibleform
might be retainedfor future statisticalanalysis.

Fig. 3. One thing to consider when deciding on the fotm
of a fesf sysfem is how the opetator will conttol tf,e system. A teleprinter is a very versatile method which is
used in most multiputpose sysfems. A control panel like
this one is /ess versatile but easier to understand and
more foolproot.

Other Conslderations
Questionsabout operatortraining, warranty and service, installationand checkout,and so on, are also important to the prospectiveownerof an automatictestsystem.
Systemsmanufacturersvary in their policies on these
points. A user who puts his own systemtogetherwill do
thesethings himself to fit his requirements.f,
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BuildingAn AutomaticTestSystem
Whatare the thingsyou haveto think aboutwhenputtinga sysfemtogether?
By M.D.Ewy

rEsr sysrEM posesproblems
BurtnrNc AN AUToMATTc
in both hardware and software design.This is true
whetherthe systemis speciallybuilt or put togetherusing
ofi-the-shelfsubsystems.
The type of systemthat is requireddependson a number of factors,suchas the kind of testingto be done,the
kind of units to be tested.the manufacturer'stotal test
needs,and so on. These are discussedin the preceding
article. This article will deal with the thingsthat must be
done after the basicform of the systemhasbeendecided
upon. Specificpoints that require attentionare:
I Choiceof instruments,computer,etc.
r Specifications
r Interface design,including logic levels, codes,noise
rejection, ground isolation, data-transfercontrol and
timing
r Switching
I Systemtiming
I Software
r Checkout
StandardInstrumentsand Computer,or Special?
There are numerousadvantagesto using standard,
off-the-shelf instruments in an automatic test system,
even if they seemoverdesignedfor the particular jobs
they will be doing in the system.For one thing, the cost
of specially designing'optfunum' instrumentsis saved.
For another,standardinstrumentshaveusuallybeenwell
tested and specified,and should be more reliable and
easier to maintain. The importance of reliability and
maintainabilityin individual units emergesclearly when
11

one considersthat the time betweensystemfailures is
going to be much shorterthan the time betweenfailures
of any one instrument.Speciallydesignedequipmentcan
rarely be as well testedas standardequipment,because
it isn't economicalto do a thorouglr job on low-volume
equipment.
digiNow that relatively inexpensivegeneral-purpose
tal computersare available,they are being used more
and more as controllersin automatictest systems.Their
attractivenessstemsin large part from the versatility of
software programming.However, it is well to use one
that is designedfor easyinterfacingwith instruments.
Specifications
The maximum measurementcapabilitiss-i.s., sgguracies, rates, etc.-of a systemmay not be as great as
thoseof the individual instruments.For example,a digital
voltmeter may not measurethe voltageat the other end
of a systemcableas accuratelyas it can measurethe voltage at its own terminals.Ffowever,with a computerin
the systemit may be possibleto havethe systemmeasure
itself and correct for such systematicerrors as voltage
offsetsin cables.Seethe article on page2 for more about
self test and error correction.
InterfaceDesign
Given a typical computer and severalinstrumentsselected at random, a desigrer can have difficult interface
problems.To allow the computerand the instrumentsto
communicate,he may have to designand debuga great

that require difierent logic levels. Fig. 1 shows typical
transmitter and receiver circuits for current-sinking IC
logic, discreteNPN circuits,and discretePNP circuits.
Codes.Codesare the meaningsassignedto the logic levels
on an interface line or a combination of interface lines.
Any time the code of a sendingdevice differs from the
code of the receiving device, an interface must be desigred to translate.
There is a possibility of great confusionin this area.
8421 codeis now standardfor new instrumentsusing a
binary-coded-decimalformat. But there are still difterencesas to whether HI - 1 or LO - 1..Also, some
instrumentsuse binary code, not binary-coded-decimal,
and there are two's complementbinary, magrritude-andsign binary, and so on. This is only for numerical data
transmission;there are other codesfor letters and symbols, and there are different system-commandcodesfor example,does HI : 'Encode' or LO - 'Encode'?
Efforts are being made to standardizethesetlings, but
much remainsto be done.

Fig. 1. Intefiace design is an important part of the design
of an automatic fesf sysfem. An inteilace must translate
the computet's logic levels and codes into a lorm which
will control an instrument. Ditferent instruments need
dilterent interlace circuits. Here are some ol the more
common ones.

deal of special hardware.

