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A New Familyof IntelligentMulti-Color
X-Y Plotters
Ihese fast,precise,programmableplottersdrawreportqualityfour-colorp/ots.Featuresincludedashed-linefonts,
severalbuilt-incharacterfonts,user-defined
characters,
and symbolplotting.
by LawrenceG. Brunetti
napUIC PEN PLOTTERS provide a permanent,
F
graphical representation of collections of num\f
bers. The numbers may be derived from financial and
statistical data bases, test and measurement system
outputs, or computational results. The idea is similar
in all cases-turn the numbers into graphic representations that promote the human visual data reduction process.
Models s872A and zzztA X-Y Plotters (see Figs. 1
and z) are designed to perform this function with
unprecedented facility. These programmable
microprocessor-based A3-size (11x17 in) plotters
produce high-quality plots in up to four colors. Basically identical, the two plotters differ in their input/
output interfaces and in some built-in functions.
The design of a new generation of X-Y plotters
presented opportunities to try out exciting new
technology. But technology must be transformed into
product features that benefit the user. Therefore, the
objectives for the new plotters included such user
benefits as improved line quality, mechanical reliability, and low cost of ownership.
Line Quality
Line quality starts at the prime mover. Servomechanisms are the traditional means of reducing
the effects of imperfect mechanisms and motors. The
9872A17227A approach is to start with an inherently
linear step motor and an essentially constant torque
curve. The coupling between motor shaft and pen tip
is a stiff, deadband-free mechanism instead of the
traditional servo loop.
The mark that a pen plotter leaves on the paper is a
permanent record of how the mechanism moved the
pen from point A to point B. An S-shaped anomaly of
0.1 mm peak-to-peak amplitude spread out over a 100
mm vector has zero visual impact, but a series of
0.1-mm sinusoidal anomalies at a wavelength of t
mm will cause great concern for the health of the
mechanism. Line width changes or modulation can
be caused by the pen bouncing at the beginning of a
vector, or by a pen tip that can't deliver sufficient ink
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at the maximum slewing velocity. The 9872AJ7221.A
writing system delivers high-performance vector

Cover: Model 98724 X-Y
Plotter ls fhe HP-lB (IEEE
4BB)versionof a new pair of
microprocessor-basedprogrammable four-color plotfers. The other version,
Model 72214 has a binarycoded RS232Ci nterface.
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repair cost, service life, easeofuse (training required),
and many other factors.
Troubleshooting a product that has difficult access
for test instrumentation is frustrating and timeconsuming. The 9872A17221.A solution is to first
make accesseasy, and then to allow full operation of
the product while probing for the problem. The modular concept and subassembly repair are retained and
are enhanced by the self-tesUdiagnosticsystem built
into the plotter. Self test is implemented at two levels.
An external confidence test switch can be used to
exercise most of the circuitry and mechanics, and an
internal self-diagnostic system provides a comprehensive troubleshooting aid that quickly isolates
problems to a particular printed circuit assembly and
in some cases to a particular component.
X-Yplotof thenewfour-color
Fig.1. HPlnterfaceBusversion
4BB.lt has
withIEEEStandard
ter,Model9872A,is compatrble
fivebuilt-rncharacter
capability,
andinsets,polnldigitizing
ternalself-test.
plotting at line quality exceeding older designs by
2:1. For extreme cases,near-perfect line quality can be
achieved by use of a velocity command that gives the
user a choice of maximum slewing speed or a 2i1
reduction in acceleration.
MechanicalReliability
A mechanism starts to wear out the moment it begins to move. Our job was not to discover when the
design would fail, but to design a mechanism that
would make a life test boring. One example is the X
and Y travel guide mechanisms. Loaded linear ball
bearings on hardened steel shafts have demonstrated
an actual life exceeding the objective of tOO miles of
travel by 4 to 5 times.
A pen plotter draws vectors. In some applications,
the vectors most often drawn result in characters. As
the character drawing speed is increased in new plotters, the user feels more compelled to use that speed.
This increase in use of the character drawing capability has a large impact on the perceived reliability of
pen lift mechanisms. Traditional mechanisms designed to pick up the pen at the end of the final vector
in a curve don't last long when a lot of text is drawn.
By paying proper attention to the fundamental pen
lifting mechanism, an order-of-magnitude increase in
pen lift life was achieved. By concentrating on the
design of mechanisms that would work inherently,
these kinds of improvements in life were realized
throughout the product.
Cost of Ownership
Cost of ownership has many components: initial
purchase price, consumables (paper, pens), down/up
time ratio (which includes mechanical reliability),

The Need for Intelligence
A plotter is always part of a system. The plotter may
be simple-having
the ability to understand only the
minimum set of instructions: MovE, pENUp,pENDowN.
Here, the burden is placed on the controller for providing high-level graphic capabilities, and the I/O
channel carries messages that describe every move
the plotter makes. Alternatively, the controller may
be kept busy doing other things, or the communication channel may be slow. The plotter may then be
given computational and decision-making power
that exceeds that of the controller. The question becomes one of the division of intelligence, and must be
answered early in the game.
Two factors influence the division of intelligence.
The first is the capability of the controller. In a computer system, where the plotter is supported by a

Fig.2. Remoteterminalfour-colorX-Yplotter, Model 7221A,
hasan RS232Cinbrtace. Emphasisis on maintainingplotting
speedindependentof the interfaceat low baud rates. Special
instructionshelp reduce the volume of traffic on the communicationslink.

baud aperture.
A Family ot Plotters
Two versions of the basic mechanism and operating system were established, the major difference
being the I/O channel and the firmware capability
needed to operate in these two different environments.
Model 9872A interfaces with the HP Interface Bus,
or HP-IB (IEEE 4SS). The plotter intelligence is
accessed via a mnemonic graphics language called
HPGL. A mnemonic language was chosen so that
controllers that do not support the 9872A with a
high-level driver can be easily programmed to use the
graphic functions built into the plotter.
The second version, Model 7227A, has an RS232C
interface. Heavy emphasis is placed on maintaining
plotting speed independent of the interface at low
baud rates. The interface language is binary coded,
and special instructions can be used to reduce the
volume of individual vector commands.
Certain graphic functions are common to both plotters. Character generation, programmable line types
made up of dashes and dots, programmable velocity
for high-quality plots on various media, and centered
character plotting for curve differentiation are a few
examples.
Repetitive and common graphic routines such as
circles, axes, translations, and rotations are a few
capabilities that fall into a grey area. In the 9872A,
Fig, 3. Examplesof four-colorbusmessand engineering these are left to the programmer as subroutines. In the
plotsthatare easilyprogrammed
on the 98724and 7221A
7221A, which is subject to slow communications at
X-YPlotters.
110 and 300 baud, the traffic is reduced significantly
by a plotter-resident arc generator and macroinstrucsoftware driver, the tendency is to minimize the plottions. The arc instruction reduces communication to
ter intelligence: keep it simple. This results in a large
information required to specify an arc, rather than
the
software driver and a correspondingly high volume of
traffic on the I/O channel. In systems where much of
the peripheral support is in the form of read-only
memory (ROM), the tendency is the opposite. Plotter
intelligence is emphasized to minimize special plot@'-l
ter ROMs in the controller, and in some cases the
;
plotter is virtually self-supporting.
!rl)
The second factor is the speed of the I/O channel.
The HP interface bus, or HP-IB (IEEE Standard +ga), is
I
virtually instantaneous to a plotter, although plotter
communication may interfere with other I/O activity.
Interface standard RS232C may be looked at as being
subdivided into two categories: hardwired and common carrier. Hardwired, the data rate at 2400 baud is
high enough that the communication time is not a
H P 7 2 2 1A
major consideration. On the other hand, common carrier data rates on unconditioned lines are typically
only 110 to 300 baud, and the cost of telephone time
Fig. 4. Model 7221A significantlyreduces the ttme requrred
may discourage plotting. Ironically, on the other end
for numerical control verification plotting. Macroinstrucof a timeshare line may be a highly capable computer
tions and single-command arc and circle generatronare
important7221A featuresin this type of application.
whose output must be squeezed through a tiny 110-
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each chord. Macroinstructions can be stored in the
plotter and executed with a two-byte message.The
storagespacealso acts as a buffer for all gmphic commands. The buffering of vector end points while a
macroinstruction is being plotted keepsthe pen moving even at an input rate of 110 baud.
Acknowledgments
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SPECIFICATIONS
HP Models9872Aand 72214X-Y Plotters
PLOTNNG AREA
Y AXIS: 280 mm (11 in)
X AXIS: 400 mm (15.75in)
Accommodatesup to ISO A3 and 280 x 492 mm ('11 x 17 in) charl paper.
PLOTTING ACCURACY
!O.?/" ol delleciion aO.2 mm (O.OOO
in) lincludos linsarity and repeatability
and assumes the plottar has bgen "zeroad" oxactly to ths lower left (0.0)
coodlnates].
REPEATABILITY
FOR A GIVEN PEN: 0.10 mm (0.004in)
PEN-TOPEN:0.20mm (0.008in)
AODRESSABLE RESOLUTION: Smallosl addrsssabls move: 0.025 mm
(0.001in)
SPEED
MAXIMUM: 360 mm/s (14 in/s) in each axis, 509 mm/s (20 in/s) on 45' anglo.
PROGRAMMABLE:pen speed may bs adjusled to any one of 36 speods from
10 mm/s (0.4 in/s) to 360 mm/s (14 in/s) in 1o-mm/s(0.4 in/s) incrementsunder
program conlrol.
VECTOF LENGTH: No limit-any lenglh veclor within the plotter's mechanical
limits will b€ plotted to wilhin th€ praviouslymentoned accuracy.
CHARACTEn PLOITING SPEED: 3 characters/s typically lor 2.5-mm (0.1-in)
characters.
ptOtnNG: When ollscale data is receivedby the plotter,th6 plottsr
OrisCltg
will automaticallycalculatethe mecianical limit interceptof that vector and proceed to that point. As additionalottscals data are received,the plotterwill monitor lhe localionof thsse data and resume plotting,once onscaledata is recsived,
by again calculatinglhe new mechanical limit intercept and plotting from that
limit lo lhe on-scale data point. Plotting accuracy and r€peatabilityspecifications are pressrued.
PENCONTROL:Localmntrolbyfront-panglswilchesorremole@ntrolbyprogram
commands; capable of >20 opsrations/s.
POWER REQUIREilENTS
- 1oo/o.+5o/o
SOURCE: 1O0l120l22Ol24OV
FREQUENCY:48-66Hz
ENVIRONMENTALRANGE
TEMPERATURE:0"C to 55'C
RELATIVE HUMID|TY:5% to 950/0(betow 40"C)
StrEAA'EIGHT
HEIGHT:189 mm (7.5 in)
WIDTH:497 cm (19.5 in)
OEPTH:455mm (18 in)
NET WEIGHT:18.2k9 (40 lb)
SHIPPINGWEIGHT:25.4 kg (56 lb)
CUBE:0.21 m3 (7.4 tt3)
PRICES rN U.S.A. 98724. $4200. 7221A. $4600.
MAI{UFACTURING
OIVISION:SAN DIEGODIVISION
'16399West Bernardo Drive
San Diego,California92127 U.S.A.

