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ABSTRACT

This thesis descrlbes the method of selectlon and
implementation of a drafting device . suitable for. use with a
high gquality precision dutomatic drafting system intended for
the production of navigational charts. This drafting system
consists of a minicomputer for control (1), an 1ndustry

ompatlble magnetic tape transport for data input (2), and a
precision flatbed drafting table.

-After con51derat10n of various methods, a technlque
was selected in which a beam of light is used to expose
photosen51t1ve material. Lines are drafted by moving the
beam across the film. Symbols are produced by shaping. the
beam into the desired configuration and flashing it onto the
film. An optical mechanical light head, made by Barr and
Stroud Limited, was. chosen as being most stiitable but it was
necessary to design the control and interface for its 1nter;
connection with the plotter and the minicomputer.

Particular emphasis was placed on the use of stepper
motor positioning controls as being most compatible with ‘
digital control circuitry and on the best method of control-
ling light intensity for varying drafting speeds on film.
This entailéd a detailed study of the properties of light
sources, fllms and optical systems as well as control cir-
cuitry.

The final interface and control unit_that-was,-
constructed for the Barr and Stroud light head is described.
This is followed by an analysis of the performance of the .
light head in its worklng environment.

Thls research was supported by the Canadlan
Hydrographic Service, Marlne Sc1ences Branch
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1. INTRODUCTION

1.1 General N

_ﬁanually draftiﬁg_COﬁplex7graphicalrinformatloa'i
both accurately and to a highlqoality can be_an extremeiyl'
_Itedious ana'time consuﬁinq'taSk..'Automated draftiog systems
wererintroduced to alleviate this problem. ‘A block diagrama.
of a typicalrdraftlng system is shown in figure 1. l(a):lit |
‘basically consists of an 1nput dev1ce, controller and plotter.
. The controller reads data from the 1nput dev1ce, 1nterprets
1t and controls the movement of an X-Y plotting device to
produce the de31red draw1ng | '
| Only 1n recent years have these draftlng systeme
been used where the requlrement was for draw1ngs of hlgh
standard. Examples of this are nautlcal-charts, land maps,l‘
ana priﬁtedjand-integrated circuit masks. In_the_past;
plotters-didlﬁot have‘sufficient accuracf;*today, however;
there.are-several available that have an absolute accuracy

of .o001rvlr2r3+4.5

Besides coping with the accuracy problem, careful
con31deratlon must be given to the selectlon of the draftlng
1nstrument that is to be attached to the plotter. It 1silﬁ
essential that_thls dev1ce produce high quallty 11ne_work;'
In many cases it also has to be versatile so that a 1ar§e

variety.of lines and symbols can be'drawn-without human
intervention.

This thesis deals withlthe selectioﬁ_and imple~
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Figure i.1(b)  Automatic Drafting System for Drawirig Nautical -Ch_ar_ts.



 . mentation of the most sultable drawing device for a auto-‘
matlc draftlng system that is 1ntended to be used to draw |
nautical charts. Thlsndraftlng system was ba31ca11y devel-
. opéd for the Caﬁadian‘Hyarographié Sérvice at the University
of Saskatchewan'by a development group headed by Df; A.R.
' Boyle.: This éystem is presently'being used5by thé Hydro-
graphic Service as an aid to.the prodﬁctioh bf’marine
charts. Flgure l l(b) shows the ba51c components of thlS
drafting system. The controller is a Dlgltal EqU1pment
“‘Company general purpose PDP-8 mlnl-computer. It reads |
graphi¢a1 information in digital_form from a Potter MT-36
IBM compatible’magnetic‘tapé trgpspor; and drives a Model
32 drafting table manufactu:ed-by'Gerbér_Scientific Company .
Most of the'digita1 input information intended for
this system Qriginates from a field survey which has béenA
done on board ship. Traditiqnaliy,-ﬁhe results of such a‘:
survey were'présented in graphical form on a_dbcumentgrefer~
red to as a "field sheet". This still holds true for?mpst
of the field data collected today. 5Tqibe useful in an auto-
matic dartographié system, the "field:sheet" must fir$t bé,
"digitized”, that is, trans;ated into machine readablerférﬁ.
Before being‘élotted it is usually brocesse@ by_a digitél
compﬁter which can quickly and efficiently'pérform su§h.tasks
as scale'conversion; criticalldepth'selectioh and generaliza- -
tion. | |