Some of the considerations

are

discussedin the following paragraphs.
Logic Levels.Many difierentlogic levelsare usedin computersand instruments,especiallyin instrumentsdesigned
with discretecircuits.Recently,becauseof the availability and low cost of TTL and DTL current-sinkingintegrated-circuitlogic, thesetypes of circuits are becoming
de facto interfacestandardsfor systemsthat don't have
to contendwith much externalnoise.
HP hasseveralcomputerI/O cardsthat canbe loaded
with appropriatecomponentsto interfaceto instruments

Noise and fnterface Power Levels. Higher power levels
often have to be usedin interfacecircuits to improve the
rejectionof noiseinducedfrom sourcessuch as switched
power supplylines, tape punches,relays,and so on.
StandardIC logic gatesoperateat a power level of a
few milliwatts.Loadedlogic gatesor IC line driversoperate at about 50 to 100 mW power levels.SomeHP interface circuits designedfor operating over long interface
lines operateat a power level of a few watts. One must
decide what is neededin a particular application,then
designaccordingly.
Interface Circuit Ground fsohtion. If long interface cable
runs are needed,then good ground isolationbetweenthe
instrumentson each end of the cable may be neededto
eliminatevoltageoffsetscausedby groundJoopcurrents.
Transformers and pulse logic are sometimesused to
provide ground isolation. However, this requires timedependentlogic, which is undesirably complicatedfor
nonsynchronousperipheraldevices-which most instrumentationperipheralsare. It's usually better to provide
ground isolation in a low-passor dc-coupledtransmission system.This can be doneusing a mod-demodtransformer techniqueor photon-coupledisolators.The latter
techniqueis usedin somerecentHP equipment.
CableDesignfor NoiseReiection.Electrostaticand electromagnetic coupling of noise into sigrral lines in the
interfacecablescanbe minimizedby proper cabledesign.
If the required transmissionrates do not exceedabout
12

500,000 bits per secondfor long cables(severalhundred
feet), then the most reliable cable designis an individually shieldedtwisted pair for each signal. The shield
is connectedat the receiverend of the cable only. For
short cablesentirely containedwithin a systemcabinet,
theseprecautionsare not normally necessary.
Fig. 2 is a simplified circuit diagram illustrating the
interface and cable designtechniquesjust described.
Data-TransferControl and Timing. The computer must
communicatewith all of the other equipmentin an automatic test systemand must distinguishone instrument
from another.Therefore,there must be an input-output
data bus and an addressingcapability in the interface
system.This conceptis shown in Fig. 3. Sinceeachperipheral or instrumenthas a unique address,the addressdecodingcircuitry allows data transferthrough only one
data-enablecircuit at a time.
When programming an instrument (putting a voltmeter on the proper range,for example), there must be
hardwarememoryin the interfacesomewhereoutsidethe
data bus, so the programparameterscan be remembered
while the computer is servicingother instruments.This
program storageis also shownin Fig. 3.
In HP computersthe databusis in the computerbackand data-enablecircuits
plane and the address-decoding
are on plug-in interfacecards.Program storageis either
in the instrumentsor on the interfacecards.

A common way to control the transmissionof data
acrossan interface is to use a strobe line that tells the
receiverwhen to look at the data.The strobepulseoccurs
after new data have settledon the interfacelines. This is
a useful and reliable techniquefor high-speeddata
transmission.An even more reliable technique,which is
somewhatslower but more than fast enough for most
instrument applications,is to use another line, called a
flag line. The receiverusesthe flag line to signalback to
the transmitterthat the strobecommand(which cannow
be a single transition insteadof a pulse) has been received and actedupon. Using this technique,the system
designerneed not concern himself with the bandpass
characteristics(speedof response)of the transmitteror
receiver.The interfacewill 'handshake'using the strobe
line and the flag line, and will thereby communicate
reliably at a rate determinedby the combinedresponse
times of the transmitterand the receiver.
Swilching
A computer-controlledautomatictestsystemmay contain many different types of switches.For example,one
type of relay might be usedto distributeand applypower;
another type might be used to distribute dc or low-frequencystimuli to a unit undertest;high-voltageswitching
might require another type; measurementinstruments
like digital voltmetersrequire 'scanning'or 'monitoring'
switchfunctions;and still anothertype of relayis required