Easy-to-Use
InterfaceLanguageControls
HP-IBPlotter
by Thomas H. Daniels and Larry W. Hennessee

s872A X-Y PLOTTER is designed to
tt'ODEL
IVI interfaceto controllers via the Hewlett-Packard
Interface Bus (IEEE a88). This bus provides for the
transfer of ASCII-codeddata between controllers and
instruments.
Fig. 1 is a block diagram of the 9872A Plotter. The
operating system exists in 5K 16-bit words of
firmware stored in read-only memory (ROM). It is
executed by the HP Calculator Products Division's
binary processorchip (BPC) microprocessor.l.The

system further requires 256 16-bit words of randomaccessmemory (RAM) for stack operations, scratchpad, and instruction and parameterstorage.
Upon power-up, an internal switch is first testedto
determine whether the plotter is to run in its normal
mode or if its internal self-testis to be executed.Assuming that the normal mode has been selected,the
ordinary and expected initialization procedures are
executedas indicated in Fig. 2. Upon completing this
sequence,the operating system falls into its final

Fig. 1. Block diagram of Model
9872A X-Y Plotter.

execution state, a small executive loop in which it
polls its I/O interface and its own front panel for
requests.
Front-panel requestsare always in the form of one
or more pushbuttons'beingpressedby the operator,
e.g.,"go to lower left" or "select pen 2" . By meansof
16 pushbuttons, the operator can select or put away
any of four pens,move the pen around the full surface
of the platen at two speeds, go to or set either the
lower left or upper right scaling points, enter a digitized point, turn chart hold off and on for paper
loading, raise or lower the pen, or completely reinitialize the plotter.
All functions that canbe commandedfromthe front
panel can also be invoked by a program via the I/O
interface, except for turning chart hold on or off and
entering a digitized point.
Program inputs are in the form of commands sent
over the I/O from the controller, e.g., a calculator or
computer. The command format is a sequence of
ASCII characters.Each command begins with a twoalpha-character instruction code followed by any
necessary parameters, and ends with a terminator
character. Multiple parameters are separated by
commas. The instruction characterscan be upper or
lower case,and the terminatoris eithera semicolonor
a line-feed,
After the plotter is initialized at power-up, or has
received a command terminator. the I/O firmware
combines the next two input charactersto form an
instruction. This instruction is compared to all entries in the plotter's internal instruction list. Once a
match is detected, control is transferred to the
firmware associated with this instruction. The instruction codethen instructs the I/O firmware asto the
form of its parameters.The parameter types are as
follows:
r Integer: optional sign, integers between -32768

and +32767, and no decimal point
r Decimal: optional sign, numbers between
-127.999 and +727.999,and an optional decimal point
r Printing characters:any characterto be drawn by
the plotter while in label mode.
When the plotter receivesX-Y coordinatesthat are
too large to be handled within the word size of the
processor,the plotter enters a lost mode and blinks
the front-panel out-of-bounds light. While in lost
mode every command that would otherwise cause
pen motion is ignored until a pen motion command
within the processor'srange is received.
If a coordinate pair to be plotted is within the processor'srange but off the platen, a clipping function
causesthe pen to move from its current position on
the platen toward this next point, and stop at the edge
of the platen. Moving from a point outside the platen
back onto the platen, a pen-up move is made to the
point on the edge of the platen where the incoming
line would intersectthe edge and then the remainder
of the line is drawn in from the edge to the point.
These are special casesof the plotter's general clipping function: any rectangle can be mapped onto the
platen under program conhol to restrict pen motion
to be within the defined area.This makesit possibleto
protect the area outside the rectangle.When the current point to be plotted lies outside the clipping area
the front-panel out-of-bounds light is turned on.
Every millisecond an interrupt occurs within the
plotter. The interrupt serviceroutine's primary function is to output numbersto the hardware interpolator
that drives the X and Y-axis motors (see article,
page13).A velocity profiling algorithm,upon receipt
of a rnove command from either the I/O system or the
front panel, acceleratesthe arm from rest to someslew
velocity and then begins to deceleratethe arm at the
proper distancefrom its destination,stopping it at the

tomatic pen lift is to prevent ink bleeding. This is a
hardware changeof pen stateonly; the controller still
considers the pen to be down, and before any subsequent X or Y motion, the pen will be set down
automatically by the plotter firmware.
Self-Test
Approximately 10% of the ROM spacewas set aside
to allow the instrument to be self-tested.Self-testconsists of a series of tests used to detect failure in the
electronic componentsor aid in the adjustmentof the
pen drive system(seeFig. 3).
Self-testhas an automatic and an interactive phase.
The automatic part of the test consists of exercising
the CPU and interrupt system, checking sums on all
ROMs, RAM testing, and I/O testing. The interactive
portion tests I/O address switches, front-panel
switches, and LEDs. Tests to exercisethe pen drive
systemare also provided to move the arm at specified
angles for electronic compensation adjustments.
The self test is controlled by a test advance
pushbutton and an internal bank of rocker switches,
and is monitored by an internal LED (light-emitting
diode) display. The operator sets the desired test
number into rocker switches and then pressesthe test
advance pushbutton. Successor failure is indicated
by an octal code (0 through 77) output to the LED
display. The causeof any failure is establishedat least
to the board level and in somecasesto the component
level.
In addition to theseinternal instrument self-tests,a
user confidence level test has been provided. When
the operator sets a rear-panelswitch, the instrument
goes through its automatic electronic self-test,then
waits for the rear-panelswitch to be reset.When the
operator resetsthe switch, the plotter does a powerup initialization.
Fag.2. 9872A Plottet is controlled by an HP microprocessor.
'[he
operating system ls stored in read-only memory. After
initialization,the operating system seft/es into a small executive loop.

requestedend point. The slew velocity while the pen
is down is programmablevia the I/O system.Pen-up
moves are always made at maximum speed. Should
somevelocity be requestedother than the default full
velocity, the plotter assumes the user is more interestedin line quality than in speed,and the acceleration and decelerationare automatically halved.
Besidesaccelerating,slewing, and deceleratingthe
motors by computing numbers for the interpolator,
the interrupt routine has three minor tasks:to control
any blinking of the front panel lights, debouncethe
front panel switches,and lift the pen after it has been
motionless for approximately one minute. The au-

InterfaceLanguage
Since the 5872A was an entirely new design, it
represented an opportunity to design an interface
language that would be easy for the user to understand and apply.
The 9872A language is called HPGL, for HewlettPackardGraphic Language.With HPGL the user can
accessplotter capabilities that may not be present in
the controller's plotter ROM or software,such as velocity control NS),user-defined characters(uc), slant
characters(sL),and so on. The plotter can be driven by
any controller that can talk to the HP-IB.Examplesare
the HP 9831A, 98308, and gSzsA DesktopComputers.
In the 9872A, HPGL has thirty-eight different
commands,eachrepresentedby two ASCII characters
(Fig. +). The letters in most casesrepresent the abbreviation of the command itself: PAmeansplot abso-

Instruction Data and
Address Bus
s0-Line Ribbon Cabte

Selt Test Tesls Motors, Solenoid,
and All Printed Circuit Assemblies
(PCAs) Except Autogrip.
Confidence Test Verifies Motors,
Solenoid, and PCAS Shown
in Soliil Color.

Fig. 3. Se/f-test is built into both the 98724 and the 7221A Ptotters.The complete se/f-tesl
identifies the faulty printed circuit board or component. A less thorough confidence fest rs a/so
provtded.

Ossignate alternsia ret n Ii]
CP

cs
ol
DR
L8
SA
sl
SL
SR

ss

UC

wide, high
wide, high

Dosignate standard set m [il
Absolute di.ecrion ldj
R e l a t i v ed i r s t i o n [ d ]
Lsbel ASCII string [c]
Select alternare character set
Ablolute character size [dl
Absolute character slant lfrom veni6l)
Relarive charscter size [d]
Select standard cha.acter set
Use. delind cha.acter Iil

ldl

Dosignats lins type t rnd lensth | [dl
Symbol mods [c]
Sel€ct pcn [i]
Select volocity v for psn n lil

InPutpr andp2 til
Outputpr andp2 lil

Fig.4. HPGL is a high-levelgraphic languageused for controlling the 9872A Plotter. The plotter can be driven by any
controller that can talk to the HP inErtace bus.

lute, tD means pen down, sp means select pen, and so
on.
When a command requires a numeric parameter in
addition to the two-letter mnemonic, the numeric
parameter is also sent in ASCII form. For instance, the
command to select pen number four is: Sp4;.
Commands are delimited with semicolons and can
be strung together, such as: pD; Sp1;Spz;Sp3;pU;.
The plotter's plotting area is divided into plotter
units, each of which is equal to 0.02b mm. To cause
the plotter's pen to move to a certain position, HPGL
uses PA or PR with coordinate pairs sent in plotter
units. For instance, to move the plotter to the coordinate 100 mm, 200 mm, the HPGL ASCII string sent
over the I/O would be pA4000,8000;.
Coordinate pairs
can also be nested within the PA command, such as
P40,0,4000,8000,5000,6000;.
The plotter can act as either a talker or a listener on
the bus. When it is receiving plot data it is a listener,
but it can also output data to the controller. This data
can be erlor messages,status messages,current position, digitized position, and so on. The commands
used to do this are oE, os, oc, and ol, respectively.
To further illustrate how HPGL works. let's
examine some examples of how a typical bus controller, such as the HP 9S308, would use HPGL to run the
9872A. The 98308 is programmed in BASIC and uses
a CMDstatement to access the HP-IB. Other controllers
use WRITEor PRINTstatements to do the same thing.
A 98308 BASIC program line that would cause the

9872A to select pen four and plot a square with the
origin at 0,0 and with 10-centimetre sides, would look
like:
10CMD"?U%","SP4;PU;
PAO,0;PD;PAO,4000,
4000,4000,4000,0,
0,0;"
The first part of the statement,

"?rJo/o",sets up the

98308 as a talker and the plotter as a listener. The
second part of the statementsends HPGL code to the
plotter.
A program that would output X and Y variable
values to the plotter would look like:
10 CMD"?U%"
20 OUTPUT (13,30)"PA",X,Y
30 FORMAT F6.0,",",F6.0
where line 20 is an output statement that is formatted

by line 30.
These examples illustrate that any controller that
can send ASCII characters to the HP-IB can control the
98721'.
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RemoteTerminalPlotterOffersSimple
Programmingand Efficient
Communications
by David A. Bones and Marvin L. Pafterson

,T, Hn BANDWIDTH of the interface channel has
I
a direct impact on the design of a peripheral device. Comparing the 9872A Plotter described in the
preceding article with the 7227A Remote Terminal
Plotter makes this clear.
In the case of the 9872A Plotter, the HP-IB interface
provides a relatively high bandwidth compared to the
data rates required for vector graphics. This allows
the use of a high-level mnemonic interface language,
HPGL, that transfers graphic data in an easily read-

able form. On the other hand, a timeshare user attempting to plot program output through a ten-character-per-second serial digital interface would be seriously hindered by the data communication time required for such a high-level interface language. For
instance, a single absolute move such as pAz000,
3000 can take over a second to transmit at ten
characters per second. The plotter is capable of
plotting at a much higher rate, so the graphic
system quickly becomes interface limited.

Fig. 1. Block diagram of Model 7221A Remote Terminal X-YPlotter.

The data communications environment also impacts the featuresthat are useful to the user. For instance,the 9872Ais capableof window plotting, that
is, clipping incoming plot data at a predefined
boundary. In the serial interface environment, this
would imply the transmission of large amounts of
data that simply are not plotted. This would be both
time consuming and expensiveto the timeshareuser.
Instead, software is usually provided in the timeshared computer to provide this clipping function.
Data points outside the clipping window are suppressedand only those points that contribute to the
final graphics are transmitted.
On the other hand, certain graphic featuressuch as
arcs and circles require the transmission of large
arirounts of redundant data. A circle containing 36
chords typically takes 144 charactersof transmitted
data'to accomplish on a remote plotter, whereas the
actual datarequired to define the circle is on the order
of only eight characters.Therefore,a useful featureof
the 7221A that saveslarge amounts of data transmission time is an arc-generationalgorithm within the
plotter.
The 7227A RemoteTerminal Plotter essentiallyredirects the microprocessing power resident in the
9872A to optimize performance with a bandlimited
serial digital interface. An efficient binary interface
language is used to minimize the number of characters necessaryfor vector plotting. Advanced
graphic featureshave been included such as arc generation, programmable macroinstructions, definable
dashedline generation,and internal generationof six
characterfonts. Thesefeaturesminimize the need for
redundant data transmission, thus saving the user
both time and timeshare costs. An 1150-bytebuffer
(expandableto 3198 bytesJstores incoming graphic
plot data.
Fig. 1 is a block diagram of.the 7221.ARemoteTer-

minal Plotter.
Binary DataFormat
The binary format used in Ihe 7221A accomplishes
severalobjectives.First, it provides data communication efficiency by minimizing the number of characters necessaryto specify data points. X-Y pairs can be
sent with one, two three, four, or five characters,with
each charactercarrying a minimum of four and usually six bits of information. Leading zeros can be
suppressedso the dataformat expandsor contractsto
accommodate the largest component. Most frequently used instructions are encodedassingle ASCII
characters.
Second, the data format is self-delimiting so that
long strings of X-Y data can be transmitted without
the need to insert extra charactersto show where one
data point ends and another begins. Finally, the data
format doesnot include the 32 ANSI-standardcontrol
characters commonly used in timeshare environments to control peripheral devices.This eliminates
many of the problems encountered in the past with
the transmission of binary graphic data over a
timesharecommunication network designedto operate printing terminals.
As shown in Fig. 2, the instruction format provides
for three different command levels. First, peripheral
control instructions are coded as ANSl-standard
three-characterescape code sequences.These instructions are executed immediately when received
by the 7227A. First-order graphic instructions are
encoded as a single printing ASCII character.
Second-ordergraphic commands consist of a sequence of two printing characters,always beginning
with a -. Both types of graphic commandsare always
routed to an internal data buffer and executed on a
first-in-first-out basis. This command format provides the flexibility neededfor the existing 41 instruc-
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B I N A R YC O O I N G
O e v i c eC o n t r o l C o m m a n d s

