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lmprovedAccuracyand Convenience
OscilloscopeTiming and Voltage
Measurements
Timingmeasurements
aremademoreeasilyandaccurately
withthe dual-delayed
sweepof a new osc//oscope.An
givesdirectreadoutof timeor
internalmicroprocessor
procedures.
voltage,greatlysimplifyingmeasurement
by WalterA. Fischerand WilliamB. Risley

ANY ELECTRONICENGINEERSwould agree
that the oscilloscopeis the most useful of test
instruments. They do not customarily expect a high
degree of precision in an oscilloscope, however, and
accept the 3 to 5% accuracy that most oscilloscopes
provide. The exception has been timing measurements.
Engineers concerned with measurement of very
short time intervals such as rise times, propagation
delay, clock phasing and other high-speed digital
events depend on the oscilloscope for their timing
measurements. To get accuracy in these measurements they have had to order instruments with special CRTs and specially linearized sweeps. But even
with the best of conventional oscilloscopes, a major
source of errors still remains in the measurement
technique. The engineer either has to count graticule
lines from one point on a waveform to another or, fot
better accuracy, he has to position the starting point
at center screen with the sweep delay control, write
down the control setting, position the stopping point
at center screen, write down the new control setting,
take the difference between the two readings, and
multiply the result by the main time base setting to
get the answer. Although 1% accuracy can be obtained this way, the procedure obviously has the potential for many errors.
To eliminate this bother and at the same time to improve accuracy, a new technique has been developed
for the new HP 1722A Oscilloscope (Fig. 1). This oscilloscope displays two intensified markers on the
waveform (Fig. 2). The operator positions the first
marker at the point where the time interval measurement is to start and the second marker at the stopping
point, A LED digital readout, automatically scaled to
the time base setting, then displays the time Iapse between the markers directly. The technique is fast and
accurate, and it considerably reduces the chance for
is no need to count graticule
human error-there
lines or calculate results from readings.

PrntedrnUSA

Voltage Readings Too
Better timing measurements are only one of the
new capabilities of this instrument. It also makes frequency measurements and does so quickly by automatically converting a period measurement, made
with the use of the markers, to frequency (f : 1/t). In
addition, it makes measurements on the CRT vertical

Cover: The LED numeric
display on this osci//oscoPe
is an essentialpart of a new
way of measuring very short
time intervals, such as fhe
propagation delay of a flipflop breadboarded here on
the HP logic lab. A descriPtion of the osc//oscope and
the new technique begins on thispage; the logic
lab was described last month.
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Fig. 1. Model 1722A Oscilloscope is a high-performance
d u a l - c h a n n e li n s t r u m e n t w i t h
7.3ns rlsetime,50Aor 1MAfi 1pF
input impedance,sweep limes to
1 nsldiv, and the dual-delayed
sweep that provides higher accuracy, resolution,and convenience in timejnterval measurements./ts LEDdisplaygives direct
readouto[ time tntervals.frequency (1tTiluE),
and voltage.

axis, presenting a digital reading ofthe averagedc value of the displayed waveform or the voltage difference between any two selected points on the waveform, such as the overshoot on a pulse. It can also derive the percentage of a part of a waveform with respect to the whole, as in measuring modulation on a
carrier.
Several developments combined to achieve these
capabilities. The first development is the basic oscil-

Fig.2. Two markersare positionedto tndtcatethe startand
stop regions of a ttmelntervd measurementand the digital
readout shows the ttme interval between the markers. The
example here shows the pulse width to be 18.80 ps.

loscope, which is the same as the laboratory-grade
2 7 S - M H z M o d e l 1 7 2 O A O s c i l l o s c o p e ,a n a d v a n c e i n
cost-effectiveness described in the September issue
of the Hewlett-Packard Journall. The second development is a proprietary technique known as "dual-delayed sweep", which gives the capability for more
accurate determination of time intervals. The third is
the microprocessor used in the HP hand-held calculators2, which is built into this instrument to derive
answers from the information the instrument provides.
Dual-Delayed Sweep
The basics of the dual-delayed sweep are shown in
Fig. 3, The delayed sweep circuit itself is conventional but it can be started by either of two comparators. These are enabled alternately such that the delayed sweep starts on one main sweep when the
main sweep ramp reaches the E, level, and on the
next sweep when the ramp reaches a level equal to
E1 + E^t.
To make measurements using the dual-delayed
sweep, the oscilloscope is operated in the MAININTENSIFIED
mode in which the main sweep drives the horizontal deflection system and the delayed sweep
merely intensifies the trace. The operator sets the
delayed sweep to intensify short segments of the
main sweep.
E, and E4, are adjusted to place the two intensified
segments on the points of interest, as shown in Fig.
4a. E, is set by the nst-Ry control and Ea, by the
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Comparators

Fig.3. Ihe dual delayed sweep
uses two comparators that are
enabled alternately.Comparator
A enables the main sweep ramp
to trigger the delayed sweep when
the ramp reaches the Et level.
On the next main sweep, comparatorB enablesthe main sweep
to trigger the delayed sweep at a
later time when it reaches the
E, + E*level.

DEC-INCswitches (Fig. sJ which, when held to one
side or the other, cause E1, to decrease or increase,
moving the right-hand marker to the left or right
along the waveform. The microprocessor reads the
value of E4,, converts it to the equivalent time interval
scaled according to the time base setting, and displays the result.
Once the segments are positioned, higher accuracy can be obtained by switching the oscilloscope to
the onlavno swEEpmode, which expands the intensified segments to full screen width, displaying the
two segments overlapped as shown in Fig. 4b. The
operator can then adiust E6, to superimpose the two
waveform segments exactly, as shown in Fig. 4c. The
digital readout displays the time interval between
the two segments with a-digit resolution which, on
the 20 ns/div sweep time range, can give 20-ps
resolution.
Accuracy
The accuracy achievable by the Model 1722A Oscilloscope in time interval measurements is speci-

fied conservatively as 40.5% of reading -r0.05% of
full scale (full scale is 10 CRT divisionsJ on main
time-base settings between 100 ns/div and 20 ms/div.
When the time interval is equivalent to less than one
CRT division, however, the microprocessor automatically downranges, giving 10x greater resolution in
the reading. Accuracy then improves to +0.5% of
of full scale (10 divisions). It is in
reading -tsO.O2oh
the measurement of very short time intervals that the
Model 1722A makes its greatest contribution to measurement accuracy.
Comparisons of the accuracy of the Model 1,722A
with that of a high-quality conventional oscilloscope
are shown in Fig. 6. Whereas the percent error is
about the same as a conventional high-quality scope
for time intervals approaching the full display width
of the CRT, the Model 7722A is superior for very
short time intervals.
Measurement accuracy is enhanced by the fact that
the start and stop waveform segments are displayed
simultaneously. With the segments overlapped as
in Fig. 4c, it would immediately become apparent if

Fig,4, Procedurefor makinga time-intervalmeasurementwiththe Model 1722AOsc//oscope.
mode, the ortev controlls used fo pos/tNrENstrrn
Withthe instrumentsetto operatein the ^,4AtN
tion the first brightenedsegment of the trace to cover the startingpoint and then the DEC-INC
swlches are used to place lhe second segment over the stoppingpoint, as in "a" (main sweep
time :0.5 psldiv and delayedsweep time :20 nsldiv). Theinstrumentis then switchedto the
delayedsweep mode (b) and the orc rucswitchesused to superimposethe traces(c). Thedigital
readout then gives the time interval between the pulse leading edges with 4-digit resolution,in
fhis case 1.65 us.
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Fig. 5. /he microprocessor
ts acttvated
by pressingone
of the functionbuttons(posN,
rtME,1,Ttt\.4E).
tNpuT.
lf any of
lhe oscilloscope
controlsare not set appropriately
lor the
measurement
selected,the digitalreadoutdisplays".0".
sweep triggering had been affected by drift in the signal. And, because the operator makes his measurement by superimposing the waveforms rather than
by noting where the waveform crosses graticule
Iines, the CRT serves simply as a null indicator so
non-linearities and drift in the vertical and horizontal amplifiers do not affect measurement accuracy.
Accuracy is determined primarily by the sweep
ramp generator, which is accurate within 0.02%. The
delay potentiometer, which largely determines the
accuracy of measurements made by the conventional
differential delayed time base technique, does not
enter into the measurement. The accuracy with
which Ea, is derived is better than 0.005% of full
scale, so Ea, does not introduce significant errors into
the measurement.
Other Uses
The dual-delayed sweep gives added measurement flexibility to the oscilloscope by making it possible to view two separateexpanded portions of a display simultaneously. In conjunction with the microprocessor, it can also be used as an indicator for adjusting, say, a clock repetition rate to an exact value.
In this case, Eo, is adjusted to cause the digital
readout to display the desired frequency in the 1/TrME