Ffg. 2. Nolse and ground-loop cuftents can be minimized by proper interlace and cable
design. An individually shielded twisted pair tor each signal etfectively reduces noise
pickup in cables. Photon-coupled isolators provide good ground isolation to break
ground-loop cuftents.
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disturbances on their inputs while the system is being
automatically switched, and they need some time to recover from thesedisturbances.Also easilyoverlookedis
the fact that there is often a considerableamount of
cabling, and therefore shunt capacitance,in a system.
Time must be allowed to let the signal sourcesstabilize
the charge on this capacitance.The table below shows
how much time it takes for a cable of shunt capacitance
C and a sourceof resistanceR to settle within various
percentages
of their final values.
Soltware
There are usually two levels of 'softwarein a system.
There is the test program, which is usually written by
the test engineerin a high-level languagelike BASIC,
AuTest, or FORTRAN, and there is the system-control
program,which must be written by whoeverputs the system together. The person who builds the systemmust
make sure that the software can control instruments,
control timing, and perform any other systemfunctions
that the test engineermight call for. Softwaredesignis
not a trivial part of systemdesign;it usually requiresan
experiencedprogrammer. More is said about software
requirementsin the precedingand following articles.

Fig.3. Data transler between the computer and an instrument or peripheral requires a data bus and an addressing capability. lnstrument control requires prcgtam
storcge, so the computer can do other things altet telling
the instrument what to do. ln HP computers, the data bus
is in the computet backplane and the other tunctions are
on plug-in intefiace cards.

Checkoul

to switchhigh-frequencysignals.Providingthis variety of
switching in a systemis often quite complex. One approachis to separateeachswitchingfunction andprovide
a unique interface to the computer for that function.
However,a more versatileapproachis to provide a general-purposeswitchingunit. Although such a unit can't
handle all of the switchingrequirementsof a system,it
can take care of most of them. A switch unit used in
many HP systemsis controlled through one computer
I/O cafi, This card addresses
and controlsup to 16,384
switches,each of which is either a point in a switch
matrix, a channelof an input scanner,or an independent
relay or solid-stateswitch.
SystemTiming
One aspectof systemdesignoften overlookedby the
newcomerto the field is the needfor careful attentionto
systemtiming. fn an automaticsystem,time delaysmust
be inserted into the test program for severalreasons.
First, the outputs of sigrralor power sourcestake a finite
time to stabilizeafter respondingto a programcommand.
Second,measurementinstrumentsoften receivetransient
14

A typical computer-controlledsystemhas signal
sources,switching,and measurementinstruments.Therefore, with an appropriatetest program for the computer,
the systemcan check itself out to a great extent. This
should be consideredduring the systemdesignphase.It
may be desirableto add some switching capability, or
possibly a precision referencesource, to make system
checkouteasierand more useful. I

Cable Settling Time
Systemtimingis affectedby the time it takescablecapacitanceto stabilize.
A cablewhichhasshuntcapacitance
C,
drivenby a sourcewhich has resistanceR, will take the
times shown here to settle within the indicatedpercentagesof its final voltage.

Hewlett-PackardAutomaticTestSystems
HP usesand suppliessmallmodularsysfemsof all kinds:standardspecial-purpose
sysfems,standardmultipurposesystems,customsystems,and sysfemcomponents.
By RobertA. Grimm
Hewr-nrr-PAcKARD'sINvoLvEMENTIN AUToMATIC
TEsTINGis both as a user and as a supplier. We use it
extensivelyin our laboratoriesfor testing components,
circuits, and assemblies,and in our manufacturingdeand
partmentsfor testing components,sub-assemblies,
products.
As a supplier, HP provides automatictest systemsin
three ways.
r Standardsystems.
Many testrequirementsare common
of
to a number users.HP hasdesignedseveralgeneralpurposeand special-pu{poseautomaticsystems,such
as a microwave network analyzet,' a digital logic
an audio data proctester,2a dc-to-RF test system,3'a
essor,san aircraft noisemonitoringsystem,6a Fourier
analyz,er,and modular data acquisition and control
systems.Theseare availableas standardproducts.*
r Customconfiguredsystems.Test
requirementsthat can't
be met by standard systemscan often be met by a
combination of standardproducts assembledby HP
into a custom system.In such casesHP provides a
complete system,including all instrument interfaces
with the computer, and all necessaryhardware and
software.
I Customer-assembled
system.During the pasttwo years,
more and more instrumentsand interface hardware
have becomeavailable.and customerswith some
hardwareand softwaredesigncapabilitycan often assemblesystemsthemselves.The easiestHP systemsto
assembleare the computer-controlleddata acquisition
and control systems,for which a number of HP subsystemsare available.Thesesubsystemsmay consist
of a singlecomputer interfacecard or a collection of
instrumentswith cardsand cables.$sf1w31g-fl1lvs1s
and verificationroutines-is alsoincluded.
rThesevensystems
montioned
are HP Models85424,20604,95004,80501A,
805004,
andz300Series,rospectivsly.
5450A,
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The HP Approach
Hewlett-Packard'sapproachto automatictestingis the
result of our experienceas a manufacturerof generalpurposetest equipment.The HP approachcan be summarized as follows:
r Use commercialtest instrumentsfor building blocks.
r Usecomputersdesignedfor easyinstrument
interfacing.
r Use simpleprogramminglanguages.
I Make smallfree-standingmodularteststations.
StandardInstruments
Becauseof the growing importanceof automatictesting, new HP products have increasinglybeen designed
with programmablecontrols and data readoutsthat are
compatiblewith HP computers.Digital voltmeters,elecwere among
tronic counters,and frequencysynthesizers
power
supplies,
the first of these;now there are also
switches,signalgenerators,X-Y displays,power meters,
and others.
Standard HP instrumentsare used in HP systems
wherepossible.If no HP instrumentis madefor the job, a
standardinstrumentfrom anothermanufactureris used.
Only occasionally,whenno instrumentsare available,are
customunits designedand built.
HP Computers
Severalyearsago,HP estimatedthe future importance
of automatictestingand developedsmall computersspecifically for use in instrumentationsystems.Thesecomputers have an input/output structure which makes it
straightforwardto interface them with test equipment;
usuallythis can be done with a singlecard that fits inside
the computer, and a cable to the instrument.The card
acceptsinstructionsin computer languageand converts
the information to the form which will control the instru-