First Order Graphic Commands

ciently. In previous plotters four characters of data
typically had to be transmitted for each stroke in each
letter that appeared on a plot. Thus the letter M required the transmission of about 20 characters each
time it was drawn. With its internal character
generator, the 7221,A requires only one character for
each letter drawn. This makes labeling of graphics
much faster and less expensive.
An arc generator in the plotter accepts the radius,
start angle, and stop angle of an arc and then generates a sequence of pen motions that approximate the
specified arc with straight chords. If a circle is desired, only the radius needs to be specified. If a radius
has already been specified in a previous command,
only the single character command for the arc must be
sent to generate another circle of the same radius. The
user can trade cosmetics of the approximated arc for
faster execution time by specifying the tolerance of
the arc generation algorithm. This sets the maximum
distance between the straight line chords and the
theoretical arc.
Often a feature in a plot is repeated again and again.
The data necessary to specify this feature typically
has to be sent each time it is drawn. The 7 221Ahas the
ability to store macroinstructions that make this redundant transmission of data unnecessary. Macroinstructions are analogous to user-definable keys
on a programmable calculator. Any sequence of valid
graphic instructions and data can be stored in mem-

0 0 ' 11 0 1 1
0 1 0 1 .110
'nnnnnn
11l nnnn

S e c o n d O r d e i G r a p h i c C o m m a n d s 1 1 1 1 11 0
'nnnnnn
Numeric Parameter
0to63
Absolute Graphic Parameler
0to15
0 to 1024
Q lo 32767

Absolute XY Parameter
0to3
0to31

'nnnnnn
. l. l 0 n n n n
. l1 0 n n n n
'nnnnnn
)
'I 10 nnn
t nnnnnn
'nnnnnn
'I|

0xxyy
11O x x x x
'xyYyYy

0 to 255

110 x x x x
'xxxxyy

0 to 2047

110 x x x x
'xxxxxx
. XYYYYY

0 to 16383

11 0 x x x x
'xxxxxx
'xxxxyy
'YYvv
vv

'vv
vvvY
'vvvvvv

'vvYvvv
Incremental X Parameter
' 1 6t o l 5
- 5 . 1 2t o 5 l 1
16384 to 16383

.l0xxxxx
'10xxxxx
10 x x x x x
'l0xxxxx
10 x x x x x
10 x x x x x

Incremental Y Parameter
similarto X axisexceptfor leadingtwo bits,i.e;
1 6t o 1 5
Olyyyyy
All incrementalXY data oointsconsistof one to
three bytes ot X data followedby one to three
bytes ol Y data.
Angle Parameters
Byte Coding
Significanceof Bits (Degrees)
1 11 0 n n n n
180
90
45
22.5
'
n
n
n
n
n
n
2
11.25 5.63 2.81 1.40 0.703 0.352
.
n
n
n
n
n
n
3
0 . 1 7 6 0 . 0 8 8 0 . 0 4 4 O . 0 ? 2 0 . 0 11 0 . 0 0 6
One byte yields resolutionto 22.5 degrees.
yield
Two bytes
resolutionto 0.352 degrees.
Three bytes yield resolutionto 0.006 degrees.
All angles are positive.Zero degreesis at the three o'clock
oosition.

D E V I C EC O N T R O LC O M M A N D S
l/O Control Group
PlotterOn
PlotterOll
Set HandshakeMode
(Dependent)
Set HandshakeMode
(lndependent)
Set Output Mode
OutputAbort
BufferAbort

Output Group
Output ldentification
OutputStatus
Output ButferSize
OutputCurrentBulfer Space
OutputGraphicLimits
OutputCurrentPosition
Output Error
Output DigitizedPoint

G R A P H I CC O M M A N O S

' means bit 7 is the
complementof bit 6
- means bit not used

Flg.2. 7221A instruction
formats.Codingis binary.Thernterface conformsto standardRS232C.
tions listed in Fig. 3 and for future expansion of the
instruction set.
Firmware Features
Several new features in the 7221.A reduce the
number of characters needed to generate a typical
plot. First, an internal character generator similar to
that of the 98724 allows plots to be labeled effi-

Setup Group
Initialize
S e t G r i dS i z e
Graph Limits
VelocitySelect
Arc Tolerance
Plot Group
Move
Draw
IncrementalMove
IncrementalDraw
Arc Clockwise
Arc Counterclockwise
Rotate
Rotateat Last Angle
Pen Select
DashedLines, Fixed
DashedLines,Variable
NOP

Label Group
Label Mode On
Label Size
Label Font
Label Slant
Set StringTerminator
Macroinstruction Group
Detine
Macroinstruclion
Terminate
Macroinstruction
Invoke
Macroinstruction
AutomaticMacroinstruction

Fig.3. 7221A Plotter instructions

11

hidden lines or centerlines. These have always been
costly and time consuming in the timeshare environment. The endpoints of each dash and space had
to be transmitted at a cost of four characters per endpo.int to execute the dashed line. A dashed line
generator is included in the 7221A that eliminates
this burden on the communication link. The user can
define any dashed line font with up to sixteen different lengths of dashes and spaces.The length of the
repeating pattern can also be specified. Typically this
specification will be stored in a macroinstruction so
that it can be reinvoked whenever necessary.

Programmable I/O AssuresSystem
Compatibility
fhe 7221A RemoteTerminalPlotteris designedto provide
hard-copygraphicsto a user at a remoteterminal,with the
plotterconnectedbetweenthe terminaland the data communications link. A primarydesign goal was to make the plotter
compatiblewith a wide varietyof systemand terminalconventions. Becauseof significantdifferencesbetweenprotocols,
several key featuresof the plotter's input/outputsystem were
made programmable.
The 128-character
ASCIIcode used in the remoteterminal
environment
consistsof 32 controlcharactersand 96 printing
characters.The binarydata formatused by the 7221A is restrictedto the 96 printingcharacters.
Thisresultsin a smallloss
of data communications
efficiencybut greatlyimprovescomp a t i b i l i t yw i t h v a r i o u ss y s t e m e n v i r o n m e n t sF. o r e x a m p l e ,
timesharing
systemsuse controlcharactersin a varietyof ways
that would lead to conflictswith the plotter,
The plotterdoes use some controlcharacters,but only for
such functionsas formattingin labelmode (e.9., backspace,
linefeed,and carriagereturn),for escapecode sequences,and
for speciallyprogrammedl/O functions.The plotterignores
controlcharactersthat have no plottercontrolfunction,lt also
ignoresnull and deletecharacters,which are used as timing
charactersin some systems.
Outputsequencesfrom the 7221Acan includea numberof
programmable
operationsdesignedto makethe plotterlooklike
a terminal.Followingreceiptof an output requestthe plotter
ignoresautomaticprompts(e S , U) until it receivesa trigger
character,typicallya DC1controlcharacter.lt then insertsa
turnarounddelayof 0 to 9999milliseconds
beforeit responds.In
full duplex systems,the plotterignoresoutputcharactersthat
are echoed by the host computer until it receivesan echoterminatecharacter.For example,after receivinga complete
response,many systemsreturna linefeedthat can be usedto
terminatethe echo-bypassfunction.To signifythe end of a
plotteroutputtransmission,
one or two terminationcharacters
may be sent,such as carriagereturnand linefeed.The trigger
character,turnarounddelay, echo{erminatecharacter,and
termination
charactersare fully programmable.
To insurethatdata is notsentto the7221Auntilbufferspaceis
available,
the plottercan be programmed
to performan automatic handshake.
Whenit receivesa handshakeenablecharacter,
the plottertransmitsa handshakestringof one to ten characters
as soonas bufferspacefor a blockof graphicdata is available.
The enablecharacter,handshakestring,and block sizeare all
programmable.
For example,to be compatiblewith HP 2640Seriesterminalsthe plottercan be programmedso thatwhen it
receivesan ENQcontrolcharacter,it respondswith an ACK
character as soon as B0 or rnore bytes of buffer space are
available.The ENO-ACK
handshakeis repeatedfor everyblock
of data sent.Alternatively
the plottercan be interrogated
for the
amountof bufferspace availablebeforedata is sent.

A user's application sometimes includes a large
number of commonly used graphic features such as
dashed line fonts, hole patterns, or other special purpose graphic symbols. In this case, it may be advantageous to have optional plug-in ROMs programmed
with macroinstructions that create these features. The
7221A is designed to accept macroinstructions that
are permanently stored in an optional plug-in module. This allows the use of special graphics custom
tailored to an application without having to define
them through the communication link.
OperationalModes
The 7221.A is designed to be inserted in the serial
communication link between the host computer or
modem and a terminal, When installed, the cable
from the modem or host computer and the terminal
are both routed to connectors on the plotter. Three
operating modes allow the plotter to receive data from
and send data to the host computer, receive data from
and send data to the terminal, and pass data between
the host computer and the terminal.
In the LOCAL mode the plotter communicates directly with the terminal. This can be done either with
the host computer connected or off-line. In this mode
the operator can label plots created on-line without
using further computer resources. If an HP terminal
that has magnetic tape readers is used, plots that have
been previously stored on tape can be duplicated on
Ihe 7227A. Finally, the operator can interrogate the
plotter to establish the plotter's status, buffer size, or
error history.
A staxnny mode is provided so the plotter can be
rendered passive during the transmission of binary
data between the terminal and the host computer.
This mode is also used when plot data is being stored
on magnetic tape by the terminal.
Normally the plotter is left in the oN-Ltruemode so it
will intercept plot data when it is sent. When this
mode is entered, the plotter is programmed to an opp
state. A pLorrER oN command then causes the plotter
to interpret incoming data from the host computer as
plotter data. When a pLorrER oFF command is received the plotter returns to a passive state and sends

-David A. Bones

ory within the plotter and defined as a macroinstruction numbered 0 through 63. A macroinstruction thus
defined can then be invoked repeatedly in different
locations on the plotter by a two-character command.
Dashed lines are often used in graphics to differentiate one type of curve from another or to signify
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incoming data on to the terminal. In this condition the
plotter is sensitive only to another ILOTTERoN escape
code sequence.
Interface Information
'Ihe
7227A Plotter uses the RS232C serial interface
and is compatible with the European CCITT V.24
standard interface. Baud rates of 2s,110, 150, 200,
3 0 0 , 6 0 0 , 1 2 0 0 , a n d 2 4 o O c a n b e s e l e c t e d .T h e p l o t t e r
can be set to check for even or odd parity when receiving plotter data or it can be set to ignore parity. When
the plotter is orn it simply passes data between the
terminal and host without checking or generating
parity. Bell ros full-duplex protocol is implemented
and the plotter can provide the terminal with an echo
as needed.
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designed to make programming easy, many users
would prefer to program the plotter in a high-level
language, such as FORTRAN. HP-PLOT/21, a software
support package for the 7221.A,is a set of FORTRAN
subroutines that make this possible. Two versions
of the software package are tailored specifically for
use with HP 3000 Series II and GE Mark III computer
systems.
Acknowledgments
The 7221A design was based heavily on the prior
design of the 9872A, whose contributors are acknowledged, In addition Bob Haselby wrote large portions
of the new firmware and designed the new interface.
Al Kendig wrote the character generator, DaIe Schaper
provided the self-test firmware and modifications to
the electronics, and Hank Swart designed the mechanical modifications. Ken Yamamoto and Ed
Dufour wrote the HP-PLOT/21 software support package and provided product definition and development assistance.rl4'

Software Support
While the 7221A's binary interface language is

Speed,Precision,and Smoothness
CharacterizeFour-GolorPlotterPen
DriveSystem
by Marvin L. Patterson,Robert D. Haselby, and Richard M. Kemplin
ID ERHAPSTHE Mosr oBVIous and most fre-

is necessary so that lines drawn to the same point
from various places on the plotting surface will close.
Smoothness is required for proper operation of the
pen and to keep the velocity vector at the pen tip
exactly in the desired direction throughout the move.
If the control system fails in either of these require-

I
quently criticized aspect of an X-Y plotter is the
quality of the lines that it draws on paper. This depends not only on the quality of the ink line made by
the pen, but on the smoothness of the control system
and the precision of line endpoints as well. Precision

13

ments, the pen indelibly records the mistakes for
all eves to see.