Fig. 6. Specilledmeasurementaccuracyof the Model 1722A
Osci//oscopecompared to a conventtonalhigh-qualityoscil/oscope ustng the differentialdelay technique. Plot "a" ts
for absolutevaluesof trmeand plot "b" is in termsof horizontal
deflection(in a range of 100nsldiv to 20 msldiv).Theupward
disconunuityal 5 ns ts where lhe accuracy specrlicauon
changes for sweep trmesshorter than 100 nsldiv. The dtscontinuity shown at 1 CRT division is where the microprocessor down-rangesto give 10 . better resolution.
mode, which is interpreted internally as the desired
clock period. The clock repetition rate is then adjusted to cause the two waveform segments to be

superimposed.
The dual-delayed sweep can also be used for measurements between points on two waveforms, such
as measurements of propagation delay. When the instrument is displaying two waveforms in the ALTERNATEswEnp mode, the delayed sweep is started by E,
when channel A is displayed and by E, + Eo, when
channel B is displayed, giving the time interval between the points selected on the two waveforms {Fig. Z).
The phase delay of a two-phase clock can be adjusted, for example, by displaying the master clock
on one channel and the delayed clock on the other.
E6, is adjusted to cause the readout to display the
exact value of phase delay desired. The clock phase
delay is then adjusted to align the waveforms.
Measurementson the Vertical Axis
When the button labeled rNpur DCvot,rs (Fig. s) is
pressed, the digital readout displays the average

Fig.7, ln the etrraNerrsweep
mode, the oscrT/oscope
measures
the time interval between points
on two waveforms.Alignment of
the two pointson the same vertical
graticule, ln lhis case the 50%
amplitude polnts as in the photo
at right, gives a precise measurementof timeinterval.(Mainsweep;
0.1 psldiv; delayedsweep: 1)nsl
div; time interval:45,3 ns).

value of the input to channel A. The instrument then
functions as a 3%-digit voltmeter with full-scale
ranges from 100 mV to 50V. If a 10:1.divider probe is
used, a front-panel switch compensates the reading,
giving full-scale readings from 1V to 500V.
Pressing the nnp SEr button stores a reading as a
reference. The display will then show the difference
between the reference and a new voltage at the channel A input. Normally, the Rnr sEr button is pressed
while the input is grounded so subsequent readings
give absolute values. Since another voltage may be
used as the reference, differential readings are easily
made.
The accuracy of dc voltage measurement, specified conservatively as 10.5% of reading -f 0.5% of
full scale (full scale corresponds to 10 divisions even
though only 6 divisions are displayed), is diagrammed in Fig. B. As in the case of measurements
on the horizontal axis, the operator does not have to
count graticule lines nor multiply by range factors.
Accuracy is enhanced by the fact that unlike volt-

Fig. 8. Curvesshow specifiedaccuracy of the Model 17224
Oscil/oscopein voltage measurements(a and b) as compared to a conventionaloscilloscope (c). Curve "a" is for
dc voltage measurements.Curve "b" is for point-to-point
measuremenrc.

meters with decade ranges, the vertical deflection factor ranges are in a L, 2, 5, 10 sequence,which makes it
possible to measure most voltages near full scale.
Point-to-Point Voltage Measurements
When the postl (position) button is pressed, the
DVM circuits read the level of the position control
voltage. This makes it possible to measure the instantaneous voltage of any part of a waveform through dc
substitution. To do this, a reference point on the
waveform is selected and brought to a convenient
horizontal graticule line (Fig. 9). The REFsET level is
pressed to establish this graticule line as the zero level, then the position control is used to bring the
point to be measured to the same line. The digital
readout then displays the voltage level between this
point and the rqference.
Since the reference can be set to any level, the technique can be used to measure point-to-point voltages
on any part of a waveform. Here again, the CRT
serves simply as a null indicator with the reference
and measurement point both positioned to the same
graticule line, so vertical channel non-linearities, a
common source of oscilloscope measurement errors,
do not enter into these measurements.

F)9. 9. Double-exposurephoto shows how pointto-point
voltage measurementsare made. The reference point is
firstbroughtto a horizontalgratrculeline,rn thiscase the cen'
ter line (upper trace), with the vertical position control. The
REFsETbutton ls pressed, and the other potnt is brought to
the same line (lower trace). The digital readout displaysthe
voltagedifference between the two points.
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Fig. 10. Microprocessor related
ctrcurts.

Measuring Percent
Measurements of a voltage level as a percent of a
waveform are made by switching the channel A attenuator vernier out of the CAL position. The vernier is
then used to establish a five-division separation between the desired zero and 100/e points ;f the waveform on the CRT graticule. Next, the zero percent
level is positioned to a reference horizontal graticule
line, and the nnp SEr button is pressed. Positioning
any other part of the waveform to the reference line
then gives a reading of that waveform level in percent.
Besides quickly measuring such quantities as the
percent overshoot on a pulse, this technique is also
useful for defining percentage levels. For example, it
can show exactly where the 50% level is on a pulse
for consistent measurements of pulse width, or it can
define the 10% and gO% pulse levels for risetime
measurements.
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Enter the Microprocessor
There are a number of ways that logic may be
implemented to perform these various functions.
The use of a microprocessor, however, turned out to
be the most efficient way in terms of hardware and
costs. It also provided a convenient means for broadening the capabilities of the instrument, such as enabling the 1/TIMEcalculation,
The microprocessor developed for the HP handheld calculators was an appropriate choice for this instrument, primarily because it already had the means
for driving the digital readout. The decimal addersubtractor lends itself easily to the scaling problem,
and the internal flags of the calculator permit separating and controlling the programs. The microprocessor consists of the calculator's arithmetic-and-register and control-and-timing MoS/LSIcircuits2 working
with two ROMs designed expressly for the programs
used in this instrument. The two ROMs contain a total of stz words.

A block diagram of the circuits related to the microprocessor is shown in Fig. 10. The initial problem
was to interface the calculator circuits to the oscilloscope controls and to the digital-to-analog converter that derives E6r. The front-panel controls serve as
the calculator "keyboard" with the controls encoded
and multiplexed to appear as keystrokes. As in the
hand-held calculators, the microprocessor continuously scans the control settings to see what task
is called for (rnras,1/TIME,DCvoLTS, posN, %) and what
range factors should enter into the calculations. The
input interface encodes the appropriate front-panel
control settings and these are presented to the microprocessor as particular memory addresses.Programs
stored at these addresses perform the indicated functions (compute time, increment, decrement, etc.)
The output interface converts the serial data to parallel data for the digital-to-analog converter (DAC),
and retains it temporarily in buffer storage (the microprocessor uses words consisting of 14 BCD digits presented serially on the data bus).
During a time-interval measurement, E6, (Fig. 3) is
stored as a digital number in the microprocessor. The
DEC-INCswitches cause this number to be incremented or decremented, the size of the increment or
decrement being determined by which of the three
switches is activated. The digital number is converted to the equivalent dc voltage by the DAC.
The scaled value of Ea, is presented in units of
seconds on the display in scientific notation 1A x f OB;
where 10 is implied and only the exponent is given.
F o r e x a m p l e , 3 . 5 1 4 p r , si s d i s p l a y e d a s 3 . 5 1 4 - 6 .
However, to simplify interpretation, only the values
9, 6, 3, and 0 are used for the exponent. With this arrangement, 128.6 ms would not be displayed as
1.286 -1., as it would be in pure scientific notation,
but as 128.6 -3, which is easily interpreted as milliseconds. The same scheme is used for the displav of

Fig. 11. Flowdiagramof a voltagemeasurcment.
frequency and also for voltage, where the exponent
-3 denotes millivolts.
A block diagram of the circuits involved in a timeinterval measurement was shown earlier in Fig. 3.
Not shown were the interfaces and the entries from
front-panel controls other than the time-base setting.
These other entries blank the digital readout if the
control settings are not appropriate for the measurement. This prevents the display of such ambiguous
information as would occur, for example, if the
sweep vernier were out of the CAL position, or if
MIXED SWEEPhad been selected, or if the delayed
sweep TRIG LEVEL control were not in the STARTS
AFTERDELAYposition.
Voltage Measurements
Voltage measurements are made by comparing the
input voltage Vi, to a voltage derived by the microprocessor. The result of the comparison is reported
back to the calculator, closing the loop.