Much work is being done today to autqmate‘thé pfogess



of collecting field survey data. One_of the main benefite_-
 of this-wprkrﬁill be that field survey data will now be |
a&ailable in digital fofm, thereby eliminating the tedious
 task of "dlgltlzlng". _ | |

The other type of 1nput graphlcal data that is
intended for the automatic draftlng system is what is re-

- ferred to as-“mathematically“ based data, thateis,‘data
that'can be gerierated directly from a mathematical algorithm.-‘
Examplés.Of thiS‘are chart prbjectiOns;-borders and lattices.

The autpmatic dtafting‘system:desc;ibed in this
thesis'has heen operational for more than twao years-and has
been used mainly for plottlng mathematlcally based data.
However, a great deal of develophment work is being done both
on the processing and plott;ng of data orlglnatlng from a
field survey. - '

The cartographic requirements for the automatic
drafting syétem'can be best-illustrated'by referrinj'te‘a_'

sample of nautical chart shown in figure 1‘26 The inform-
ation presented on this chart has been manually drafted to
T a degree of hlgh quallty and pre0131on.

Careful study of this chart‘:eveals that sevetal
line widths have been used to produce this drawing. For
example, an .OOB? width line is used to draft shoxe-lihe-
and a .005" iihe is used for the chart coordinate grid.

The width of‘those lines have been drafted te‘an.accuracy of

+.00025". Examples of straight,.smeoth and sharply curved
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lines.can_all-be found in figure 1.2. Not allﬁlinés‘are' |
drafted coﬁtinuousiy; for exampleg a combination bf dots
and dashes has béen used to draft some of the depth con~
tours (1 €. constant lines of ocean depth)

| The reader w111 note the 1arge degree of symboll-
zatiéh'that has been used 1nrthls drawing. The most common
- symbol is the depth sounding,. which humerically indicatesul
-oceanographic depth as a function of position. Pictorial
symbols are used to te?resént éias to navigation. An
.exémple'of this is the light buoy shown in the  bottom right
. of-figute 1.2. Symbols are also used to indicaté td,the |
ﬁariner featureé of the foreshoreline. As an example, the
symbollzatlon shown at the bottom of flgure 1.2 represents
a sandy area. Chart letter;ng and names can also he
classified aé_symbols although they are usﬁally'qonsidered
seperételf.bécausé of the lérge_numbér of forms and'siées
they can take. On-the average, thousands of these #ymbOls
appear on a chart. ' - |

Most of the nauticaltcharts produced by the

Canadian Hydrographic Service are printed in colourrusihg
conventional lithographic techniqués. _Preparation.of a
-chart for printing involves making a seperate negatiVe.qur
each colour required. A printing plate is then'cbﬁstruCted
for each co;our ovéflay and the final chart.ﬂb;ptinted,one'
coiour at a time. thr proper colour registrétioh,_the reia~

tive accuracy of each colour overlay must be retained. This



_;ié anothgr important reason ﬁhy drawing accurécy must be
emphasizéd'in this automatic drafting system.

1.2. Methods of.Dfafting-

C1.2.1 ‘Ink pen on_paﬁer-

| There are several possible methods of drafting

. that_couid bejconsidefed for use in the autémafic-dréfting'
system. The.simplest ié the_conventional ink bn‘paper tech-
niqué; The lines.prbduCed by this method are jagged ahd _
',irtegﬁlar;"consequently théy afe unacceptable for photo_
'éréphic*réproduction. 'Othér argumenté against this,method‘
ofrdréftingcafe that it requires constant operatpr éttenﬁion
due to ink drying and blobbing and lacks the vefsatility'that
is necessary to obtain many different line widths and symbols.
1.2.2 Scribing on plastic coated mylar

_Scribing on plastic cbated mylar is the tecﬁnique
now normélly-used to draft high‘qualitylgraphicél infofmation
manually,“The scribing ﬁaterial consists of a thin plésfic J
emulsion‘éoated onto a transparent mylar base which is
removed with a cpttihg tool called a scriber.