A flat piece of sheet metal is punched to mount the
various components; this has the advantages of
simplicity and minimum tooling. Experience with
earlier recorders showed that those with the least
mechanical play produce the cleanest lines. Play is
caused by necessary gear backlash and bearing clearances on tracks, especially the former, so the new
design has no gears. Instead, the block-and-tackle
principle is used (see Fig. 1). A needed speed reduction of 2:1 was achieved with the minor penalty of
using eight pulleys instead of the usual four on the
X-axis. This penalty was considered more than cancelled by the absence of play between the drive motor
and the pen arm and by the great reduction in audible
noise, cost, and maintenance compared to a gear-train
drive.
The same speed reduction principle is used in the Y
axis but with more complexity because of the need to
avoid the plotting area with the Y-axis drive cable.
The Y-axis motor is in a fixed position beneath the
plotting area. Its drive cable goes up to the pen €um
and then returns to a plane below the plotting area.
This requires a total of tz pulleys. Because of severe
space limitations in the pen arm, a much smaller
pulley is used than those in the X axis. This is possible
because a much smaller load is being driven so a very
small cable can be used.

Comparison of Control Systems
Traditionally, dc servo control systems have provided the highest-quality pen motion control with
their inherent smoothness of operation. They have
limitations, however, in that low deadband and
matched X and Y-axis dynamics are difficult to
achieve while maintaining adequate loop stability.
Unless the dynamic response of the X and Y rtxes are
closely matched, pen motion during acceleration and
deceleration will deviate from the desired line. Excessive deadband causes the start of motion in the
slow axis to lag behind that of the fast axis when a line
is being drawn with a very high or very low slope.
Endpoint precision is also reduced by deadband. The
answer to both of these problems is higher loop gain,
but this reduces the stability margin. Thus servo control systems inevitably reach a trade-off between performance and stability.
Microstep-controlled step motors provide answers
to some of these concerns but introduce their own
problems. Step motors typically provide an increased
position control stiffness that produces a corresponding decrease in deadband. Since the control system is
usually open-loop, no stability trade-offs exist. A step
motor, however, behaves like a torsional spring about
its equilibrium point. This, coupled with inherently
high rotor inertia, gives rise to a low-frequency electromechanical resonance not found in dc servos.
When microstep control is applied to achieve improved resolution, decreased position accuracy and
nonuniform torque characteristics become apparent.
During constant-velocity operation, periodic perturbations caused by the nonuniform torque can interact
with the electromechanical resonance to produce severe oscillations in the rotor velocity.l'z In an X-Y
plotter, these oscillations cause the pen to draw wavy
lines. Studies have shown that the human eye can
easily detect periodic perturbations in a line in the
frequency range of one to five cycles per centimeter
having amplitudes as small as 0.05 mm peak-to-peak,

Pulley Mounting Block
Plastic Pulleys
Mounted on

Plastic Pulleys Mounted on Ball Bearings

The control system used in the HP 9872A and HP
T22tAPlotters overcomes these problems through an
improved mechanical drive coupled to an advanced
microstep control system that features adjustable
phase current waveforms. The combination of these
improvements provides smoothness and precision
never before available in a comparable product.
The MechanicalDrive
Design objectives for the mechanical drive system,
in addition to superior line quality, included low
cost, quiet operation, easy servicing and access,reliability, and low maintenance.

Fig. 1, Pen drive systemhas no gears. Advantagesare an
absenceof mechanicalplay and a reductionin audible noise,
cost, and maintenance.
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Cutouts for Pulleys and Cables

Aluminum Die-Casl
and Rear Blocks
Caps with Oiled Felt Wipers

Hardened Steel Rod and Extruded Aluminum Track
for Y Axis Pen Carriage Motion
Wheel Adiustment
Slots
Four Rear Wheels Mounted
on Ball Bearings

Aluminum Rear Track

Linear Bearings
Long drive system life and minimum play are
achieved by the use of linear ball bearings as the
prime guiding element of both the X and y axes. To
attain greater axial stability, two linear bearings are
used in tandem. They are pressed into a die-cast housing that ties the pen arm, linear bearings, and drive
cable together. Because of greater weight and span
requirements, the X axis uses a 12.8-mm-diameter,
stainless steel, hardened shaft while the y axis uses a
smaller 9.S-mm-diameter shaft.
To protect the bearings from contamination, felt
wipers are installed at each end of the housing and
held in place by snap-on nylon caps. These wipers are
impregnated with a light oil to provide lubrication for
the bearings while at the same time keeping the shaft
clean. In life tests these bearings have run as many as
450 miles with no sign of failure. During these tests it
was not necessary to replenish the oil in the wipers.
The linear bearings guide the arm in all directions
except rotationally, To control this, the opposite end
of the pen arm is retained by plastic wheels on an
anodized aluminum track (Fig 2). The lower wheels
are adjusted to minimize the clearance,

Fig. 2. Linear bearings help reduce play and extend drive system life. Theyguide the pen arm in
all directions except rotationally.
Rotation is controlled by ptasttc
wheels on an aluminumtrack.

Coupled to this through the sheave pulley. the cableand-pulley arrangement attached to the pen carriage
and drive mechanics adds a second spring mass system with a natural frequency of about 23OHz.The two
resonances are tightly coupled and lightly damped,
so the mechanical system can cause amplified response to perturbing influences at certain frequencies.
A mechanical damper is attached to the free end of
the motor shaft to reduce this tendency. This damper
consists of an inertial mass that is free to rotate in a
bath of controlled-viscosity silicon oil. The outer
housing is sealed with O rings and clamped to the
motor shaft. With both the damper and mechanical
load connected, the first resonant frequency of the X
axis is reduced to about 60 Hz. The damping action
provided by the dampers reduces the amplitude of the
response of both axes from about 16 dB to approximately 8 dB at the worst-case frequency.
The Microstep Control System
In spite of the reduction of the resonant response
provided by the dampers, harmonic torque perturbations can interact with the remaining resonant peak to
create oscillations in the rotor velocity during long
moves (seeAppendix, page 19). This causesthe pen to
draw wavy lines at certain critical slopes and velocities. Properly adjusting the waveform of the motor
phase currents reduces these perturbations to a negligible level, and provides control smoothness previously available only from dc servo control systems
(see Appendix). The objective of the control electronics is to provide position control of the pen
through the application of such waveforms to the step
motors.
A block diagram of the microstep control system is

Resonancesand Damping
The drive system is essentially a two-spring, twomass system. The torque-producing mechanisms in
the permanent magnet step motor are, in effect, a
magnetic torsional spring with an approximately
sinusoidal spring constant. When the position of the
motor shaft is nearly in phase with the currents
applied to the motor winding, the motor can be approximately modeled as a linear torsional spring
coupled to the rotor inertia. This creates a resonant
system with a natural frequency of about L8O Hz.
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Selected
Axis Phase
Angle
oxov

Function Generator

Ftg, 3. Microstep control syslem
uses sfep motors to move the pen
to the required position. Openloop system avoids the performance-vs-stabilityproblems of dc
servo controlsystems,

Interrupt Request 1 kHz

The phasecurrent waveforms contain fundamental
and third harmonic components. The Nyquist sampling theorem requires at least six samples in each
cycle of the waveform to avoid loss of information.
This requirement is inherently satisfied by the interpolator implementation. In the worst case,a full-scale
positive or negative velocity word causesthe interpolator output to advance in averageincrements of
-12Tl'1,6.
Thus there are at least 16 samples in every
cycle of the generatedwaveform,

shown in Fig. 3. The control system consists of an
interpolator circuit for each axis, a time-multiplexed
waveform generator, and two phase current drive
amplifiers for each axis. The interpolator circuit converts a digital velocity word produced each millisecond by a vector generation algorithm in the microprocessor into a position control signal that drives
the waveform generator. The waveform generator
converts X and Y position signals into A and B phase
voltage waveforms for the X and Y motors. These
voltages aie converted into currents by conventional
class A current-drive amnlifiers.

WaveformGenerator
A and B phase waveforms are gerieratedfor the X
and Y motors by a single time-division multiplexed
waveform generatorcircuit (Fig. 5). This circuit provides a sinusoidal waveform plus an adjustable
third-harmonic component to eachof the four current
drive amplifiers. Both the senseand the amplitude of

Interpolator
The velocity word provided to the interpolator by
the microprocessor each millisecond is an eight-bit
signed two's complement word. The interpolator
output is a series of eight discrete steps occurring at
12S-microsecond intervals, one seven-bit word for
each of the X and Y axes. This is, in effect, a digital
integration process that involves the accumulator and
adder shown in Fig. 4. The incoming digital velocity
is added to the contents of the accumulator eight
times each millisecond. The digital value in the accumulator increases or decreases in eight identical
increments equal in size to the applied velocity word.
To scale the velocity properly, the output of the accumulator is divided by 16 by ignoring the four least
significant bits. The accumulator output provides the
required position signal for the waveform generator.
Operation of the interpolator is modulo 2zr, so that
an overflow returns the position control signal from
2z back to zero. The waveform generator is also modulo 2n, so an overflow causes no discontinuity in the
output signals.

t'

t

Fig,4, lnterpolator receives a velocity word from the microprocessorevery millisecond. lts output is a series of eight discrete X and Y posltion sfeps.
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Motor Phase
Ahgle 0
(7 qits)

512x0 ROM
Function
Select
(2 Bits)

S&H =SampleandHold

Fig. 5. Waveform generator produces A and B phase waveforms
for the X and Y motors.An adjust
able third-harmonic component is
added to provide smoolhnessand
pr ec ision not pr eviou sly attainabIe
with step mofors.'

To Sample and
Hold Circuits
#3 and #4

the third harmonic can be set independently for each
axis.
X and Y position data words from the interpolator
are time-multiplexed together to form the least significant bits of the nine-bit ROM address. The two
most significant addressbits are set b3'a statecontrol
ROM to define which of the four parcels in the
waveform ROM is addressed.The four ROM parcels
are the A phase third harmonic, the A phase fundamental plus third harmonic, the B phase third harmonic, and the B phase fundamental plus third harmonic. Eachof theseparcelsconsistsof Lza eight-bit
words.
At the beginning of a period, the X position is
present in the ROM address,analog switch 52 is
closed,and 53 is open.The two high addressbits are
set so that the A phase third harmonic is addressed.
After the digital-to-analog converter (DAC) has had
time to settle,51 is closed long enough to load the
third harmonic sample into sample-and-hold circuit
number 5.
Next, the high addressbits are changed to access
the parcel containing the A phase fundamental plus
third harmonic. At this time 51 is open and 54 is
closed. Once the DAC has settled, the output of the
summing amplifier consists of the A phase fundamental and an adjusted amount of third harmonic.
The adjustablethird harmonic level added to the
yraveform through 52 is out of phase with that preloaded into ROM parcel 2 so that the resultant level is
adjustable from negative through zero to positive.
After the A phase waveform has settled, 55 is closed
to set sample-and-holdcircuit number 1. The output
17

of this circuit is a stairstep approximation of the desired continuous current waveform. Post-samplefiltering smooths this signal into its final form.
The B phase waveform is generated similarly by
first addressing the B phase third harmonic parcel
and loading sample-and-holdcircuit number 5. The B
phasefundamental plus third harmonic is then added
to the adjustedthird harmonic component to produce
the B phasewaveform. SGis closedmomentarily to set
sample-and-holdcircuit number 2. The action to this
point is completed in the first half of the 125-microsecondperiod.
During the secondhalf of the period, S2 is open,53
is closed,and the seven-bitY position word is connected to the lower part of the ROM address bus.
Waveforms are constructed in the same manner as
before except with adjustment provided by R2.
Stairstepapproximations of the Y-axis phase current
waveforms appear at the outputs of sample-and-hold
circuits number 3 and 4.
Control of the two data control bits, the multiplexer, and the eight analogswitchesis provided by a
state control ROM not shown in Fig. 5. This ROM is
addressedby a state counter driven by the system
clock. The bit pattern programmed into this ROM
establishes the sequence of operation described
above.
ControllerAdjustment
Four adjustmentsare provided for each axis of the
conhol system to allow its performance to be optimized for the actual operating environment.3First,
dc offset can be adjusted in both phase current drive

amplifiers. Next, each B phase current amplifier provides a vernier gain adjustment that allows equalization of the magnetomotive force developed by the A
and B phase currents. Finally, a single adjustment for
each axis sets the level of third harmonic in the phase
current wave form. This minimizes the level of fourth
harmonic torque developed by each motor. An internal self-test feature aids in the adiustment of these
controls.
Plotter Performance
The mechanical linkage in each axis connecting the
motor shaft to the pen tip causes 0.2b mm (0.01 inch)
of motion for each motor step. Each cycle of the
waveform generator advances the rotor by the angular
pitch of one rotor tooth, the equivalent of four steps.
Thus the pen moves one millimetre for each cycle out
of the waveforrii generator. There are 1.28increments
in the address to the ROM in the waveform generator,
so each increment is equivalent to 0.008 mm (0.0003
inches). The maximum magnitude of the velocity
word produced by the vector generator algorithm is
90 binary units, which causes the ROM address to
advance by a5 counts each millisecond. This produces a maximum axial velocity at the pen of about
360 mm/s.
The vector generator algorithm in the microprocessor accepts movement commands to a resolution of
0.001 inch or 0.025 mm, which is approximately three
times greater than the minimum control system increment. The algorithm converts these move commands into X and Y velocity profiles that accomplish
the required move. The maximum velocity attained in
a long move by either axis can be varied under user
program control in 1O-mm/s increments from a
minimum of 10 mm/s to the maximum value of 360
mm/s. This allows the user to optimize the pen speed
and associatedwriting quality for any given drawing
media. The maximum axial acceleration established
in the velocity profiles is about 4000 mm/s2 (160 in/s2)
or 0.4 g. When the user has programmed a lower than
maximum velocity, however, the algorithm assumes
that line quality is more important than speed. The
acceleration is then halved to further eliminate any
minute acceleration transients from the drawn vectors.
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APPENDIX
Correctionof Non-ldealStep Motor Behavior

The motors used in the 9872A and 7221A Plotters are four-phase permanent
magnetstep motors with 200 steps per revolution.phases I and 3 are mnnecled in
series, as are phases 2 and 4, so the motor appeaG externally as a two-phase
inductor-typesynchronousmotor.ToJqueis developedindependenllyby each phase
in the configurationand is given byr
Egela
ro =
a
r'

=

Eggle
0

where , is the angularvelocityol the rotor, EoAand EoB are the voltagesinducedby
the permanentmagret in the two phas windi;gs, and i-Aand lB are the appliedphas
currenls. When the rotor velocity is constanl the torque produced by each phase is
simply the product of two time-periodic waves. The waveforms of En4 and EgB
vary with the particularmotor and depend primarilyon the airgap geom6try betwe-en
the stator poles and the rolor. The applied phase current waveforms are specifiable
and can be adjusted to improve the smoothnessot the motor operation.