The derived voltage is stored as a digital number in
the microprocessor and converted to a dc voltage in
the DAC. The analog amplifier assembly provides
two pieces of information: (1) the polarity of the input voltage; and (z) whether the derived voltage is
greater or less than the input. In response to this information, the derived voltage is incremented or
decremented until it is within one least significant
bit of the input. The value previously stored as the
zero reference is then subtracted from this value and
the result displayed.
To simplify the program and reduce the number of
processing steps, the derived voltage is obtained by a
successive approximation procedure, As shown by
the logic flow diagram of Fig. 11, at the start of a measurement the most significant digit is set to 5. If the
comparison shows this to be greater than the input,
the digit is decremented to 4 and the comparison repeated.
This process continues until the comparison
shows the most significant digit to be less than the unknown. This digit is retained and now the next most
significant digit is set to 5 and comparisons made until the correct value for this digit is found. The process repeats for each digit until finally the derived
voltage is within one least significant bit of the input.
At most, only 20 iterations are required. The instrument makes about two readings per second.
If in the initial comparison the result shows the
most significant digit to be less than the unknown, it
is incremented upwards until it exceeds the unknown. It is then decremented one count before the
comparison switches to the next most significant
digit.
In a percent measurement, the microprocessor is
instructed to scale the measurement as 20V/div regardless of the attenuator setting. Thus, a voltage
equal to 5-cm vertical deflection is displayed as
100.0. A S-cm deflection is thus equivalent to 100.0%
and all other voltage levels are displayed as a percent
of the 5-cm level.
High-ResolutionDAC
The digital-to-analog converter obviously is a key
element in this system. Since measurement accuracy
depends upon its output, it needs superior resolution and stability, but not necessarily fast response.
Available DACs that have the requisite resolution
and stability are quite fast, and also very expensive,
An alternate solution therefore was sought.
The DAC that evolved from this search is built
around a "rate multiplier",
a device that outputs
pulses in proportion to the BCD number at its input.3
For example, if the number were 6, a rate multiplier
would output 6 pulses for every 10 input clock
pulses.
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rate multiplier, which outputs 30 pulses. In the same
way, the rate multiplier for the least significant digit
outputs 2 pulses for every 10,000clock pulses.The
pulsesare interleavedsuch that 0432 discretepulses
are supplied to the integrator, which outputs a dc
voltage proportional to the number of pulses.
Resolutionis 1 part in 10,000.
Careful attention was paid to the design variables
that affect stability. For example,it was found that an
increase in ambient temperature slowed the pulse
transition times while at the same time slightly increasing pulse height. The clock repetition rate was
selected so these effects compensate each other,
maintaining the area under each pulse constant.
Overall stability of the DAC is 0.005%/"C,eliminating it as a significant source of errors. Total cost of
the components, on the other hand, is of a very low
order (<$1s).
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TRIGGERING
INTERNAL:dc to 100 l\iHz on signals causing 0.5 divisionor more vertical detlection,increasingto 1 divisionof vortical dellectionat 300 MHz in all display
modes. Triggeringon line frequency is also selectable.
EXTERNAL:dcto 100 lVHzon signalsof 50 mV p-p or more increasingto 100 mV
o-D at 300 MHz.
EXTERNALINPUTRC: approx1 megohmshuntedby approx15 pF
TRIGGERLEVEL AND SLOPE
INTERNAL:at any point on vertical waveform displayed.
EXTEBNAL:continuously
variablelrom + 1.0Vlo - 1.0Von eitherslopeot trigger
signal,+10V to 10V in divideby 10 mode (+10).
COUPLING:AC, DC, LF REJ, or HF BEJ.
AC: attenuatessignals below approx 10 Hz.
LF REJ: attenuatessignals below approx 15 kHz.
HF REJ: attenuatessignals above approx I 5 kHz.
TRIGGER HOLDOFF:time betweensweeps continuouslyvariable,axcesdingone
full sweeDfrom 10 ns/div to 50 ms/div.
MAIN INTENSIFIED:Intensifiesthat part ot main time base to be expandodto full
screen in delayed time base mode. Delay and time int€ruai controls adiust
position of intensitiedportions ol sweep.

ABRIDGED SPECIFICATIONS
Model 1722A Oscilloscope
Comdete speciticationsavailableon request

Vertical Display Modes
Channel A; channel B; channels A and B displayed altornately on successive
sweeps (ALT) or by switching between channels at 1 MHz rate (CHOP); channel A plus chann€lB (algebraicaddition).

VerticalAmplifiers(2)
BANDWIDTH:
DC-COUPLED:
dcto 275 NrHzin both50 ohm and highimpedanceinputmodes.
AC-COUPLED:approx10 Hzto275MHz.
R I S ET I M E :< 1 . 3 n s
BANDWIDTH LIMIT: limits upper bandwidthto approx 20 MHz.
DEFLECTION FACTOR:
RANGES:l0 mv/divto 5 V/div in 1,2,5sequence.
VERNIER:continuously
variablebetweenall ranges
INPUT RC (selectable)
AC AND DC: 1 megohm shunted by approx 1 1 pF.
50 OHNr:50 ohms r2olo.
MAXIMUMINPUT:
AC AND DC: 1250V (dc + peak ac)
50 OHM: 5V rms or t250V Deakwhichwer is less.
A + B OPERATION
Bandwidth and deflection factors are unchanged. Channel B maybe inverted
lor A-B operation.
TRIGGERSOURCE:Selectabletrom channelA, channelB, or Composite.

Delayed Time Base
SWEEP
RANGES:10 ns/divto 20 ms/div(20 ranges)in 1,2,5sequence.
MAGNIFIER:(0 to 55"C):same as main time base.
TRIGGERING
INTERNAL:same as maintims base exceptthere is no Line Frequencytriggering.
STARTS AFTER DELAY: delayed sweep automaticallystarts at end of delay
period.
TRIGGER: with delayed trigger level control out of detent (Starts Atter Delay)
delayed sweep is triggorableat end of delay period.
TIME INTERVAL MEASUREMENTS:measureslime interualbetweenlwo events
on channel A (channelA display);betweentwo events on channel B (channelB
display);or betweentwo events siartingfrom an evenl on channel A and ending
with an event on channel B (Alternatedisplay).

Input- DC Volts (ChannelA)
DISPLAY:lightemitlingdiodes(LED).
NUMBER OF DIGITS:3%.
xl RANGE: 100 mV to 50 V full scale verlical deflection(10 mvidiv to 5 V/div).
x10 RANGE: 1V to 500V full scale vertical dellection (100 mv/div to 50 V/div
with x10 probe).
ACCURACY: 10.5ol"reading 10.5% Iull scale (full scale : 10 cm), 20'C to

ACCURACY
Aeuracy
(+20.c to +30.c)

Main Time
Base Setting

3e c.
STABfLfTY: temperature6etficient, <lO.OZyol"C.
SAMPLE RATE: approx 2/s.
RESPONSETIME; <'l s.
REFERENCE SET: voltmeter circuits may bg zeroed permittingdc voltage
measurementswith respect to any voltage within seltrt€d range.
OVERFANGE: flashing display indicatesoverrange mndition.

100 ns/div to 20
ms/div

a0.5ol. ot measurement tc.Ozyo of full scale lor
measuremenls<1 cm. For measurements>1 cm,
i0.570 0f measurement 10.050/. of tull scale.

50 ns/div

t0.57o of measurement10.6% of tull s€le.

20 ns/div'and 50
ms/div to 0.5 sidiv

Position - Volts (Channel A)

10.57" of measurementt0.15o/oof full s€le.

'Starting after 3 cm of sweep.

(ChannelA vernierin CAL detent.)With the foilowingexceptions,specilicationsare
the same as Inout - OC Volts.
MEASUREMENT: dc substitutim method using channel A position control to
determinevoltageol any point on displayedwavetormusing any graticuleline as
relergnce.
DYNAMIC RANGE: t6 cm lrom ground relerencedto center screen.
REFERENCESET: meler may be zeroed;permilsinstantaneousvollagemeasurements with respect to any voltage within sel*ted range.
ACCURACY: 11ol. readingi0.5olo of tull scale( 10x thevolts/div range)measured
at dc.

RESOLUTION:interyals<1 cm, >0.01% ol full scale;interyals>1 cm, >0.1olool
full s€le; maximumdisplayresolution,20 ps.
STABILITY: (0'C to +55'C): short term, <0.01ol".Temperature,i0.03'd"C
deviation from calibrationtemperaturerange.
lmME FUNCTION: calculatesand displaysrgciprocalof measuredtime interval.
ACCURACY: samd as Time InterualMeasuremenls.

Mixed Time Base
Dual time base in which main time base drjves first porlion of sweep and delayed
time base completessweep at the faster rale.

Position-%(ChannelA)
(Channel A vernier out of CAL dstent.)
MEASUREMENT: dc substitution method using channel A position control to
determine percent of any wavelorm poinl with respecl to ussr defined 0 and
100o/.points.
equals5 div).
RANGE: 0 to t140olo(calibratsdwith vernierso that 100o/o
ACCURACY: 11%
R E F E R E N C E S E T : v o l l m e t e rc i r c u i t sm a y b e z e r o e d t o p e r m i t p e r c e n t
measurementswith respect to any waveform point.