HP2I16A
Computer
16 K Core
Memory

Dirfft
Memory
Access

HP 21504
Extender
Module

Fig. 1. HP Model 7462 is used by the Magnavox Corporation lo test radio receiver circuits. Typical test times arc 3 to 6 seconds per circuit (amplitiers, local oscillators,etc.).

Programming
Languages

ment. Thus an instrument can be added to the system
simply by plugging in a card and making appropriate
changes in the computer software. There are now three
of these small general-purpose HP instrumentation computers: Models 2II4A,2ll5A,
and 21168.

Easy programming is an important requirement in
automatictest systems.The personwho knows the tests
that have to be performed is the best person to write
the test program, but he is usually not a programmer.
HP favors easy-to-learn,conversational,English-like
languages.Many HP systemsare programmed in an
augmentedversionof the BASIC language-HP BASIC
-which is standardBASIC with two additional statements.?'8The CALL statementinitiates instrumentcontrol subroutines,and the WAIT statementputs time
delaysinto the program to allow for the settlingtimes of
instrumentsand devicesbeing tested.HP BASIC can be
learnedin a day.
Table I is an exampleof an HP BASIC program for
testing an audio amplifier. It includes instructions for
settingall power supplies,checkingthe gain at five frequenciesfrom l kHz to 5 kHz, and generatingappropriate
output messages,
includingthe amplifier serialnumber.
Somespecial-purpose
HP systemsare programmedin
speciallanguageswhich are also quite simple to learn.

Fig. 2. ffits system ls used for production testing the
read-only memories and logic cards in HP Model 9100A
Calculators.
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For example,the digital logic module test system,HP
2060A,'is programmedin AuTest, a speciallanguage
optimized for testing binary logic circuits. It includesa
PERMUTE instructionwhich can generatethousandsof
tests with only two program statements.Table II is an
exampleof an AuTest program.
Many HP systemscan also be programmedin FORTRAN and ALGOL. However, theselanguagesare not
for autointerpretive,so they have some disadvantages
program
writFORTRAN
For
example,
a
matic testing.
ten in English-likestatementsmust be compiled,that is,
prototally convertedinto a binary machine-language
gram on paper tape or someother similar medium. The
binary tape is then used to operate the system. Any
changesor errors require re-compiling, and this can be
tediousandtime-consumingfor onenewto programming.
HP BASIC, on the other hand, is an interpretivesystem
which operateson eachline of the English-likeprogram
as it is received.convertingone line at a time into ma-

chine language.Errors are immediatelypresentedto the
programmer and may be correctedby simply retyping
the line that containsthe error. Similarly, program
changesmay be madeat anytime byretyping the Englishlike program statements.
An exception to all this is the computer-controlled
data acquisitionor control system.Most of thesesystems
operateunattendedfor long periods of time, so conversational programmingis not as important as it is in an
automatic test system.HP data acquisitionsystemsare
programmed in FORTRAN or lower-level languages
because,once theseprogramsare compiled and loaded
into the computer, they take less time to executethan
equivalentBASIC programs.
A new softwarepackagefor thesedata acquisitionand
control systemsis DACE, the data acquisitionand control executiveprogram. With DACE, the measurement,
computation,and control functionsof a systemare separated into tasks of varying priorities, and the executive