Uncorrected

Corrected

Fig,3. Fourth-hatmonictoryueresultst'romphasecurrentfundamentalinteracting
with thid and flfth motor harmonics. To rcduce this elfect. thtrd harmonicis added
ta the phase currents.

ages inducedat each stator pole to reinforceat the exlernalphase terminals.On the
other hand, the even harmonics will, ideally, cancel. This creates the peculiar odd
harmonic nalure seeir in the spectrum shown.
At constantrotorvelocitythe spectrumof the torque producedby the A phase statd
polescan befound by convolvingthe spectrumof EoAwith that of lA. This convolution
is shown graphically in Fig. 2 lor lA equal to a iosine wave al the fundamental
trequencyof E gA The resultingtorque spectrumis as shown, with a majorcomponent
at dc and other non-idealterms at lhe even harmonic frequencies.
The total shatt torqueof the motoris the sum of the A and B phase contributions.In a
properlydriven, symmetric motor lhe B phase torque wavetormis identicalto that of
the A phase exceptfora one-fourth-perioddelay. Whenthetwo lorque waveformsadd
at the rotor, this delay causes the lorque harmonicsat 2, 6, 10, , . . times the phase
currentfrequencylo cancel exactly.The torques producedat dc and the 4th, 8ih, . . .
harmonicsreinlorceexactly.Since only dc torque is desiredto keep the rotor moving
smoothlyal@nstantvelocity,the higherharmonictermstepresentnon-idsaletfsctsin
the motor that tend to perlurb the rotor velocity. When the frequency ot lhese harmonics falls on a mechanicalresonance,exaggeratedoscillationscan occur in the
rolor motaon,
The dominant non-idealtorque component is typically the fourth-harmonicterms.
Fleference3 showsthat the magnitudeof this componentcan be significantlyreduced
by addinga third-harmoniccomponenttothe wavetormof the A and B phase currents.
Fig. g shows how the fourth-harmonictorque is the result ol the phase current
lundamentalinteractingwith boththe thirdand fitlh harmonicsinthe motorspectrum.A
properlyadjustedthird harmonic in the current waveformwill interactwith the fundamentalvoltagefromthe
motortoproduceacorrectivefourth-harmonictorquetermthat
significantlyreduces the magnitude of the resultant non-idealtorque.
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Fig. 1. Spectrum of typical step motor generated voltage wavelorm
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Frg,2, ConvolutionofcufientandvoltagewaveformsprcducestorquespectrumoftheAphasestatorpoles
Majortorquecomponent is at dc. There are non-ideal terms at even-harmonicfrequencles. fypicaily the fourth-harmonictetms dominate.
Insight into the non-idealbehavior of the motor can be gained by examiningthe
natureof the characterislicmotor waveformapparentin the open-circuitvoltages EoA
and EgB wh€n the rotor is turned at constant v€locity.An ideal motor under the-se
conditionswould producesinusoidalvoltagewavelorms.In contrast,the spectrumof a
typical gongratedwaveform is shown in Fig. 1. The interconnectionof internalstator
windingsto form an externaltwo-phase configurationcauses the odd harmonicvolt-

Th€ microstspcontrollerused in both the9872Aand7221Adigital plottersprovides
an adjustablethird-harmoniccomponentin the phase currgntwaveforms.This allows
the smoothnessof plotter operation to be optimized for each individualmolor, thus
providinguniformline qualityfrom one machin€to the next.
-Matvin Pattercon

Pen and Ink SystemHelpsAssure
Four-ColorPlotterLine Quality
by Leonard P. Balazer,George W. Lynch, Richard M. Kemplin, and Larry W. Hennessee

pLorrERS
DENS FoR THE NEw FouR-coLoR

I
have been carefully designed to contribute to the
plotters' high-quality, precisely defined, and aesthetically pleasing graphical presentation, a presentation
that, directly from the plotter, can enhance engineering reports, proposals, and other critical communication documents. In pursuit of this goal the
individual properties of a high-quality graphical
presentation were first dissected, defined, and cataloged. Desirable qualities, such as appropriate line
width, line width uniformity, color density, line
registration, and absence of feathering or bleeding
became the design objectives for the pen and ink
system.
Although the automatic pen changing concept introduced formidable new problems of dimensional
control concerned with line registration, the first
order of priority was to attack problems that have
always haunted the disposable pen. Of these, line
width control and line width uniformity are the most
difficult. The writing tip tends to flatten and produce
an excessively wide line under the influence of the
impact forces generated when the pen is dropped
onto the platen. These forces, together with the flattening effects of abrasive wear as the pen scrubs
acrossthe paper, can causeline width to grow from an
initial 0.13 mm to 1 mm or more after writing several
meters. Not only does this produce an obvious disparity in line widths as a new pen deteriorates, but also
the line can become so wide that it masks information
details and closes the loops in small text characters.
Ancther line control problem is seen at high writing
speeds, where a pen may fail to produce a dense,
easily discernible trace.
Of the several possible ways of drawing a line, such
as the capillary pen, the ball point pen, the pencil, and
so on, the disposable fiber tip pen was selected as
having the greatest potential for meeting all requirements. The ball point pen required too much force
against the paper and did not start well. The capillary
pen was messy and often lost its prime. Extruded
plastic tips did not deliver a sufficient ink flow at high
speeds and often developed a wear flash that shut off
the ink ducts.

question we addressed was whether to make or buy
the nib.
The alternative of making our own nib, a subject we
knew nothing about and had no equipment for, was
relegated to last place among the various ways of
proceeding. Another alternative was to buy and use a
modification of an existing instrument or handwriting pen made by another manufacturer. However, no
suitable pen could be found. The search was not superficial and involved pens ordered from every manufacturer in the world who somehow managed to
make his existance known through advertisements,
listings, or references. Some 50 different pens were
evaluated and rejected.
It turned out that at least seven manufacturers of
fiber nibs exist in the world and each makes several
varieties of nibs. All supplied us with samples. The
samples were evaluated according to criteria important to us and graded relative to one another. We
quickly realized that the most serious general nib
problem is uniformity. After extensive investigation
into the processesof nib making, we also realized that
fiber nib making is more an art than a science, and that
the makers of good nibs know very little more why
their nibs are good than the makers of poor nibs know
why their nibs are bad (careful production control, of
course, being an obvious factor). Fortunately, one nib
was found to be quite good. The manufacturer of this

Fiber Reservoil
lnk Reserve

Paper Surface

The Nib
Of all the elements of a disposable fiber tip pen, the
nib and the ink are the two most important. The first

lnk Meniscus

Fig. 1. Hydraulic systemof a pen. Themeniscusts the rnterface between the ink reservoirand the paoer.
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nib was unusually cooperativeand a seriesof detailed
evaluations of this product was begun.
Since the primary concern was uniformity, four
separate nib orders were placed in successive
months,and a production samplefrom ten successive
days was obtained.Uniformity was found to be excellent. Thereafter,severaliterations in point and shank
shape and size were completed and thus the 9872A
pen nib was selected.It took two years.

is low viscosity.
What other characteristics ought a plotting pen ink
to have? For one, it must not dry out in the uncovered
pen tip too rapidly. The design standard is that the
pen should start to write immediately on contact with
the paper after having its cap off for up to three days in
normal laboratory atmospheres. Hence low volatility
is desirable. Fortunately, this property usually comes
with high surface tension, which is the source of the
force that pulls the ink out of the pen onto the paper.
lnk
The ink must wet the paper to form the meniscus
Fig. 1 showsthe hydraulic systemof a pen, and the
and to stay there after the pen has moved on, but it
meniscusaround the pen tip. As soon as the pen nib
must not wet too well. If it wets too well, the ink-totouchesthe paper surface,the annular wedge-shaped paper lateral interface becomes ragged and irregular.
interface pulls out ink into this space and the ink
This is often called feathering, since tiny feather-like
sticks and staysin place asthe nib moveson, Ieaving a
structures sometimes form. When the pen is left
discernibleline.
stationary against the paper and an ever-growing blob
The nib consistsof a loosepack of continuouslonappears around the tip, it is called bleeding.
gitudinal nylon fibers about 0,03 mm in diameter,
If the ink does not wet the paper well enough it will
held togetherwith resin to form an irregular matrix of
tend to form into little balls after the pen moves on.
Iongitudinal ducts. A cross section of a nib is shown
The ideal ink is neutral: it will not spread or retract.
in Fig. 2. As the packing of the fibers becomesmore
The 9872.{ inks very nearly possess this characterisdense, the nib becomesphysically stronger, but the
tic on HP graph paper. You can leave the pen on the
intersticesthrough which the ink flows becomesmalpaper as long as you please,just so it isn't on a fingerler. Thus as the nib becomesstrongerand denserand
print. This neutrality is responsible for the new plotmore ableto retain a sharp point while being pounded
ters' definite and regular ink-to-paper interface that
on the vl'riting platen, the ink flow becomes more
produces the appearance of crispness and cleanness.
restricted.High nib density,of course,also decreases
Besides having definite paper-wetting characteristhe rate of abrasivewear as the pen is draggedacross tics, the ink must
enter into a chemical combination
the paper, and is a desirable characteristic for all
with the paper fibers that can be classified as a comconsiderationsexcept ink flow. Therefore,the design
plicated kind of adsorption, Evaporation is unsuitaapproach was to make the nib as dense as possible
ble as a fixing mechanism since evaporation also
compatible with a sufficient ink flow. The way to
takes place in the pen nib and reduces cap-off drying
increaseink flow with a given duct size, in turn, is to
time to unacceptably short periods. Ink that is fixed
decreaseits viscosity, so one primary ink requirement
by evaporation also has the messy tendency to smear
under damp finger tips.
Other necessary ink characteristics are color density and stability. Ink dyes are usually organic
molecules that deteriorate with time. The period until
a definite fading or color change becomes manifest
must be at least two years for normal distribution and
use. (Printer's black ink does not contain a dye, but
lampblack, which lasts forever.) The ink must also be
compatible with the nib material as well as the pen
structure and not cause swelling, crazing, or stress
cracking. Finally, the ink must be retainable, that is, it
must not escapethrough the pen body at an excessive
rate.
The 9872A inks were compounded through complicated trade-offs involving all of the abovementioned factors.