Cathode Ray Tube and Controls
TYPE: post accelerator,approx 20.5 kV accelerating potential, aluminized P31
phosphor.
GRATICULE:6 x 10 div internalgraticule,0.2 subdivisionmarkingson major
horizontaland verticaliles. 1 div : 1 cm. Internaltloodgun graticuleillumination.
INTENSITY MODULATION: +8V. >50 ns width pulse blanks trace of any intensity,useableto 20 MHztor normalintensity.InputR, 1 kO 1 10%.Maximuminput
+ 10V (dc + peak ac).

HorizontalDlsplayModes

General

SWEEP MODES:main, main intensified,mixed,dolayed,and x10.
SWEEP
RANGES:10 nvdiv to 0.5 s/div (24 ranges)in 1,2,5sequenc€.
MAGNIFIER: expands all swoeps by a factor of 10, extends tastest sweep to
'1
ns/div.

REAR PANEL OUTPUTS: main and delayed gates, vertical output.
CALIBRATOR
TYPE: 1 kHz t 107" square wave.
VOLTAGE: 3V p-p t 1"/o.
R I S ET I M E :< 0 . 1 p s .
POWER:100, 120,220,24O,-10o/o+so/oi48 to 440 Hz; 1 10 VA max
W E I G H T : 2 9l b ( 1 3 . 2k g ) .
DfMENSfONS:13-3/16W x 7-314H x 20 in. D. (335 x 197 x 508 mm).
PRICElN U.S.A.:$4500.
MANUFACTURINGDlvlSlON: COLORADOSPRINGSDIVISION
'1900
Garden of the Gods Road
Colorado Springs, Colorado 80907

SWEEP TRIGGER MOOE
NORMAL: sweep is triggered by internal or external signal.
AUTOMATIC:bright bassline displayedin absence of input signal.Triggeringis
same as normalabrye 40 Hz.
SINGLE: in Normal mode, swesp occurs once with same triggering as normal,
reset pushbutton arms sweep and lights indicator; in Auto mode, sweep
occurs once each time Rosst pushbuttonis presssd.
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William B. Risley
A nativeof Trinidad,Colorado,Bill Risleyearnedan AB rn
Physicsat PrincetonUniversity
in 1968.He thenwentto work
at the Army'sFortMonmouthlaboratories
as a physicist
specializingin electronicsbut lefttwo yearslaterto do
graduatework at ColoradoStateUniversity.
On gettinghis
MSEEin 1972,he joined HP's ColoradoSpringsDivision,
Sparetimeactivitiesrncludefishingand gardening.Bill
and his wife have a one-vear-old
son.

WalterA. Fischer
Walt Fischerjoinedthe BoontonRadioCorp.,then an
affiliateof Hewlett-Packard,
in 1961and workedon the 202J
FM/AMSignalGenerator.He left the nextyear to fulfillhis
militaryobligationsbut returnedin 1964and contributedto
the designsof the 3211ASweepOscillatorand the 3205A
TelemetrySignalGenerator.In 1968he accepteda posltion
as lab managerfor an oscilloscope
manufacturer
but rejoined
HP in 1972,this time at the ColoradoSpringsDivisionwhere
he is nowa groupleader.Waltearneda BSEEat the Newark
Collegeof Engineering
in 1961and an MSEEat the same
institution
in 1968.Freetime activitiesincludehorseback
ridingand skiingwith his wife and two children,ages 13
a n d 11 .

Loboratory Notebook
An Active LoofHolding Device
For operotion on switched teiephone circuits, equipment
thot terminotes o iine-poir must provide o dc poth for the
holding current. The usuol holding device is on inductor, but
for a wideband precision meosuring instrument, o prohibitively lorge value of inductonce would be required.
For use on switched networks, on option for the Model
377OA AmplitudefDday
Distortjon Analyzer provides for
the dc holding current without the use of ony inductors fthe
instrument normo.lly presents on opproximote 600O resistive impedance to inputs ond outputs).
A diogrom of the loop-holding device is shown in the drowing. R1 ond C7 form o low-poss lilter such thot only the dc
component of the signol con turn on the Dorlington poir.
When turned on, the Dorlington poir con sink up to 70O mA
dc.
To the oc component, the Dorlington poir in conjunction
with impedonce Z appears os o current source (Z may be a
low-va|ue resistonce or, for higher impedonce, onother octive current sinkJ. Thus, oc currents "see" a high impedonce

(sokol.

left connected without cousing signol distortion. Two circuits connected in paroliel opposition enoble currents of
either polority to be occommodoted.

R7 , R2 , and Z were chosen to ensure thot the tronsistors do
not begin conduction unti.l the dcvoltage ocross the device is
su/ficient to ol.low lineor tronsistor operotion with the lorgest
oc signol voltage expected. Thus, when there is no ho.lding
current, the tronsistors ore turned off and the d,evice moy be

-David H. Guest
Hewlett-Packard Limited
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A Supersystemfor BASICTimesharing
ThisHP 3000 ComputerSystemis optimizedfor BASIClanguagetimesharing,but it a/sosupp ortsconcurrentbatch
processingin BASIC,FORTRAN,COBOL,and SPL.
by Nealon Mack and Leonard E. Shar

HE HP 3000 COMPUTERSYSTEMis a low-cost
general-purposecomputer system capable of
concurrent batch processing and on-line terminal
processing. The system can be accessed by many
users simultaneously using any of several programming languages and applications library programs.
Operation is under the control of the Multiprogramming Executive [MPE/3000).1
To meet the needs of users who want a computer
system primarily for BASlC-language timesharing,
MPE has now been modified to emphasize the interactive capabilities of the system. The result, called
Multiprogramming Executive for Timesharing
TMPET), provides the BASIC/3000 timesharing user
with the fastest possible response, yet retains the
ability to support concurrent multilingual batch
processing.
In its most modest form, MPET supports 16 BASIC
users and batch in the background (Fig. 1.).Programs
written in BASIC, FORTRAN, COBOL, or SPL (HP
3000 Systems Programming Language) can be run in
batch mode. Calls to programs or subroutines that
have been batch-compiled in FORTRAN, COBOL, or
SPL can be included in BASIC user programs, a feature that can greatly increase the speed of execution
of BASIC programs. Also unique among BASIC timesharing systems is the new system's ability to store
and operate on integer, real, long-precision, and complex numbers in the same program. File systems are
identical for timesharing and batch processing, so all
files can be made available to any user in either operating mode, as desired by the system or account
manager. Other features of MPET and MPE are a
simple command language, complete accounting of
resources,logging facilities, file backup and security,
dynamic resource allocation, and virtual memory.
Two standard hardware configurations capable of
running MPET are the HP 3000 Model 100CX and
Model 200CX Systems. The HP 3000 Model 100CX
includes an HP 3000 Computer with 48K memory, a

line printer, two .7-megabyte disc drives, a card
reader, and a magnetic tape drive, The HP 3000
Model 200CX consists of an HP 3000 with 64K memory, a larger line printer, a 2-megabyte fixed-head
disc drive, a 47-megabyte mass-storagedisc drive, a
card reader, and a magnetic tape drive.
What Was Done
The MPET project started with performance evaluations of the HP 3000 running under the control of
Executive. The evaluation
the Multiprogramming
was accomplished using special software and hardware measurement aids (these aids will be discussed
later) and some purely subjective reasoning. The result of this evaluation indicated that to become an optimal timesharing system, MPE would need improvement in the following areas:
Log-on or session initiation
BASIC subsystem access
BASIC LIST command
BASIC GET and SAVE commands
BASIC run-time performance.
Executive performs sysThe Multiprogramming
tem and user functions as a series of processes,It was
found that when a session was initiated at the terminal or the BASIC subsystem loaded, several processes
had to be created. These processes would in turn
create other processesand transfer control ofthe system to the newly created processes. The process
switching was the main factor in the amount of
time required to initiate a session or load the BASIC
subsystem.
Fig. 2 illustrates how a typical user process (BASIC)
is created under the control of MPE. The processes
at or near the root ofthe process tree in Fig. 2 are highpriority processes.High priority means that the execution of these processes takes precedence over all
other system and user code. Thus high-priority processes are executed rather quickly under MPE.
The nodes of the process tree in Fig. 2 that are be-
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Functional View ot MPET/3000

Flg. 1.MPET, a modification of
the Multiprogramming Executive
(MPE) tor HP 3000 Computer
Systerns, optimizes the system
for BASIC-language timesharing,
yet retains the ability to support
concuilent multilingual batch
process/ng.