Autqmating the prodessrof scribing, howeve:,, '
presénts.seyeral difficulties. Firéﬁly, the pressﬁre'off
ﬁhe'cﬁtting £091 on the scribe coat is crifiCal.7 if it
is set too low the scribe point will not cut thrbugh fhe
plastic emulsion: if set too high it will cut through the
pléstic-base. Secondly, an autpmatic turret head scribér~

becomes bulky and complicated if a large number of line -



widths are fequired.rohixdly;-great cére muét'be taken io
remove the plastic swarf that is left from thé scriber.:' u
Finaliy,‘the maiﬁ argument against this‘method . is £hét 
each_chart:symbol_wéuld have to be scribed‘individuélly:u
(see method 3). This alone would be a time consuming task
sincé on théaavéragé.eagh chart-contains‘thouéands of
symbo’ls8 | |
1.2.3 Draftlng on photographlc f11m with a 1lght beam

The concept of draftlng on photographlc film w1th
a light beam is not new, although in the past it was not
used spec1f1ca11y where h1gh quality line 1nformat10n was
a requlrement; Graphlcal 1nformat10n is produced by draftlng
-directly Qnto-photographlc fllm with a focussed ;magevof
light. Lines are drafted by moving,this‘imége_Of light |
across the film and symbblé are produced by shaping thé‘
beam into the desired configurétion and flashing it onté the
filn. |

-High qﬁality lines:cah be produced‘psiﬁg‘thisz“

method. Drafting times can be sighificantly reduqed_if. _
symbols are produced by the.fléshing techniqﬁe. Thisrlight
beam drafting technique is wéll suited for automation sihée
no manual adjustments_are réquired_for'severallhundréd hbﬁfs
of operation. | |

The main disadvantage of this method is that the
drafting material is photographic.film. Theref?re,'a speéial

darkroom environment has to be constructed for the plotter.



and film exposure condiﬁions carefully COntrolied to ensure
that high quality results are obtained. |
" The llght beam method of draftlng was selected over .
-the other two because it best suited cartographlc requlre—
': ments.. It was the most versatile and the only one to offer
 full possibility for automation. | ._ |
This thesis first deals with the problem of select—
ing‘the most suitable'light beam drafting instrument.
Several names heve been used in the literature to describe
" this type of device. for the remaining portion of this text,
the term "light head" will be employed. | | _
‘.An optomechanical light head manufactured by
Barr and Stroud Ltd. is‘described..‘The inﬁeriace and con-
- trol required to cennect thie deviee fo the fDP-B mini- _
- computer and Gerber piotter is then discussed. This is
followed by an analySLS of the performance of the instrument.
The system descrlbed is operatlonal and is being used by the
Canadian Hydrographlc Servlce to produce high qual;ty_draw—

~ings for both development and production work.
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2. SELECTION OF LIGHT HEAD

2 1 General

In thlS chapter the different Ways ‘of produ01ng
. a llght beam are discussed. The most sultable technique is
then selected based on drafting and hardware requlrements
as well as such factors as cost and avallablllty of com=
mercial units. | |
2.2 Photographlc Film

Some knowledge of the drafting materlal is’ re-'

f quired before 1ight head requ;rements can be con31dered.;

'} The propertieS'of photographic f11m are usually descrlbed‘by.h“

what is commonly known as its "characteristic curve”.g‘ A
fypical characteristic curve is shown in figure 2.1. Film'

density 1s plotted as a function of the common 1ogar1thm of

- exposure. Exposure is defined as: -

E==It
where E ie the exposure,
| I is therintensity of light seen by the film,
t is the time the. film sees the light.‘,. |
Density describes the developed film's ability to block the

passage of light. The formula for den51ty 1s

T %0 L
It
where D is the density;