Fig,2. Cross-sectionof a nib, showing fibersand interstices
through which ink flows. Nib design requires a trade-off between close packing of the fibers,which aids durability,and
good ink flow.
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Pen Structure
In the world of fiber tip pens, the 9872A pens have
the distinction of being dimensionally precise
beyond all others. Lack of dimensional precision is in

Digitizing Sight Adds Versatility
(with Vent Tube)

Fig. 3. Penstructureis deslgnedto preventleakingat altitudesup to 50,000feet.
no way detrimental, for example, to a handwriting
instrument. It does not matter one jot if the pen barrel
is bowed, or out of round, or eccentric by 0.1 or 0.2
mm. However the SB72A multiple-pen concept and
the requirement for exact line registration imposes
the need for a hitherto unknown (to HP, at least) level
of mechanical precision in the pen.
Fig. 3 depicts the structure of this pen. The bottom
of the flange and cylindrical surface "A" are the interface surfaces that control pen position and have to be
maintained round, flat, square, and the same size.
This requirement eliminated all but the lowestshrinkage plastic molding compounds. (The alternative of machining these surfaces was rejected on the
basis of its high cost.) This also imposes the restriction that these surfaces had to be molded within a
single continuous-mold cavity, eliminating alternate
designs involving split cavities and side pulls. The
four cavities of the four-part mold had to be matched
with extreme care beyond the normally high level of
moldmaking precision. Also, molding process
parameters have to be very carefully controlled to
produce well-matched parts.
The pen venting scheme can also be seen in Fig. 3.
As an external vent, the round nib fits into a square
hole, and the unfilled corners allow air to flow into
and out of the interior of the pen. A plastic tube
continues the venting from the lower to the upper
interior cavity. Without such venting, pressure or
temperature changes that cause the air inside the pen
to expand would cause ink to be forced out of the pen,
producing dreaded leaking. This scheme works well
for ordinary handling at ordinary pressures;however,
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fhe 9872417221APlotter'selectronicpen-positioning
circuitryincorporates
a digitizingcapability,that is, it can digitally
measurean arbitrarypen position.This is very usefulin many
data processingand recordingapplications.
Unfortunately,
an
ink pen is a poor cursoror indicatorof pen carriageposition,
becausejudging the preciselocationof the pen is a difficult
matter,sub.iect
to parallaxand confusionby shadows.
A digitizingsight was developedto facilitatethe digitizing
processby makingit easierto positionthe pen carriagBand by
vastlyimprovingthe accuracyof the process.The digitlzing
sight is also useful in settingthe registrationof the pen on
pre-ilnedgraph paper or on.materialpreviouslywrittenand
removedand laterreplacedon the plotterplaten.
Thedigitizingsightis a passiveopticaldevicemuchthesame
size and shapeas the pen (see photograph).
The digitizingsight brings the image of a point of interest
togetherwith a superimposedreferencepointon an elevated
plane where it can be viewedfrom withina 70" cone without
parallaxeffects.Thebrightness
of the imageis oftenenhanced,
sinceimagebrightnessdoes not dependon the illumination
at
the platensurface,but on the illumination
at the top surfaceof
the sight,which is free of shadowsfrom the pen carriage.
How does the digitizingsightwork?Basicallythe sightconsistsof a coherentbundleof opticalfibers,each of whichconducts light gatheredat its upper surfacedown to the writing
surfaceil restsuporr.Thelightreflectedfromthe writingsurface
is conductedbackthroughthefiberto the uppersurface,where
it is broadcastto theobserver's
eye.Eachfiberretainsitsspatial
relationships
to itsneighborsat the upperand lowersurfacesso
thecombinedeffectof allthef ibersisto transmitthe imaqeof the
materialover which the bundleis placed.
Anydesiredreferencemarksor reticlescan simplybe placed
on eitherthe upperor lowersurface.The digitizingsighthas a
singlespot about0.5 mm in diameterat its center.A pointspot
was chosensincethe sight interfaceswith the pen holderand
the stablein the same way as a pen and can be selectedor
storedin thesamemanneras a pen.Inthetransferprocessfrom
stableto holderand back,the pen rotatesthroughan arbitrary
angle.lf crosshairshad been used on the sightthey would be
deliveredat arbitraryanglesand so wererejectedas reference
marks.
In use,the referencepointin the digitizingsightmustexactly
duplicatepen tip position;therefore,althoughthe digitizing
sight is a very simpledevice,the dimensionsof the interface
surfacesand the locationof the referencepointare criticaland
are carefullycontrolled.
-Leonard Balazer

carriage, but this would have substantially increased
the responsetime of the machine. Instead, all the pens
are stored in a four-position "stable", where they are
kept capped to prevent them from drying out in arid
climates (Fig. +). When a pen is selected no active
elements (e.g., solenoids or motors) are used to effect
the change. A ramped surface on the nose of the pen
carriage simply drives down a spring-loaded bracket
that carries a pen cap away from the tip of the pen.
When the pen is removed by the carriage the bracket
springs back into its original position. The same
spring that returns the bracket also retains the bracket
in the stable, so assembly is rapid and simple.
No expensive active elements are used to hold the
pens in the stable or carriage. Carefully balanced
spring-loaded arms support the pens and the special
digitizing sight (see box at left) in both the stable
and the carriage. The upper and lower arms that support each pen are identical, as are their return springs
and mounting hardware. This helps keep the overall
cost of the stable so low that an early plan to offer the
stable as a moderately expensive option was dropped.
While the simplicity of the stable precludes the
need for much service, the opportunity to provide
occasional repair is readily available. A few accessible screws allow the entire control panel to be removed and two screws are removed to expose virtually the entire stable mechanism.
The motions used by the plotter to fetch or store
pens are ordinary X and Y moves of the arm. The

at altitudes above about 45,000 feet, the ink begins to
outgas, although it does not boil. This produces a
foam that can be pushed out of the pen by further gas
expansion. This happens especially in sudden decompressions, such as when the cap or plug is blown
off the pen by internal pressure. To prevent this sort of
thing, the plug and the cap are equipped with smooth
sealing surfaces and assembled to the body with interference fits, so the pen retains normal atmospheric
pressure internally for extensive periods at altitudes
beyond 50,000 feet without popping off its plug or
cap.
When the cap is forced over the nib end of the pen,
the pen is tightly sealed, preventing slow evaporative
ink loss. This sealing is sufficient for several months
at ordinary laboratory environments. However, the
water component of the ink escapesthrough the pen
body walls, so for long-term storage, the pens are
hermetically sealed in foil pouches that effectively
prevent any measurable moisture loss.
Pen Stable and Pen Changer
The pen changing mechanism is perhaps the most
interesting mechanical aspect of the 9872A from the
user's standpoint. During many demonstrations observers have marveled at the speed with which the
instrument changes pens and trace colors.
To minimize its mass, the carriage holds only one
pen at a time. An alternative might have been to
transport a rotating turret with all the pens on the

Fig, 4, Four-posittonpen stable
holds pens of varrouscolors when
they are not in use. (Fifth stall is
used to determinewhethertherets
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pen in an empty stall and then
picks up the new pen using ordinaryXandYmotions.
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patterns for fetching or storing from or to each stable
position (stall) are stored in read-only memory (ROM)
along with the firmware pen-changing algorithm that
moves the arm in these patterns to execute the requested pen change.
Pen change requests are initiated under program
control via the input/output system or locally from the
plotter's front panel. Requestsfor a pen from a vacant
stall are ignored. Should all four stalls and the arm
contain pens, all pen change requests are ignored
because the arm must be vacant before it can fetch a
pen from the stable.
For the pen-changing algorithm to make such decisions it must be able to detect the occupancy status of
each stall and the arm. Each stall is equipped with a
microswitch to indicate the presence or absence of a
pen. Another microswitch, in a fifth stall not used for
pens, detects the occupancy status of the arm. These
five microswitches enable the algorithm to avoid
fetching a pen from an empty stall or storing a pen
into an occupied stall.
Should the plotter be requested to fetch a pen from
an occupied stall and there are one or more vacant
stalls, the algorithm assumes the arm has a pen, and
moves the arm in the pattern necessary to store the
pen into an empty stall. If there is more than one
vacanr stall, the algorithm returns the pen to the stall
from r,r'hichit was originally fetched, unless that stall
is no longer vacant (perhaps someone has handloaded it), in which casethe lowest-numbered vacant
stall is selected to receive the pen. After executing the
pattern to store the arm's current pen, if any, into a
vacant stall the algorithm executesthe pattern to fetch
the requested pen.
If the plotter is requested to fetch a pen when all

Fig. 5. Pen lift mechantsmof the four-colorplotter. Pneumatic dashpot controlstmpact velocityso the pen tip is not
deformed, there is no ink blob when the pen is dropped, and
the pen does nof bounce.
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Fig.6. TraiIing cablep rovidespowerto the penlift assembly.
four stalls are occupied, the fifth "pen-in-arm" microswitch is used. The arm must be vacant before it
can receive a pen from the stable. The algorithm
moves the arm to the fifth microswitch, and if the arm
is vacant, the pattern to fetch the requested pen is
executed. If the arm contains a pen, the pen change
request is ignored because there is no vacant stall to
receive the current pen before fetching the requested
one.
The move pattern to store a pen into a stable is the
reverse of the pattern to fetch a pen from that stable.
After a pen change, the algorithm returns the arm to
its platen position before the pen change request.
Pen Lift Mechanism
Design objectives for the pen lift mechanism for the
new four-color plotters included reliable operation
and lifetime at least an order of magnitude longer
than earlier designs. The life target was set initially at
40 million cycles of operation without any maintenance or service.
When the mechanism lowers the pen it must not
slam the pen into the hard platen and smash the pen
tip. Once the pen is down and slewing across the
paper, the mechanism must hold the pen rigidly or it
will chatter and skip, leaving a dotted line.
Before the plotter can begin to draw a line segment,
it must pause long enough to lower the pen. The
speed with which the plotter can draw such figures as
characters or dashed lines depends heavily upon the
length of this delay. The new mechanism had to
minimize this pen-down delay.
In addition to these objectives, several requirements were imposed by new features designed into
the 98724. With the introduction of the pen stable,
the pen holder had to be able to reach off the drawing
surface to drop off or pick up a new pen quickly and

with 100% reliability. Since the prime movers of the
plotter are open-loop stepper motors and have no
position feedback, it is possible to overpower the
mechanism and displace the arm and pen carriage in
such a way that the pen holder crashes into the front
panel at full slew speed and with full motor power
when reaching for a new pen. The pen lifting
mechanism had to be designed to withstand this kind
of crash. In the worst-case collision the impact is to
the slender lever that clutches the pen.
The pen lift mechanism of the 9872A and zzztA
Plotters is shown in Fig. 5. Underneath the pen lift
cover is a pneumatic dashpot that helps achieve several of the objectives. The damping rate of the dashpot
can be adjusted in the plotter so the pen impacts the
table at a rate of about two inches per second. At this
velocity the impact with the table top can be easily
absorbed by elastic deformation of the pen tip. This
prevents mushrooming of the pen tip after successive
pen drops so effectively that now the only reason for a
pen to become unserviceable is that it runs out of ink.
At low impact velocity there is no ink blob where the
pen is dropped and the tendency for the pen to
bounce upon impact is reduced, permitting a shorter
pen-down delay and a faster character plotting speed.
The two major structural pieces of the pen lift assembly are aluminum die castings. They provide
compactness, the rigidity to keep the pen from chattering while drawing high-speed vectors, and the
strength to withstand impacts into the front panel and
pen stable.
Several different high-strength materials were
tested for the lever that grips the pen. Most broke
upon impact with the corner of the front panel when
reaching for a new pen after the arm had been forced
out of position. It turned out that a common acetal
resin produced an injection-molded lever that was
durable enough to withstand repeated worst-case impacts and had the creep resistance to stand up to the
stressesproduced by the pen gripping spring,
Precision bearings are used in the hinge of the lifting mechanism for smooth operation over a long service life. Life tests were discontinued after 40 million
lift-drop cycles with little noticeable wear to critical
parts.
Putting the pen-lift solenoid close to the pen reduced the audible noise to a tolerable level and improved overall reliability by minimizing wear and the
number of moving parts. It did, however, necessitate
development of a trailing cable inside the slender
arm. A thin, twin-lead flexible circuit met the flex-Iife
requirements, but pushing that circuit in the return
direction into the slender arm was like trying to push
a chain by one end; the tangles that resulted were
disastrous. Supporting the flexible circuit on each
side with a crowned, stainless steel strip provided the
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stiffness necessary to control it. The effect is similar to
bending a steel tape measure: the straight portion is
stiff while bending stressesare kept low in the looped
portion. Fig. 6 shows the trailing cable assembly inside the arm.
The pen lift assembly is easy to assemble and service. The three adjustments (pen height, pen force,
and damping rate) are accessible from the top after
removing one screw and the pen lift cover (Fig. 5).
The interior of the arm, shown in Fig. 6, can be expbsed by removing one more screw and snapping off
the arm cover.
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A Battery-Powered
ECG Monitorfor
Emergencyand OperatingRoom
Environments
Electilcd isolation,reduced susceptibilityto RF and
electrosurgeryinterference,and batterypower equip this
non-fadeECG monitorto operatein the electricallyhostile
environmentsfound rn emergencyvehrclesand operating
rooms.
by Sherry R. Grobstein and Ronald D. Gatzke

ONTINUOUS MONITORING of a patient's
l\-l ECG provides one of the important indicators of a
patient's physiological status when in surgery or
when being transported in an emergency vehicle. It
follows, then, that ECG monitoring instruments must
be depended on to operate continuously under these
circumstances.
This does not always happen. Emergency environments are far more hostile to a monitoring instrument than the usual hospital ward and therefore impose special requirements. For example, the transmitters used by emergency vehicles generateRF interfer-

ence that is much stronger than any encountered in
the hospital. Hence, a monitor for emergency vehicle
use must be highly immune to RF interference, as
well as being more rugged than those designed for
fixed-installation service.
In the operating room, very strong interference is
generated by electrosurgical machines, causing the
usual ECG monitor to be useless during certain procedures. The operating room also imposes severe requirements on electrical safety. With the amount of
electrical equipment involved-fluid
pumps, motorized operating table, electrosurgical equipment-

Fig. 1. Model 78333AECG Monitor displays ECG waveform and
heart rate with minimum interference from electrosurgery
equipment or other sources ol
electtomagnetic radiation. lnternal rechargable batteries can
power the tnstrumentfor up to six
hours.
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the chances of accidents from improperly grounded
equipment are increased. At the same time, the
patient's primary protection against electrical shock,
the skin. is breached.

filtered, amplified and used to modulate a LOZ-kHz
carrier. The modulated carrier is transformer-coupled
out of the floating and guarded input enclosure, demodulated, amplified further, and applied to an
analog-to-digital converter. The converter samples
the waveform at a rate of 250 samples/second, converts each sample to an 8-bit parallel word, and enters
the word into the recirculating memory where it replaces the oldest word stored.