Table I. Test program for an audio amplifier'
written in HP BASIC

Table II. Test program for a logic module,
written in AuTest

Progrrm
1 0 0o A L L( 8 , 1 , 0 , 1 )
1 1 0 C A L L( 8 ,2 , 0 , 1 )
1 2 0 P R I N T" P L U G I N A M P L I F I E R ' '
1 2 5 P R I N T " S E F I A L N U M B E RI S ' '
1 3 0 I N P U TS
'140 CALL (6, 4, 3, 0, 0)
1 5 0 C A L L ( 8 , 1 , - 1 2 ,l o o )
160 CALL (8,2, 12, 100)
170 FOR F = 1000TO 5000
srEP 1000
180 CALL (5, F, .10)
' l 9 0 C A L L( 7 , 7 , 0 , 0 , o )
200 oALL (9, 5)
210 WAIT (30)
2 2 0 C A L L ( 1 0 ,2 , . 1 , | )
230 CALL (9, 23)
240 WAlr (30)
250 CALL00,2,10, v)
260LETG=V/l
27OIFG<5THEN32O
280 rF G > 10 THEN 340
290 NEXT F
3OOPRINT "AMPLIFIER
SERIAL'' S "GAIN OK,
GAIN =" G "AT 5000 HZ"
310 GO TO 290
320 PRINT "AMPL SERIAL"
S "GAIN LOW, GAIN = " G
"Ar" F "HZ"

Comment

Program

Sets power suPP|Y1 to zero
Sets power supply 2 to zero
Instructsoperator
Asks operator for information
Operatortypes in Serial No
Connectssupply #1 to output 4,
supply #2 to output 3
Sets supply#1 to - | 2, 100mAmax
Sets supply#2 to + 12, 100mAmax
EslablisheslooP for changing
frequencY
Sets oscillatorto 1000 (then 2000'
3000, 4000, 5000) Hz, 0.1 V
Connectsoscillator to outPut 7
ConnectsoscillatoroutPUtto DVM
Delays30 ms to allow settling
Measuresinput ac voltageon
0.1 range
ConnectsamplifieroutPutto DVM
Delays30 ms to allow settling
Measuresamplifieroutput
Calculatesgain
Checks for low gain

IDENTIFIER, O211 6-6274, MA6274

Name the program for module Part
n u m b e r 0 2 1 1 6 - 6 2 7 4u, s e d w i t h
module adapter 6274

coNNECTORB
, A N K1 ( 3 , 4 ,5 , 6 . . .
55, 81, 82, 83)

List all module signal connsctor
prns

P O W E R ,P S I : 4 . 5 V ' P S 2 = - 1 . 8 V , /
B A N K1 ( H : 3 V , L = - 1 . 8 V , /
P=30MA, N=50MA,/
+T=0.5V, -T=0.5V)

S p e c i f y m i n i m u mP o w e rs u P P l l
and high/low logic level voltages
as well as positive and negative
current limits and test tolerances
for first run-throughof test

2 POWER,PS1=5V, PS2: -2Y,/
BANK1 (H=5V, t= -2V,/
P=30MA, N=50MA,/
+T:0.5V, -T=0.5V)

Specity maximum Power suPPl'
and high/low logic level voltages
and remaining Parametersfor second run-throughot test

3 rEST, L( ), H(81)

Set all pins to low initial statesand
set pin 81 io high for check ot
thermal switch during all tests

4 D O , 5 ,P : 4
5 TEST, PERMUTE(3, 27,29,25)

Check memory module select logic
by generating 16 (2a) memory address input combinationstor Pins
3,27, 29, and 25

6 TEST, H(3)

Set pin 3 (Ml2) tor test of memory
protect output AND gate

7 D O , 8 ,P = 8
8 TEST, PERMUTE/
(37,55, 54, 53, 52, 51, 50, 49)

Check memory protectoutPutANo
gate by generatingall 256 (2!) possible input combinations

9 TEST, L(3)
0 TEST, H(55, 54, 53, s2, 51, 50, 49)

Set pin g (M12) low and Pins 49
through 55 high tor check of remaining memory Protect logic