Data and
Program
Storage

entry into the BASIC subsystem.
Normally, initiating BASIC requires a complete
process creation with all the necessary linkage editing. In MPET, however, since BASIC is invoked so often, its creation can be speeded by permanently linking it as a part of the operating system. When the first
user requestsBASIC a "virgin" BASIC process (which
is never executed) is created and linked into the operating system's process structure as shown in Fig. 3.
Thereafter, when a user requests BASIC the virgin
process is merely copied and the copy on which he
executes is linked as a son of his SMP.

low the dotted line are low-priority processes. This
means that these processes are executed on the general process queue with all other system and user code.
When a user initiates a session a unique session
main process (SMP) is created for him at high priority. However, the SMP itself executes in the general
process queue. This queue is circular and is rotated in
a "round-robin" fashion to allow each active process
in turn to use the CPU for no more than one time
slice. The number of processes on this queue will,
of course, be large in a heavily loaded timeshared
system.
To improve session-initiation time it is necessary
to force the newly created SMP to the head of the
general process queue so it can initialize itself immediately without having to wait for its turn. However, the currently executing timeshare process is
allowed to complete its time slice to minimize thrashing (excessive moving of code into and out of main
memory), which could result from frequent preemption.
A queuing analysis was performed on this method
of modifying the scheduling algorithm. This study
showed that, in the restricted environment of singlelanguage timesharing, average response time could
be improved by judicious use of this technique. It
was felt that when a user interacts with the system he
should immediately get enough CPU time to execute
the majority of his requests. To achieve this the relevant process is forced to the head of the general process queue and is given a double-length time slice.
Also, when control is transferred between processes
on the general process queue, the newly active process is similarly forced to the head of the queue. This
improves response to commands that involve the
initiation of a new process-in particular, log-on and

The LIST Function
On heavily loaded HP 3000 Systems it was observed that, when listing BASIC programs or print-

Fig.2.ln the originalMPE processstructure,BAS/Cls a /owpriority process lhat executes in the general process queue.
ln MPET, the BASICuser's sesslon main process (SMP) is
forced to the head of the queuewhenit is firstcreated.Thisimproves session-initiation tim e.
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Fig.3. SrnceB,4S/Cis invokedso oftenin MPET,it is permanently linked into the operating system. A virgin BASICprocess, crealed when the first user requests BASIC,is simply
copied for subsequentrequesls.

save user BASIC program files interactively.
While the MPE file system is very general, BASIC
program files are very specific. That is, all BASIC program files have the same record width, 128 words,
and are in all other respects identical in structure. It
became obvious that a rather simple file system interface could be written to fetch and save BASIC program files. It could be simple because all the options
and record sizes handled by the MPE file system
would not have to be considered. This specialized interface was implemented, and as a result, most operations on BASIC program files are completed within
the user's first time slice. Response times to these
commands are improved by a factor of five on a
loaded system.
In addition to the file system interface, certain
other economies resulted by allowing two extra records for expansion of BASIC program files. Previously the BASIC subsystem created a program file of the
exact length of the program to be filed, When a program was modified, it became necessary to purge
the old file and create a new one of different length.
This is no longer necessary. With the extra space
allotted at the creation of the file, the program can

ing data, the output would often be in spurts of four
or five lines per time slice. Investigation showed that
the MPE terminal buffers could hold 3z ASCII characterseachwith a maximum of six buffersperterminal, and that only one datatransferwas madeto these
terminal buffers per time slice, after which the user
processwould be inactive until it went around the
generalprocessqueue.
It's important to note that terminal buffer I/O continues after the processhas lost its time slice. In other
words, once the data has been buffered. it becomesa
systemprocessto output the data.With this in mind,
it was felt that if the terminal buffers were arranged
in a circular structure, then a processcould continue
to fill those buffers that had been emptied during its
time slice. This guaranteesthat a processwill have
six full terminal buffers to be emptied under the control of the I/O system after it has lost its time slice.
With this method it was found that approximately
twice as much data could be output during and between a user process'stime slices.Fig. 4 shows how
this techniqueworks.
Loadingand SavingBASICPrograms
The MPE file systemis a highly generalizedsubsystem capableof handling files of practically any type,
size,or structure.A certain amount of overheadis the
price paid for theseconveniences.Although the flexibility of the file system is one of the advantagesof
MPE (and of MPET), it was obvious that the existing
file systemwas not the most efficient wav to load and
14

Fig.4. To speed up the LISTfunction,MPETterminatbutfers
are arranged in a circular structure so thev can be refilled as
data is printed out.

expand and contract within the initial space without
having to waste time purging and creating files.
BASIC Interpreter
The BASIC/3000 interpreter presented special
problems. It had been well thought out by its designers and coded in a very efficient manner. Yet its
run-time performance had to be improved while
maintaining all the flexibility that has given this interpreter its outstanding reputation. [We feel that
BASIC/3000 is the most powerful BASIC interpreter
ever written.)
With the aid of measurement tools, it was determined that the interpreter was spending large
amounts of time in a relatively small routine called
the expression evaluator. Further investigation
showed that a number of procedures were being
called by this routine and the amount of time spent
executing these procedure calls was significant.
These procedures, some of which were very small,
proved to be excellent candidates for optimization
and/or relocation. Many were placed in-line, thus eliminating the time-consuming procedure calls and
providing a substantial increase in run-time performance. Also, computed GOTO statements were rewritten in assembly code and this improved their execution time significantly. These modifications yield
a 2oo/oreduction of CPU load for the typical BASIC
program.
General lmprovements
Certain modifications to MPE and the BASIC/3000
interpreter were aimed at a general improvement of
the timesharing environment, especially at increasing the number of simultaneous users of the system.
Some of these modifications were initially made to
solve particular problems and were later discovered
to have significant effects on total system performance.
Among the most important of these modifications
was the decision to restrict the types of operations
that could be done at a terminal, and to give higher
priority to interactive access than to batch access.
Allowing only one subsystem, BASIC, to run from
the terminals improves system throughput by maximizing the code-sharing capability of MPET and
minimizing memory traffic. BASIC/3000 maintains
user data areas nicely in that it expands and contracts
them as needed, thus leaving more memory available
for code. It is also the most popular timesharing language for small machines. In addition to BASIC, all
the MPE commands that display system information,
manipulate files, and perform general user and operator functions are still allowed from any terminal.
Other general performance modifications include
faster, more specialized routines to serve the interac-

tive terminals so that terminal access no longer has to
go through the file system, and placing critical sections of code in core when sufficient core is available.
The batch mode of MPE was left unchanged, except that jobs now run on a low-priority subqueue to
minimize the effect on the timesharing user. User programs and any of the subsystems supported by MPE
may be run in batch mode.
TEPE
MPET was a relatively short project that could not
have been successful without certain performance
evaluation and measurement tools developed for
in-house use at HP.
The Timesharing Event Performance Evaluator
(TEPE) is an HP 2100-Computer-based software system that is capable of simulating up to 32 timesharing terminals simultaneously. To run the system, the
user provides a script that describes each terminal's
conversation with the system under test.
TEPE transmits data from the script file to the system under test and then collects data on response
time. This information is written to magnetic tape
and later analyzed by an off-line process.
To create realistic models or scripts for the TEPE
system and thus obtain reliable information, it was
necessary to define what the typical user of a timesharing system does. The literature on this subject is
sometimes ambiguous and inconclusive. However,
there are a few studies on the subject that have made
These studies indicate that
real contributions,2'3'a'5'6
the typical user loads a timeshare system as follows:
r Approximately 30 to 35% of interactions result in
CPU-bound jobs or tasks.
r The user requires an average think time of about
25 seconds between entries (a mixture of getting,
running, modifying, and saving programs).
It was felt that if good response times were obtained from TEPE data using these two important
quantifiers then there was a good chance that actual
system performance would be good. In fact the typical user defined for TEPE is a bit more demanding.
From Fig. 5, a typical TEPE user interaction, it can
be seen that the models include most of the operations done at a BASIC timesharing terminal. For example, all models contain operations that are characterized as CPU-bound (e.g., running BASIC programs). However, some are more CPU-bound than
others (e.g.,shorter programs or more I/O). Fig. 5 also
illustrates a typical program file run by the TEPE system. By varying the loop parameter [N) these programs can be made to provide a variable CPU load
that is in close agreement with statistics published in
the literature. The degree of CPU-boundedness of the
various simulated users was chosen to fit the curve
shown in Fig. 6, which was derived from the pub-
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Fig.6.TEPE interactronswere adjusted to provide a CPL)
lqad in agreement with this curve, which is derived from pub/lshed statlstics.

we feel that TEPE provides a realistic image of the
typical user of MPET.
Trace
Another tool, the segment trace system, used a
hardware trace facility to collect data pertaining to
processesat the time of intersegmenttransfers.
These transfersare the result of procedure calls and
exits from proceduresin user or system code. The
systemcollectsdata that, when reduced,revealsthe
number of segmentcalls of the tracedroutines,tells
whether the segment called was absent or present,
and revealsthe time spent in each segment.
Trace is handy for determining resegmentation
schemesto minimize segmentfaults,or absences,
for
both user and systemcode.