Dependable Monitors
The growing need for ECG monitors that can operate safely and reliably in these more difficult environments has led to the development of a new ECG
monitor, Hewlett-Packard Model 78333A (Fig. 1).
This instrument is rugged enough for mobile use and
it is battery-powered for portability. It also incorporates other features that minimize some of the electrical hazards peculiar to battery-powered instruments
(see box at right), and it is highly resistant to RF
interference.
The new monitor presents a single ECG waveform
on a non-fading CRT display along with a horizontal
bar graph that indicates heart rate. In addition to the
visual display, it gives an aural indication by means
of a "beeper" that makes attending medical personnel
aware of cardiac events without requiring them to
watch the CRT. It beeps in response to each R wave
and variations in the pitch provide an indication of
arrhythmias, giving immediate warning of trouble. A
steady tone in the beeper indicates an INop finoperative) condition. Adjustable heart-rate alarm limits are
indicated visually on the bar graph and audibly by the
beeper, which generatesa steady tone when limits are
exceeded. A lead selector switch gives a choice of the
twelve electrode lead connections commonly used by
cardiologists.

Safety Problems in BatteryPowered Instruments
Battery-powered
medicalequipmenthas a uniqueproblem:
lack of a connectionto ground.Whereasthis is most often
considereda safetyadvantage,it can be ahazatd if the patient
or operatorbecomesthe linkfromthe equipmentto groundfor a
dangerouslyhigh current.
ModernECG monitorspreventthe completionof a current
path from some othersourcethroughthe patientto groundby
ground.
isolatingthe patientelectrodesfrom the instrument's
The ECG signalis transferredfrom the floatingguardedinput
circuitto the main chassiscircuitsby opticalor transformer
couplrng.
In the usualinstrument,
the floatingand chassisgroundsare
connectedby an 800-voltspark gap that providesa controlled
breakdown to protect the amplifier in the event that a high
voltageis coupledto the ECGelectrodes.
Whenthe sparkgap
fires,the gap voltagedropscloseto zeroso any exposedparts
on the floatingcircuitswill not reach hazardouspotentials.
Battery-powered
instruments
do nothavethiskindof protection.
lf an operatorhappenedto be touchingan exposedmetal
part on an ungrounded battery-poweredinstrumentthat was
monitoringa patient undergoingdefibrillation,
the operator
could be exposedto a high voltage(a defibrillator
appliesa
short,high-voltagepulse-S ms wide, 8-16 kV high-to widearea electrodeson a patient'schest to restartor resynchronize
heartmusclesthat are fibrillating,
that is,workingin an uncoordinatedand hence ineffective
manner).
Another operator safety problem arises during electrosurgery.Electrosurgery
machinesapply several hundred
voltsof RF between0.4 and 5 MHzto the oatientto cut tissueor
coagulateblood vessels,At 1 MHz, the typical 50-pF stray
capacitancebetweenthe floatinginputcircuitsof a monitoring
instrumentand the main chassisis only 3 kO, so an operator
touchingany exposedpartconnectedto the mainchassisof an
ungroundedinstrument
duringelectrosurgery
couldcompletea
pathto ground,and suJfer
low-impedance
a shockor a burnas a
result.
Thesehazardsare eliminatedin the new 783334Monitorby
the 25-kVelectricalisolationprovidedin the cabinetdesign.All
patient-connected
circuits,cables,and connectorsare isolated
fromany chassis-grounded
componentby one-inchair gapsor
1/16inch plasticinsulation.
Signalsare coupledout and power
is coupled into the floatingcircuitsby transformers
that can
withstand25 kV betweenprimaryand secondary.
In addition,controlknobsare mountedon plasticshaftsthat
connectto the controlledcomponent.lnstrumentcoversand
front and back panelsare plasticand there is at leastlz inch of
air betweenchassismetaland anythingon the outsideof the
instrumentthat the operatorcan touch. Exposedserewsand
metalin the handleare also isolatedfrom the chassis.

The instrument is powered either by ac line power
or by internal gel-type lead-acid batteries that can
operate the instrument for six hours when fully
charged. The batteries recharge whenever the instrument is connected to an ac line. and the
changeover from battery to ac line operation occurs
automatically when the ac line cord is connected.
To prevent damage to the batteries from complete
discharge, a front-panel lamp starts to flash when an
operating time of about 30 minutes remains on the
batteries. At the conclusion of the 3O-minute warning
interval, the instrument automatically shuts itself off
to prevent deep discharge of the batteries.
The efficiency of the switching regulated power
supply in these instruments permits them to operate
over a wide range of line voltages (+10%, -25o/" of
nominal) without danger of excessive power dissipation. They are thus essentially "brown-out-proof."
Instrument Organization
A simplified block diagram of the Model 78333A
ECG Monitor is shown in Fig. 2. The ECG signal is
sensed differentially by the RA and LA (right arm, left
arm) electrodes and, as indicated by the diagram, it is
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Electrosurgery lnterference
Electrosurgery
is beingusedmoreand morewidelybecause
it makesnearlybloodlessincisions,
greatlyshorteningcertain
surgicalprocedures.However,it alsocreatesa highlevelof RF
interference,
very often obliteratingthe ECG waveformdisplayedon a monitor.
Electrosurgery
machinesgenerateRFsignalswithina range
of 0.4 to 5 MHz with peak{o-peakamplitudesof 100 to 1000
volts,pulse-modulated
at ralesf rom 1,5 Io 25 kHzfor coagulating,or 120 Hz for cutting.The RF is appliedthrougha pointed
scalpelat the pointof incisionand thecurrentreturnis througha
wide-areaelectrodeon the opposrtesideof the patient'sbody.
T h eE C Gs i g n a lo, n t h e o t h ehr a n d ,i s o nt h e o r d e r o1f m V w i t h
f r e q u e n c yc o m p o n e n t s b e l o w 1 0 0 H z . T h e r e a r e m a n y
places--onthe patient,in the electrosurgery
machine,in the
ECG monitor-wherethe electrosurgery
RF is demodulated,
producinginterference
in the ECGdisplay.The scalpel-trssue
interface,
the ECGelectrode-skin
interface,
and the ECGinput
amplifierare the principalsiteswhererectification
occurs.
Demodulation
of the RF in the amplifierof the new 783334
Monitoris suppressedby low-passfilteringall inputs(filterdetailsare describedin the maintext).The filtersalso suppress
interference
from radiotransmissions.
As alsodescribedin the
main text,a common-modeRF signalcan be convertedto a
normal-modesignal by an imbalancein the capacitance-toground at the differential
amplifierinputs.The capacitancesto-groundof all points in the floatinginput circuitin the new
monitorare made equal by surroundingthe circuitswith a
metalenclosure.
The enclosurealsoshieldsthe sensitiveinout
circuitfrom radiatedRF.
Body Rectifiers
Demodulation
of the electrosurgery
RFalsotakesplaceat the
ECGelectrodes,
injectingthe RF modulationintothe ECGsignal. An electrodewith its electrolyte
forms a rectifierwith the
skin.1The resultingvoltageoffsetis proportional
to the current
passingthroughthe electrodeand it is inverselyproportional
to
the frequency.For example,1-mVoffset is producedby 10
m A / c m 2o f 1 0 - k H zc u r r e n t p a s s i n gt h r o u g h a s i l v e r - s i l v e r
chlorideelectrodewhereasat 100 kHz, a 1-mVoffsetis produced by 60 mA,/cm2.
RF filters,consistingof a 10-kOresistor
and 3-mHchokein serieswitheachelectrodelead,reducethis
currentby factorsbetween4 and B to 1.
Anotherimportantsourceof interference
is the scalpel-totissueinterface.
Thisinterfaceactsas a lossyrectifier,
generating a low-frequency
voltageon the patient,In additionto the
modulationplacedon the RF by the electrosurgery
machine,
modulationarisesfrom the scalpel-to-body
arc, which varies
withthe surgicaltechniqueused.As the arc reachesits limitin
length,it breaksand re-ignites
producat randomfrequencies,
ang100%modulation.
Thismodulationis detectedby the scalpel rectification
processand coupledto the ECG electrodes
and the monitor.
Testshaveshownthe interference
generatedby the scalpel
rectification
to be the sameorderof magnitudeas interference
generatedby electroderectification
of the RF,the totalinterference beingabout200 mV peak{o-peakfor the 120-Hzmodulationusedforcuttingand 800 mV peak{o-peakof noisebetween
0.1and 5 kHzforthe pulsemodulation
usedduringcoagulation.
Interference
from the electroderectification
is suppressedby
the RFfiltersin the electrodeleadsbutthe interference
fromthe
scalpelrectification
is unaftected.
Sinceno amountof filtering
can reduce interferencewithin the bandpass of the ECG
amplifiers,
operatingproceduresmust be invokedto minimize

this interference.
Minimizing Interference
First,useof an electrosurgery
machinethathasa capacitorin
serieswith itsoutputis helpful.Capacitors(typically0.0022p.F)
were usedoriginallyto eliminatemusclestimulation
causedby
frequencycomponentsbelow 120 Hz but they also attenuate
low-frequency
currentflowingin the scalpelcircuit,minimizing
the low-frequencypotentialgeneratedon the patient.
Secondly,placingthe returnplateas closeas possibleto the
surgicalsiteconfinestheelectrosurgery
currentto a smallarea,
reducing the low-frequencydifferentialsignal seen by the
monitor.In addition,arrangingthe ECGelectrodeswithrespect
to the platepositionso the ECGelectrodevectoris perpendicularto the scalpelcurrentvectorfurtherreducesthe interference
seen by the monitor.For example,in an open-heartprocedure
the returnplateshouldbe on the patient'sback in a verticalline
directlyunderthe incision,and the ECGelectrodesshouldbe in
a horizontalplaneon his chest.
Further,the ECGelectrodesshouldbe placedas far as possible from the surgicalsite and equidistantif the electrodes
surroundthe site.A symmetricalplacementof the electrodes
causes low-frequencyinterferenceto be picked up as a
common-modesignaithat can be eliminatedin the amplifier.
Burn Hazards
hazard tor the
There is also a ootentialinstrument-related
patientduringelectrosurgery:
that of RF burnsunderthe ECG
monitoringelectrodes.Burnscan occur if the normalcurrent
returnpath of the electrosurgery
machine is broken so the
currentflows to ground throughthe monitor.The 50-pF stray
monitor's
capacitancebetweena typical powerline-connected
whichsuppliesa highdegreeof
floatingand groundedcircuitry,
isolation
at 60 Hz (>50 MO),becomesmarginalat 1 MHz(3 kO).
in
lf the electrosurgery
machinefailsto noticean Interruption
the normalcurrentreturnpath,it willdriveall its energythrough
the impedanceof the body (about500O),the electrodeimpedance (about 150O)and the stray capacitancebetweenthe
monitor'sisolatedinput circuitand ground (about50 pF). At
2 MHz, a 1000-voltsurgicaldrive would cause 160 mA RF
currentthrougheachof thethreeECGelectrodes,
eachof which
hasa contactareaof 1,5 cm2(thethreshold{orburns2has been
determinedto be 100 mA/cmzfor 10 seconds).Burnsfromthis
sourcecan be preventedin any monitorby insertingRF blocking impedancesin serieswiththe patientleads.
The RF blockingimpedanceshouldbe placed as close as
possibleto the electrodesites and the cables themselves
shouldbe kept as far as posslblelrom groundedobjects,such
to minimizethe capacitanceto
as tablesand otherinstruments,
groundof the signalconductors.
Althoughelectricalmishapsin the operatingroom are rare,
the fact that they can occur is reasonenough to take all measurespossibleto minimizepotentialinjuries.
-Sherry R. Grobstein
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RA
LA

Fig.2. Simplified block diagram of the Model 78333A ECG Monitor. The input circuits are isolated from chassls ground for patient protection.