I, is the intensity of incident light on the £ilm,
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. region of
" solarization . ‘

——

Density

N Log Exposure Time

Figure 2.1 Characteristic Curve.
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I, is the intensity of iight transmiﬁtéd througﬁ‘

the film. - . . |

The characteristic cﬁrvé,ih figure 2.1 is divided
into four-regiOns é}though they might néﬁ alllbe present in:
' Some films. Tﬁese four regiqns are theltoe,istraight line,
shoulderraﬂd region of solarization. jThe-éim in most photo-.:
graphic.work is to Qapturé the different i;lumination levéig
of contrast of a‘Scéhé. The film is théréfore-exposed in
the‘stréight line region whefe'dénsify—changes'are linear
‘  to changeé in the commonriog of expoéuré. The slope‘of '
this region determiﬁés the'relationshib between the contrast
in the scene to that of the deveioped'film.'gA-high contrast
film ié one.théﬁ has a very steep slope; a sméil change,in
light level of a scene willitherefore pfoddce a large chanéé

in film density.

The speed of a film is a measure of the sen¥ '
sitivity of the emulsion to light. It is related to the '
size of silver halide g:ains‘in the emulsion. Slower speed
-films have sméller grains andlthefefore better resolution.
There are a varietf 6f different‘procedures for measuring
film speed. The ASA scale for biack7and white film is |
used in this text andris defined as | |

ASA= .8

where ASA is the speed rating
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and - E is the exposﬁre,in meter-candle-seconds

required for a net gain in densify.of 0.10.

Usually a high contrast.film is chosen for line
work Secause only film dehsities of'greate:-than 3.0 aré )
reguired. The-film'ié exposed well int§ the shoulder region
Qf its charactefistic curve so.thatnchanges in_exposure
will ndt'pfoduce signifiéént'chan§e$ in film density. A iow
speed emulsion is chosen to obtéin the ne¢esséry 1ine-
resolution. | | |

Selection of the most suitable phOtographic film
for an automatic drafting systém is'bésed oh seﬁeral
considerations. Two important onés are exposure latitu&e:
and‘dimensional'sfability. Exposqre 1atitude refers to'thé
deg;ee to which film exposure C6nditions can be varied and
yét not significantly-affect_resﬁitsL It is desirdblé:ﬁdi
select a film fhat has a la:ge latitude so that the |
requirements for the intensitylc§ntrol can be relaxed;

.The film must be dimensionally stable if the
accﬁracy of a drawing is to be retained. The twb.main
factors that affect the dimensional stability of the film
are temperatﬁre and humiaity.33 Usually an environmental con-
trol system is required to stabilize exposure and processing
conditions, The cost of the control is related to the degfee
of étability of the film being used. |

Besides being dimensionally‘stable,_the £ilm
selected should also be easy to hahdle. It is for thesé

reasons that plastic based films are in use today..
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The dimensional stability of a film can be further

improved by matching the'temperature and humidity expansion '

coefficients of the emulsion to that of the base. This‘is o

done by substltutlng stable synthetic resins in place of the

animal gelatln that ‘is normally used in the emulslon._-_

‘Another facto: to consider when'selectlng thé' ‘

" most suitable film is the ease of film processing. Génerally,

it becomes less critical for slower speed films.

2.3 Requirements for Light Head

2.3.1 General

automatic
Chapter 1.

aj

b)

The overall cartographic-requireménts for the

drafting system haﬁe‘been-discuséeﬂ briefly-in
They are summarized below:

The accuracy of cartographic information should

be better than +.004".

All cartographic information must be drafted to a

- high guality,. that is, all lines must be sharply

defined and have a constant density of greater

c)

than 3.0.

A number of line widths are reduired, rangihg _
from .004" to .060". The width of the line
selected should be accurate to #.0005" and should
not vary by more than .0005".