4. 156
4.05q
4.058
4.059
4.053

>NAl.1E SUIOT5DlJlY
>SAVE
> P I J R G E S W O ?5 D U I v l
>EXIT
END OF SUBSYSTEPI
! BYE
CPU (SEC) = 25
CoNNECT (l'1IN) ' 5
THUr OCT 3lr
1914t ll:23
END OF SESSION

o2468101214161820

AM

Flg. 5.TEPE, the TimesharingEvent Performance Evaluator,
was one of the toolsused in the MPETproject.It simulatesup
to 32 timesharing users simultaneously. This typical TEpE
user interaction includes most of the operations commonly
done at a BASICterminal.

lished statistics.
The TEPE system uses a random think time between one secondand 100 seconds.The mean think
time is 23 seconds,which againis in closeagreement
with published statistics. The think time distribution is exponential,as shown in Fig. 7. In general,
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Sampler
The software sampling system is a useful tool for
measuring the relative time spent executing various
sectionsof code.A specialexternalclock interfaceis
used to produce controlled random interrupts. The
interrupt receiver for this clock gathers information
about the environment prior to the interrupt and
dumps this data to magnetic tape. A data reduction
programprovidesreliablehistogramsof code execution times.Resolutionis selectableand can be as fine
as single instructions. With this information a programmercan easilydeterminethosesectionsof code
for which optimization will provide the greatestperformanceimprovements.The samplerwas especially
useful for fine-tuning the BASIC/3000run-time expressionevaluator.
Results
Becausethe goal of this project was superior interactive performance,that is, fast responsetimes to the
user,the resultsof the modificationsas the user sees
them areof greatimportance.On the 16-userHP 3000
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Fig.T.TEPEsimulates
a randomuserthinktimebetweenone
secondand 100seconds.Thethinktimedistribution
is exponential,
and themeanvalueis23 seconds,whichagrees
closelywithpubIished sfafistlcs.
Model 100CX System, and using MPE as a standard
for comparison, we find that under MPET the BASIC
subsystem can be loaded approximately 14 times
faster. All other interactions are from loo/o Io 45oo/o
faster than the same interactions under MPE.
MPET on the HP 3000 Model 200CX System can
support 24 or more simulated typical users with approximately these improvements. Although throughput was not measured specifically on MPET, it is
evident that it has increased greatly over MPE for a
BASIC timesharing load. Of course, actual performance will depend on the system load imposed by
the particular user environment.
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Derivingand ReportingChromatograph
Datawith a Microprocessor-Controlled
Integrator
Pilntingretentiontimesnext to the peakswhileplotting
the chromatogram,
a new integratormeasures
the
peak areasand, at the end of the run,
chromatograph
derivesconcentrations
and printsthe analvsison the
chromatogram.
by Andrew Stefanski

A LTHOUGH GAS AND LIQUID chromatography
.fl, provides fast and convenient means for analyzing the chemical components of complicated mixtures, identifying and quantifying the raw chromatograph information requires a major effort.
The result of a chromatograph procedure is a chromatogram (Fig. f), usually made by a conventional
strip-chart recorder that monitors the output of the
chromatograph's detector. The substance to be analyzed is injected at the input to the chromatograph's
column, a long tube packed with particles coated
with a particular liquid.* The sample is carried
through the tube by a carrier gas or solvent and the
chemical components become separated on the basis
of the differences in their solubility in the liquid coating. The lighter molecules arrive at the end of the column first, the heavier molecules coming later.
The detector responds to the presence of
substances other than the carrier in the emerging
stream, tracing a peak on the chromatogram for each
chemical component detected. The time of occurrence of each peak corresponds to the travel time
through the column and can be used to identify the
corresponding chemical component, The area enclosed by the peak corresponds to the concentration
of that chemical.
To calibrate the chromatogram, a known amount
of a known substance is usually mixed with the sample. Reducing the data then requires the chromatographer to measure the retention times with a ruler,
using the known substance as a reference, and to measure areas of the peaks by counting squares, using a
planimeter, or cutting out the peaks and weighing
the paper. Clearly, a lot of effort can go into reducing
the data.
Speeding Data Reduction
This task was eased somewhat by the development
*See"GasChromatography",
Hewlett-Packard
Journal,March1973,page4.

8

Ulndes

Fig, 1, Typicalgas chromatogram,this one resultingfrom
a mixture of chlorinated benzenes.
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while enabling more sophisticated recognition of
peaks, but it soon became apparent that the availability of an internal digital processor would present opportunities for new integrator capabilities. We therefore considered means of adding automatic calibration so the integrator could identify the peak belonging to the calibrating sample and then scale results accordingly. The digital processor also provides means
for reducing the effects of detector noise, and for letting the instrument select the optimum slope sensitivity automatically so it can be sensitive to small
peaks while ignoring noise peaks.
We also considered including the recorder as part
of the integrator-combining
the numerical data
with the graphical data on one piece of paper would
make it much easier for the chemist to relate the reduced data to the raw chromatogram. There was one
major drawback to this idea: there was no suitablypriced recorder that could print as well as plot. Therefore, we developed our own (see box, page 20).

printoutwiththecorresponding
Fig,2, lntegrator
chromatoCommunicatingwith the Processor
gram.Thelowernumberof eachparrgivestheretention
time
Although the presence of a digital processor
gives
thearea
in hundredths
of minutes.Theuppernumber
countin pV-secondswiththe digit in the right-handcolumn would allow all integrating parameters to be enrepresenting
a power of 10 multiplier,e.g. 3311 2 means tered through a calculator-type keyboard, it was re3 3 1 1x 1 0 2 .
alized that the instrument would be easier to operate
if certain parameters were entered by means of slide
of integrators that automatically compute the areas
switches. The switch positions are encoded internalunder the peaks and print the area and retention time
ly and the code is sent to the digital processor. By
for each peak (Fig. 2). The early electronic integrators
their setting, the switches provide continuous disbasically were voltage-to-frequency converters that
play of the integrating parameters.
monitored the output of the chromatograph detector
In the final design (Fig. 3), the instrument is operand drove a counter activated by rather complex
ated entirely by the switches when end results are to
peak-recognition logic. The chromatographer was
be printed as "area %" (the percent area that each
still required to scale the time base, however, and to
peak contributes to the total of all peak areas). The
compute percentage or absolute concentration from
keyboard is used only when further computations
the area counts.
are to be performed.
The next step was to derive final results with the
At the end of a run, the recorder prints a report on
aid of a computer working directly from an analog-tothe sample analysis. The analysis identifies each
digital converter. The cost of doing it this way, howpeak by its retention time and gives area count and
ever, was usually justified only by time-sharing the
amount or percent of concentration. It also lists the
computer with several chromatographs doing repetiintegration parameters used, such as slope sensitivtive analyses, such as those for checking pesticide reity and the time between the sample injection and
sidues or drugs.
the start of integration (start delay). Thus, the chroThere was an obvious need for a modestly-priced
matographer has on one chart a complete record that
single-channel instrument that incorporated digital
includes the raw chromatogram ond the reduced
processing. As large-scale integrated-circuit techdata (Fig. a).
nology advanced during recent years, it was hoped
that eventually the cost of digital processing circuits
would become low enough to make the computing
integrator economically feasible. This hope was realized with the development of the digital processor
for the HP pocket calculators.l
New Concepts
In applying the digital processor to an integrator,
the initial goal was to simplify hardware design

Processing the Chromatogram
The new instrument's analog-to-digital converter
uses integrating digital voltmeter circuits to measure
the average amplitude of the chromatograph detector output five times per second. The dual-slope technique2 is used to convert the detector output voltage
to digital form. The voltmeter output consists of
bursts of to-MHz pulses, the number of pulses in

Fig. 3. Model 33804 lntegrator
records chromatogram and
analvqis an

thp camc

qheet of

paper. RecoTdingand integration
are controlled by the slide
switches. The keyboard ls r,,sed
only for computations related to
c ali b ration procedures.

A Printing Plotter
Insteadof a pen, the printer-plotter
rn the new Model3380A
Integrator
usesa thermalprint head.The print head,similarto
thoseusedin the printersf or the HP9800seriesdesk-topcalcuIators,.has sevenprintingelements(heaters)in a row on a ceramic substrate.For normalrecorderoperation,one elementis
left on continuously,
tracingthe chromatogram
on heat-sensrThermal Print Head
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t i v ep a p e r .T o w r i t ec h a r a c t e r st h, e e l e . n e n tasr e p u l s e da t a p propriatemomentsas the carriageis movedrapidlyacrossthe
paper (Fig.A)
When the integratorsensesthat the outputof the chromatograph'sdetectorhas cresteda peak, it commandsthe recorderto "stea]"a littletimef romthe chromatogram
to writeout
thetimeof occurrenceof the peak,or retention
timeas it is commoniycalled.Eachpeak is thus clearlyldentifiedby the retention time printednextto it.
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Fig.8. Thermalprint-headmountson the recorder'scarilage.
At theend of a run,the plotterprintstheanalysisreport,identi'fyingeach peak its retention
by
time.The integrator
retainsthe
data untilthe nextrun so the plottercan be usedto orintadditionalcopies,or it can printthe resultsof furtherprocessingof
the data by variouscalibrationmethods.