Checks for high gain
Return to 170 for next frequency

'I

330 GO TO 290
340 PRINT "AMPL SERIAL'' S
" G A I N H I G H ,G A I N = " G " A T "
F "HZ

11 DO,l2, P:8
I2 TEST, PERMUTE/
(32,31,24,33, 12, 35, 6, 37)

Check remaining memory Protect
logic by generating all 256 (28)
possible input combinations

13 END

Terminat€test Program.

ssocb ro zso
360 END
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Commenl

Fag.3. (Lett) HP Model 7404 is used by
Litton Systems to test analog modules.
Programmable stimuli are dc voltage
and ac voltage with variable frcquency,
phase, amplitude, and waveshape(sine
or square). Measurements include dc
and ac voltages,resrsfance,and phase.
Fig. 4. (Below) This system ls used by
Hewlett-Packard Laboratories for tesfing solid-state dc and digital devices.

(21
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F19.5. Hughes Aitctalt Com'
pany uses the HP Model 7389
for testing mr'ssile subassemblies. lt reduces fesf times to
75 seconds lrom 5 minutes Per
module.

program schedulesthesetasksin real time to make most
efficientuse of the comPuter.
HP Computerscan alsobe programmedin lower-level
languageslike machinecodeor assemblylanguage.However,theseare not EnglishJikelanguagesand are usually
usedonly by experiencedprogrammers.Table III shows
the differencesbetweenmachinelanguage,assemblylanguage,compilers,and interpreters'

modulesare practical. For example,HP makesa standard systemfor testingdigital boards' and anotheronefor
testingmicrowavedevices.'With two suchsystems'more
testing can be accomplished,and program debugging'
systemmodification,and maintenancewill be easierthan
they would be with a singlesystemwhich did both types
of testing.And sincethe systemsare modular, they can
be expandedor modifiedto meetchangingrequirements.

Small Self-ContainedTest Stalions

A Few Examples

With inexpensivecomputersit is practical to make
individual test stations completely self-contained.The
test equipmentin each station is chosenfor the devices
to be tested.Separatetest stationsfor different types of

HP's small modular test stations are practical solutions to many testingproblemsin repair depots,in calibration laboratories,and on production lines. A few exampleswill illustratethe rangeof possibilities'

Table III.

Types of ProgrammingLanguages

1. Machlne
Uses minimum memory
Can be oertormed on line
But dilficutt for human to read or
write directly

Machlne Language
(21168)
0'110001100100001
0
01000011001000.1
0100001100100011
01 1'1001100100100

2. A$€mbly
Easierfor human to understand
But uses many steps
Requires otf-line assembly
Difficult to changs

Ass€mbly Language
(21168)
LDA A
ADA B
ADA C
STA D

3. Compiler
VeryeasytoundeFland
Very few steps
But requires off-line compiling
Also may use more memory

FORTRAil
D=A*B*C

4, Interpreler
A d v a n t a g eost C o m p i l e r
ls on line
Easy to change
But may require more memory

HP BASIC
LETD: A*B+C

Fig.6. The Royal Swedish Air Force will use HP sysfems
to check out avionics comqonents,
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Fig. 1 shows the HP 7462 Altomatic Test System, (a
version of the standard Model 9500As,n) which is being
used by the Magnavox Company of FortWayne, Indiana,
to test thick-film circuits for hand-held radio transceivers.
This system is an excellent example of the building-block
approach being used by Hewlett-Packard to produce
automatic test systems for production line test stations.
The HP 7462uses commercially available catalog instruments, the HP 2116 computer, and the HP BASIC language. The high volume of Magnavox circuit production
and the large number of required tests make this a clear
example of the way automatic test systems can serve
users. Individual steps in the Magrravox program being
used with the HP 7462 take from a few milliseconds to
a few hundred milliseconds. Typical complete test times
for radio receiver circuits----e.g., RF, IF, and audio amplifiers, local oscillators, and so on-are in the range 3 to
6 seconds.
Other HP systems are illustrated in Figs. 2 through 6,
and on pages 2,3, 4, and,9. Some are in-house systems,
some are standard special-purpose and multipurpose systems, and some are custom systems. Fig. 7 shows the
subsystems that are available for data acquisition and
control.

F,g. 7. HP 2300-seriessubsysfernsinctude inteilace
cards,cables,instruments,
and sottwarelor usein modular computer-controlleddata acquisition and control
systems.
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