The recirculating memory consists of eight roz+stage shift registers operating at a clock rate of 250
kHz. The output of eachshift registeris fed back to its
input so the contents of the shift registersrecirculate
continuously. Thus, a waveform acquired at a rate of
250 samples/secondis output repetitively at a rate of
250,000samples/second.
The samplesare reconvertedto an analog signal for
presentation on the CRT display. CRT sweep time
matches the time to read out 1024 samples so the
contentsof the memory, representingth.emost recent
four secondsof the original ECGwaveform, aretraced
in four milliseconds. The relatively fast repetition
rate of the stored information causesthe displayed
waveform to appear bright with no fading.
HeartRateDerivation
The original ECGwaveform is also supplied to the
tachometercircuit. This circuit has a one-shotmultivibrator that generatesa 18S-mspulse when triggered
by the R wave, the major vertical excursion of the ECG
waveform. The 185-mspulses areaveragedto derive a
dc voltage proportional to heart rate. The heart-rate
averageis applied to one input of a comparator and
the CRT horizontal sweep ramp to the other. When
the two inputs are equal the comparatoroutput resets
a flip-flop that was set at the start of the sweep,thus
generatinga pulse that is used asan unblanking pulse
for the CRT. This pulse unblanks the CRT while a
low-amplitude, 64-kHz raster is applied to the vertical deflection system causing a widened horizontal
line or bar to appearon the display. The length of the
bar is proportional to heart rate.
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The CRT displays two channels in an alternatesweep mode. On one sweep, it presents the reconstructed ECG waveform. On the next sweep, it displays the heart-rate bar.
The 185-ms pulse generated in the tachometer is
also sent to the beeper circuit where it gates an oscillator, generating a tone burst in response to each heart
beat. The oscillator is frequency modulated by the
ECG waveform so any change in the amplitude or
shape of the ECG waveform causes a change in the
characteristic sound of the beeper.
The "leads-off" detector circuit operates on the
principle that loss of body contact on the part of either
the RA or LA electrode causes a loss of bias at the
corresponding amplifier input. The amplifier then
saturates, causing the balanced modulator to output a
maximum amplitude waveform. The waveform is
rectified in the leads-off detector and applied to a
comparator that switches on an alarm circuit [Itrtop]
when the waveform exceeds a certain amplitude.
Loss of body contact in the LL circuit causes a loss
of load in the reference-drive amplifier, and hence a
change in output level that is coupled back to the
input amplifier to cause it to saturate and trigger the
leads-off detector.
Operation of the alarm limits is similar to the heart
rate bar except that there are two comparators to sense
when the heart rate goes beyond selected limits. A
voltage representing a limit is applied to a comparator
and the sweep ramp voltage is applied to the reference input. The outputs of-the two comparators initiate blanking signals that gate a high-frequency
raster that traces horizontal bars on the display. These
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3.3 mH
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@D
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( - 1 0 0 0p F )
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Fig. 3. ECG tnput network rncludes/ow-pass filters, to suppress RF interference,and
voltageclamps to prevent defibrillatorpulsesfrom damaging the sensltivetnput amphfier.

s h o w w h e r e t h e l i m i t s a r e s e t ( s e eF i g . 1 ) .
Logic circuits detect whether or not the heart-rate
comparator triggers between the times that the two
limit comparators trigger. If not, the alarm circuits are
set.
The monitor can also display EEG waveforms. In
this case,the gain of the amplifier chain is increased
by 10 and the tachometer and related heart-rate circuits are disabled.

required on the input leads to reduce interference
caused by electrosurgery and radio-frequency emissions. To reduce the interference to acceptable levels,
the ratio of amplifier sensitivities to the ECG signal
[1 mV at less than 100 Hz) and to the electrosurgery
machine f 100V at 1 MHz or sol must be at least 10s.
The filter, however, must have a cutoff frequency
above 10 kHz for adequate transient response of the
reference drive* (the reference drive may be switched
to any electrode in Model 78333A so the filters on all
*Thereference
tromthe
(leftleg0r LL)supplies
andinverted
signalderived
anamplified
driveelectr0de
th€
leedback
l0opthatincreases
in a negative
including
thepatient
comm0n-mode
signal,essentially
than100nA.
levelsarequitelow,however,-less
ratio.Current
common-mode
reiecti0n
amDlifier's

lnput Filtering
As described in the box on page 28, filtering is

Ve = 100V
Capacitance
of Lead Set
400 pF Each

Machine

1oko

Capacitance
of Trunk Cable,
1 0 0 0p F E a c h
3.3 mH

3000 pF

10k{}

Guard-To-Ground:
Capacitance(100 pF)

3.3 mH

Fig.4. Equivalentnetworkfor the
input cable (a) reduces to the
network (b) whrch can be simpli'
fied to the network(c).

|

(b)
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c2

c3

330 pF

330 pF

the guard). This reduces to the network shown in
Fig. ab. At 1 MHz, the impedance of the 3000 pF
capacitor (53O) is much less than 3.3 kO, and that of
the 1200 pF capacitor (132 O) is much less than
10 kO, so these circuit elements may be ignored. The
model then becomes like that in Fig. 4c. The guardto-ground voltage V"* is then:
jo (100 pF)

\/
7

Flrdopn-

t

vF+ [ ( s . e k 0 + j o 1 . 1 m H| )| r o k O + ; o s . s m u ; ]

V r * : 0 . 3 1 9V s
With a VE of 100V, V* is 31.9V.Using this value for
Vr' one side of the differential amplifier then looks
like the network of Fig. 5a. The impedance 27 represents the imbalance in the stray capacitance-toground of the input differential amplifier. Simplifying the network at 1 MHz gives the circuit of Fig. 5b.
The value of Zt that causes a base-emitter voltage of
100 pV at Q1 can now be found:
Fig.5. Diagramin (a) showsthe networkat one input of the
ECG differentialamplifrer.Z1 reDresentsthe imbalance in
straycapacitanceat the amplifierrnputs.Voois the voltageat
"an
the instrument input tesutting f rom
interference
potenilalat the oatient electrodes.

100g.V :

31.9v
lzll + 4BoO

lztl:1.53

x 108f,)

which at 1 MHz is 0.001 pF.
Hence, the guard that shields the input circuits
from electromagnetic radiation has an additional
function: equalizing the capacitance-to-earth-ground
of each amplifier input.

Ieads must have the 1O-kHz bandwidth).

With the 10-kHz cut-off, a three-pole filter is
needed to achieve a 10s reduction in signal level at 1
MHz. Five poles are used in the monitors, however,
with three provided by RC filters within the instrument and two provided by the electrosurgery filters
(10 kO and 3.3 mH) and the conductor-to-shield capacitance of the cable (1000 pF), as shown in the diagram of Fig. 3.
A three-pole filter with a cut-off of 15 Hz is provided at the output of the ECG amplifier (Fig. 2) to
further reduce interference by some electrosurgery
machines. If greater bandwidth is desired where this
interference is not a problem, the filter can be bypassed.
The imbalance in capacitance from each input of
the differential amplifier to ground poses another
problem. This imbalance injects a differential RF signal that can be rectified and produce interference.
The imbalance necessaryto produce a 1O0-tr"rV
signal
is surprisingly small
Consider a situation where the electrosurgery
machine causesa 100V RF signal to exist between the
patient electrodes and earth ground. This will cause a
voltage to exist between the input circuit guard and
ground. This voltage is calculated as follows.
The network shown in Fig. 4a is a model for the
electrosurgery filters and the capacitancesofthe electrode leads to the cable shield fwhich is connected to
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ABRIDGED

SPECIFICATIONS

Model 78333A ECG Monitor
(UL Listed)
ECG AMPLIFIERSECTION
INPUT: Differentialinput. Protectedagainst defibrillatorand electrocauterypotentials. Input impedancegrealer than '10 megohms below 50 Hz.
PATIENTISOLATIONFROMINSTRUMENTGFOUND:>1 2 megohmsminimum
at 60 Hz.
CHASSIS LEAKAGE CUFRENT TO GFOUND (with power cord): Less than
30 pA at l 15 Vac, 50-60 Hz; less than 60 pA at 230 Vac, 50-60 Hz.
COMMONMODE REJECTIONWITH PATIENTCABLE: >'106dB at s0-60 Hz
with 5k ohm imbalance.
NOISE: Less than 10 pV rms maximumrelerredto input with each lead connected
to ground through shielded 25k ohm resistor.
ECG CALIBRATION SIGNAL ACCURAGY: 'l.O mV .2.5o/o relerred to inDutat
, 25?C,'
'BASELINE
RECOVERYTIME FOLLOWINGDEFIBRILLAflON:I seconq.
FREOUENCYRESPONSE(3 dB POTNTS):
Cathode-RayTube
Syslem Output
Diagnostic
0.05 to 50 Hz
0.05 to 100 Hz
(minimum)
@ 1 cm deflection
Monitoring
0.5 to 50 Hz
0.5 to 50 Hz
(typicaD
@1 cm dellection
(typical)
'15
ES Filter
0.5 to 15 Hz
0.5 to
Hz
EEG
0.7 lo 40 Hz
0.7 to 50 Hz
(typical)
@1 cm deflection
(typical)
LEAD SELECTION: Buttered lead selector with seven ECG positions,EEG, and
STD pGitions. Can be used wilh three patient electrodesand retain leads l,
ll, and lll. AutomaticINSTO of ECG preamp occurs as setling of lead selectoris
changed.

DISPLAYAREA;8 cm verticallyby 10 cm horizonlally.Upper 6 cm used lor
analog display; lower 2 cm used for cardiotachand alartn limit bargraphs.
REAR PANEL CONNECTORSAND CONTROLS:
OEFIBRILLATORconnector
QRS BEEP volume control
PLETH INPUTconnector
ALAFIMVOLUME ontrol
INTENSITYcontrol
PLETH GAIN control
Two remote @nnectors for system LINE SELECTOR SWITCH:
'1151230
inDuvoutout
Vac.

General
WEIGHT:11.4kg (25 lbs) with battery;9.1 kg (20 lbs) withoutbattery.
in).
SIZE: 20.3 cm H x 34.93cm W x 42.55cm D (8 x13 q4x163l4
POWER: 115/230Vac,50-60 Hz: +10o/.,-171o.
POWER CONSUMPTION: 15 VA normal use; 45 VA with instrument operating
trom line and battery undergoingrechargefrom fully dischargedstate.
BATTERYOP€RATIONTIME (batterynew, lully charged):6hours.
BECHARGETIME FROM FULL DISCHARGE:16 houTs.
OPERATINGTEMPERATURE;0"C to 55'C.
COLOR: Nlossgray case, white front panel, smoke green display section.
PRICE lN U.S.A.: $3800 includingshieldedpatientcable and disposableelectrode
MANUFACTURING
DIVISION:WALTHAMDIVISION
175 Wyman Street
Waltham.Massachusetts
02154 U.S.A.

PULSE AMPLIFIER SECTION
INPUT: Model 780-16 Ear Plethysmographor Model '14301AFinger Plethysm€raph connects lo fear panel PLETH INPUT conntrtor.
GAIN: Adjustableby rear panel PLETH GAIN control. Maximum gain 250.
CARIXOTACH.Cardiotachoperateson displayedwaveformin ECG modes.Bange:Oto
250 bpmon CRT;0to 3V outputat systemconnectorcorrespondingto 0 to 300 BPM.
ALAN6
DELAY:5 seconds. Latchingor non-latchingalarms providedby internalswitch
(non-latchingalarms,resetautomaticallywhen heartrate retumsto limitrange).
INOP LIGHT: llluminateswhen leads-otf condition is detected in ECG modes.
When lil,.alarmsare disabledBEEPER:AudibleQRS; pitch variationupon arrhythmia;alarm tone tor INOP
condilionand out-ol-limitsheart rate.
DISPLAY
SWEEPSPEED:25 or 50 mm/sa5%corresponding
to 4 or 2 secondsof display
time respectively.
VERTICALRESOLUTION:8 bits, (256 levels).
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