Control Lines

Fig. A. Heating elementsare pulsed at appropriatetimesto
write letters and numbers. To trace a chromatogram,one
elementis turned on conttnuouslv.

'D.8. Barneyand J.R.
Drehle,"A 0uiet, Low-Cost,
High-Speed
LinePointer",HewlettPackard
Journal.lvlav1973.
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and reportgeneratedby the
Fig. 4. Typicalchromatogram
Theretention
timefor eachpeakts
Model33804lntegrator.
printedalongstdethe peak. The analysisreportts printed
Thefinaltwo lines
runts completed.
afterthechromatograph
givethesetllngsof theintegration
controls.
each burst being proportional to the amplitude of the
corresponding sample.
To smooth noisy chromatograms, a running average of consecutive samples is calculated by a
weighted averaging method. This smooths the highfrequency noise without distorting true peaks.
The system totals the counts obtained on successive samples but it discards the stored count if it decides that it is not measuring a true peak. This decision has always presented a dilemma to integrators.
Integrators universally select peaks on the basis of
slope. If the slope threshold is set too low, noise on
the baseline can trigger integration. If it is set too
high, integration starts high on the peak and a significant part of the peak is lost. The digital processor in
the new integrator starts integration at the slightest
hint ofa peak but it discards the count ifthe peak presence is not confirmed. Thus, even with the slope
threshold set high, total peak area is integrated.
Peak Criteria
The digital processor measures slope by continuously comparing each new averaged value to the
previous value. If the difference is positive and exceeds a certain minimum for several successive samples, the processor judges that a peak is being detected. It then commands the plotter to mark the
chart to indicate that a peak is being integrated, and
continues to accumulate counts.
If the sample-to-sample comparison indicates that
the slope reverses before the threshold criterion is
reached, then it is assumed that a noise peak had
been encountered and the total count is discarded.

Once the processor has made the decision that a
peak is being detected, a reversal of slope that continues for several consecutive samples indicates that
the apex ofthe peak has been crossed. The processor
then commands the plotter to print the time elapsed
since the start of the run.
Counts continue to be totaled until the sample-tosample difference indicates that the detector output
has returned to the baseline. At this time the processor stores the accumulated count, commands the
plotter to place a mark on the chart indicating the
end of integration for that peak, and starts looking for
a new peak.
The processor memory is capable of holding
counts obtained from 54 peaks in any one chromatograph run. Because there are times when a peak does
not return to the starting baseline but returns to a
drifting baseline or merges with a following peak,
the processor also stores data pertinent to the slope reversal for later evaluation.
Automated Slope Sensitivity
As with earlier integrators, the chromatographer
can select the slope criterion (mV/min.J. The use of a
digital processor, however, provides a new convenience: automatic slope sensitivity selection. To use
this feature, the chromatographer depresses the
slopE sENSITIVITvswitch to the rnst position before
starting the chromatograph run. This causes the instrument to monitor the detector output for 20 seconds and to store the maximum sample-to-sample
difference encountered during that time. This is
representative of the maximum noise to be expected,
and it becomes the threshold level of the peak-recognition criterion.
The processor compares the beginning and end of
each peak to detect baseline drift. It then adjusts the
readings to account for drift, if present. This results
in more accurate measurements than those made by
older instruments that assume a level baseline for
each peak.
Another convenience the digital processor offers
is operation controlled by an Automatic Sampler. The
Sampler starts the Integrator each time a new sample
is injected into the Chromatograph. The Integrator's
self-timer stops the integration at which time the report for that run is printed. The report includes the
identification number of the bottle from which the
sample was drawn. Thus long, repetitive analysis
may be made with the equipment unattended.
Merged Peaks
A particular problem for integrators is finding the
true areas of peaks that overlap or merge on the chromatogram. Two merged peaks are diagrammed in
Fig. 5. In the new Integrator, when the sample-to-

Adapting a Calculator
Microprocessor to Instrumentation
by Hal Barraclough
Whilethe advantagesof digitalimplementation
were being
consideredfor the nextgenerationof chromatograph
integrators,HP Labswas developinga microprocessor
for a familyof
hand-heldcalculators.This microprocessorwas being designed speciflcallyfor the HP-35 and its descendants,and
consequently
wasseverelylimitedin severalcharacteristics
essentialfor a completeprocessorstructure.The cooperation
of
the microprocessor
developmentteam,in particular,Kenneth
Peterson,
was thereforemostvaluablein our effortat applying
this microprocessor
problem.
to an instrumentatlon
Becausethe chromatograph
integrator
receivesits inputdata In a continuousstream,the processormust be capableof
real{imeoperation.The HP-35is, of course,designedfor human use, which signifiestwo fundamentalcharacteristics:
(1)
relatively
slow speeds,and (2) closed-loopoperationthrough
the human'sown processor,for itsdatainputrate,Thefirsttask
we faced,consequently,
was to ensurethat the microprocessor couldkeep up withthe requiredrateof data deliveredfrom
any gas chromatographdetector.Fortunately
that data rate
provedslow enough.
The nextproblemto solvewas the instrument's
requirement
for long{ermdatastorage.Thisarisesin an jntegrator
for several reasons,one of whichis that severalformsof relattvely
complex data anomalies,primarilyoverlappingwaveforms,are inherentin the raw measurements
deliveredto the integrator.
Theirresolution
can be automatedaccuratelyonlyby choosing
the mostappropriatealgorithm,and this choicemust be postponeduntilalldatain theviclnityof the anomalyis received;typical examplesof thrsare merged peaks requiringseparatton,
driftingbaselinesto be distinguished
from the onsetof a real
peak, and digitalfilteringol 1/f noise withoutloss of small
peaks.
Two additionalreasonsfor havinglargedata storagearethe
normalization
of all peaksto percentage
valuesat the end of the
run,and the printingol a final reportcoveringthe entjrerun.
Unfortunately,
massdata storageis nota capabllityof calculators.In our chosenmicroprocessor,
for example,mass memoryconsistsof one register,yieldinga capacityof one data
word.We added 16K bits of data memory,organizedas 512
wordsof 32 bitseach.The dataformatis BCD,for compatibility
withthe microprocessor;
we interfacedto this at the mostconvenientplace,the A/D converter.
Next,moderatestudyindicateda dataword of B digitswould
giveus morethansufficientresolution,
and 512 wordsgave us
the capabilityto accept chromatographruns considerably
morecomplexthan our originalobjective.Aftera good dealof
trialdesignsfor costjngpurposes,MOSshiftregisterswererejectedfor the storagemedium,althoughtheirinitialcost is very

low and theyfit nicelyintothe fullyserialarchitecture
of the microprocessor.
lvlagneticcore is not reallyappropriatefor this
type of application,
and the cost of staticMOS was high while
yieldingno advantageat the cycletimesrequiredfor thisinstrument.Theoptimumchoicefor our integrator
was dynamicIVOS
RAM We designedthe addressingof our 1K-by-1-bitchips
to be counted sequentiallythrough 32 steps, thereby performingthe necessaryserialization
directly.
The most difficultproblemremainingwas the designof an
addressingschemefor all this memory.The choicesInvotveo
trade-offsbetween binary and BCD (our microprocessoris
strictlyBCD),variousaddresscomputationschemes,the microprocessor's
limitation
of l/Oto onlyone port,and the implications of all methodsupon the executiontimesof the rear-rrme
programloop. Innumerable
schemeswere created,hardware
designedon paper,and the resultmeasuredfor effectiveness
by microcodingthe real{imeprocedures.At the end of all this
we selectedbinaryaddressing,withthe dataaddressesstored
in ROM along with all the machine'sinstructions,
and with a
substantialdose of TTL interjectedbetweenthe microprocessor and its programstorage(i.e.,ROIV).The logicservesto occasionallyfool the microprocessor
by interceptingpseudo-instructionsand treatingthem as binarydata addresses.For a
touchof elegancewe includedan indexregister,made it conversantwith BCD via the l/O port so its utjlization
by the programmersis easy,and permittedit to be duplexedso it doubles
as a general-purpose
register.Indexingis a very usefulfeature
for ourapplication
becauseof the episodicnatureof muchchromatographdata,withrepetitive
kindsof data pointscommonto
mostpeaks.Finally,code conversionfromthe rndexregister's
BCDto our addressregjster'sbinary,alongwithaddresscomputation(performedmainlyby additionwith some concatenation)wasmixedwiththe addresscounterfor serialization.
We ultimatelyeliminatedthis counter and used the system state
counterfora/i timing.One can appreciatethe numberof timing
diagramsthat went to the PaloAlto paper recyclingcenter.
The limitatron
of only one l/O portwas solvedby assigninga
u n i q u es t o r a g ea d d r e s st o e a c h o f t h e f o l l o w i n g(:1 ) t h e A / D
converter,for input, (2) the printer-plotter,
for output, (3) the
front-panelswitches,for humancontrolinputs,and (4) the inoex regrster.
The last designphase,performedwhileaccommodatingto
the continuingchanges made to the microprocessor
by its
group,was an absolutelogicminimization
development
endeavor. All the digitalprocessingwas achievedon one B" x 12"
two-layerPC board requiringan B-packagemicroprocessor,
16 packagesof RAM,testcapability,
and alltheTTLand CMOS
for the logic.

sample comparison indicates that the slope of the
chromatogram changes sense before it reaches the
baseline, the processor stores the count accumulated
up to that point, starts a new count, and draws a mark
on the chromatogram to indicate that a new integration has been started. It also identifies the value of
the first sample in the new count for later use.

If the trace returns to the baseline on the next
downslope, the two counts obtained are stored as the
area counts for the two peaks. This is known as the
"dropline" method of merged peak separation. During the final printout, the letter "M" is printed on the
line for the second peak to indicate that it was merged
with the previous peak and that this method was used.

22

tude of the second peak is less than one-half that of
the first peak, then the processor uses the tangent
skim method. The end of the second peak is determined by continuously calculating the slope of a line
drawn from the start of the second peak to the latest
sample, and comparing the line's slope to the slope
of the chromatograph curve. When the two slopes
coincide, the end of the peak is indicated. The proces-

Merged Peaks

by a line
Fig. 5. Areasof mergedpeaks(left)areseparated
Theareaof a small
droppedfromthe valleyto the baseline.
peakridingon a tailingpeak (right)is computedusingthe
Theareain the trapezoidbelow
tangentlineas a baseline.
the tangentlineis allocatedto the tailingpeak
A common occurrence is that indicated in the right
hand plot of Fig. 5 where a small peak rides on the
tail of a larger peak. This calls for separation by a different method, known as the "tangent skim" method.
The digital processor detects the presence of a tailing peak by storing the time elapsed between the
start of the peak and its apex, and comparing that to
the time from the apex to the end of the peak. A large
difference classifies the peak as "tailing".
If the first peak is a tailing peak, and if the ampli-

:!-

i r!:-ill

::

i

:i:
-- --

Andrew Stefanski
degreein EE fromthe
Andy Stefanskireceivedhis lvlaster's
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Hal Barraclough
A sometimecommercialpilotspecializingin helicopters,
Hal Barraclough
loinedHP Labsin 1970to workon computer
re but he is presentlyon a leaveof absenceto teach
architectu
computerdesignin the graduateschoolat SantaClaraUniol ldaho
versity.Halearnedhis BSEEdegreeat the University
in 1961and his MSEEdegreeat Stanfordin the HP Honors
Co-op program.His most pleasantspare-timeactivityis
the time spentwith his two sons but he also derivessatisand tendinga vegefactionf romdesigninghomeelectronics
tablegardenat the Barracloughhome in San Jose.

Fig.6. Typicalcalibratrondialog.Whenthe operatorpresses
the CALIB key, the integrator asks for the method. ln thrs
case, the operator responds with ISTD (internalstandard).
The integrator lhen asks for the width of the retentton time
window (%RTW) and the identification of the calibrating
peaks,which are identifiedby their retentiontintes(RT) and
by theamountin the sample(AMT) Thedialogis ended when
the operatorpresses 0 in responseto a request for another
reference. When the operator presses the usT button, the
integratorconfirms the calibrationby listing the parameters
and the resoonsefactors,which it calculates.
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sor then calculates the area. In the final printout, the
letter "T" is placed on the line for the second peak.
The tangent-skim method can also be invoked manually any time the chromatographer decides a more
accurate integration would be achieved,
By similar techniques, the processor derives
counts for two or more merged peaks on the tail of a
large peak by dropline to the tangent. The letters
"TM" will appear in the printout for these peaks.
When a run has been completed, the integrator processes the stored data according to the method selected. It retains the data until a new run is initiated,
so the chromatographer can make additional copies
ofthe analysis, or he can process the data again by an-

SPECIFICATIONS
HP Model 3380A Integrator
lnput Characteristics
VOLTAGEINPUT: 0.01 to 1.0V
DYNAlillCRANGE:106to 1

OutputCharacteristics
RESOLUTION:1 area munt = 1 pV sec.
INPUTEXCEEDED:Warningprintedin report
LOGIC MARKS: Peak recognitionand terminationmarks
RETENTIONTIME: Printedat peak apex on chromatogramin 0.01 mrn unrts,
maximum330 mins
INTEGRATION:Automatictangent skim on tailing peaks with manual forced
tangent skim possible;slope sensitivitymay be selectedmanuallyor automatically;compensationfor up/down drilting baselinesis automatic
REPORT:Consistsof a chromatogram,
calculations,
and listingof controlsettings.
All stored peaks are reported,but only those identifiedas calibratedpeaks are
yield
calculatedlo
amounts.
Reportis on 8% x 11" sheets of Z-lold thermal writingpaper. Area7. catcutation
lormat consisls of four columns: retentiontime (as printed at peak apex); peak
type; Area%. Method €lculation format consisls ol five columnst retentiontime
(as printedat peak apex); peak type; area; calibratedpeak identifier(tD#);
amount.

Controls
ATTeNUATOB:1 lo 1024ln binarysteps,and log presentation
SLOPE SENSITIVITY:Six settingstrom 0.01 to 3.0 mv/min,and auto/testpositionsfor automaticseleclion

Hewlett-Packard
Company,1501Page Mill
Road,Palo Alto,Calilornia94304

other method if he so chooses.
When the slide switch labeled AREA%/METHoDis
moved to the METHoDposition, the digital .processor
initiates a dialog by way of the printer-plotter. This
guides the user through the steps required to establish the calibrating parameters. An example is shown
in Fig. 6.@
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1. T.M. Whitney, F. Rod6,and C.T. Tung, "The'powerful
Pocketful': an Electronic Calculator Challengesthe Slide
Rule", Hewlett-Packardfournal, June 1.922.
2. See,for example,A. Gookin, "Compactnessond Vers a t i l i t y i n a n e w P l u g - T o g e t h e rD i g i t a l M u l t i m e t e r " ,
Hewlett-Packardlournal, AWll 197Z.
CHART: Automatic and ON, OFF positions. OFF position prevents plotting of
chromatogramso each run is reportedby a calculationonly
GHARTSPEEO:Four settings:0.5-1-2-4
cm/min
STOP TIMEF: Off, and nine settingsto 90 mins for automaticterminationof run
followed by report printout
START DELAY: Off, and nine settings to il mins to delay start of integration
METHOO:SelectorforArea9. or lvlethodcalculation.kevboardis deactivatedwhen
switch is in Areao/oposition
CALCULATIONS(keyboard controlled): Four are standard:Areay.; Normalization; Internal standard; External standard. Latter three use automatically
determined or manually enlered response factors. Single stored €libration
shared by methodspermittingany method calculationreport for stored run
data-no limit to number of reportcopies, originalor modified.Special key
for entry of amount of internal standardadded to sample and for dilution factor.
Up to 54 peaks may be calibrated.
PEAK IDENTIFICATION:
Calibratedpeaks other than referencepeak are autG
maticallyidentiliedby relativeretention.In ESTD and NORN,'l
methods,identificationby absoluteretentiontimemcurs automatically
if referencepeakis notfound.
Analyst may deliberatelyselect this alternate type of identificationtor all calibratedpeaksin ESTD and NORIVImethods.

General
D f M E N S f O N S : 2 0 . x6 H
4 3 . 5 W x 5 7 . 2 D c m ( 8 - 1 / 8xh 1 Z - 1 l B w
x 11-t/2dins)
WEIGHT:17 kg (37 lbs)
POWER: 100-120-220-240
(+5, 10%),50/60Hz, lSOWmax.
ENVIRONMENTAL;10-50',0-95% ret. humiditvuo to 45"C
PBICE lN U.S.A.:$5200.
MANUFACTURINGOIVISION:AVONDALEDtVtStON
Route41 and Starr Road
Avondale,Pennsvlvania
19311

B u l kR a t e
U.S.Postage
Paid
Hewlett-Packard
Company

CHANG E OF ADDRESS:l:ff:H:J:Jf'"*til::i"n1Til:fi.l,T,"":'fftltHJ:1'1""il"^il:ili,:il