A light beam can be used to draft cartographlc

information either by drafting each line individually or by

an image flashing technique. The basic diffe:ehce between

the two modes of operation is that the plotter is moving
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for "line drafting" and is stationary for "image flaShiﬁgfi
.2.3.2 Line draffing

When considering light head requirementsfﬁr iine
drafting, the first step is to decide on the opfimum shépef
of the projected 1ight beam. The circle and regtangle'wérg
selected from several possible cbnfiguratiohs. |

| Although the circle appearéd to be the obvious

choice, a more.detailea study revealed several diéadvantages.
Firstly,‘it is difficult to draw squared corners and 1iﬁé'énds,
which is necesséry requiremeﬁt for nautidal charts (see figure
1.2). Secondly, éxpoSure conditioné vary across the widthrof
a2 line drawn with a circular image; this is not desirablé in
-cases where precise line density and width is a requirement.

FPigure 2;2 compareé how exposure varies across
.008" and .004" wide straight lihes:that have been drawn at
constant speed with circulérrand rectangular shaped con;
figurations. The fixed dimension, that is, that dimenéion
which is facing inrthe direction of motion- df_the rectangie,
is set to .004". The exposure‘has been normalized to | _
the value obtained for the rectangle. As one would expect the
exposure profiles for the circle are rounded in shape."This
type of curve is not desirable because changes in light
intensity or film processing conditions affect the width
. of line. On the other hand, exposure conditions for thé
rectanéle are ideal because they are constant across the
width of the line and change abruptly at its eages.

. Po illustrate this point, consider the following



“our 4ybibaS D S804y ainsodxl BANDIBY 2°2 eunbiy

(soyout) Ul ssosop yibua

00 900  SOO

0@ €00 - 200 100"

#.

jojnbupgoed| | —d

dopnos) Oll..'

Jp|had)

#4nsodx3 @A)iDjay



17

example. Suppose conditions have been set,so_ﬁhat the
debeloped-film_becomes blsck‘if‘exposed et a relative velue
of .6.  If the assumption is made that a very high contrest'
film is beiog used,,then the width of the line can be esti-
mated by drawing a straight line parallel to the X-axis aod
through the Y coordinate equal to .6. This line will-inter-'
sect each exposure brofile at tﬁo points. The width of the
line can be approximated by projecting these intersection"
poipts onto the X-axis. For this exampie, the width of the
1ioes drawn with a rectangle are .004" and .008" and those for
" the circle are .0032f_and .0076". Now sUppose‘film exposure'
condiﬁions‘or‘processing‘is changed so the next effect is an
increase in the exposure value of +20% (i.e. to .72). The.
width of the lines drawn with the rectangle will remain'obe
same while those done with a circle will decrease by .0004“
and .0001". Note that the change of line width is a funcﬁion
of the slope of the profile at the operatlng p01nt used and
therefore has the greatest effect on the smallest c1rcle.“

In these examples the effects of overexposure at
the centre of the line and the contrast of the film have
not been taken into account. The results of overexposure
are the developed iﬁage loses its sharpness and increases in-
size. -As illustrated in figure 2.2, the absolute_valueiof
exposure time for the circle increases propoftionally to
its diamete;f It is therefore necessary to compensate for
this change by varying the intensity of the circle as a

function of diameter. On the other hand, the exposure
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for each’line.width drawn by é rectaﬁgie'can be_held con-
stant if the-dimension facing the_direction'of.travel is;-
kept fi#ed. | |

Since, in pfactice, the slope of the éharécterisj-
. tic curve is‘not infinite,_thé developed density of the film
does not. change abruptly as a functioﬁ_of'exposure. As
_a result, a-band_of-fuzziness is created at the edges of the
line drawn by a circle. In this-:egion the density of the

film is changiﬁg-from clear to black. "On the-qther hand,
the regioﬁ of fuzzinesé is negligible for the rectangle be-
cause of the abrﬁpt dhange of exposurertiﬁe aﬁlits edges.
This region of fuzziness is not significant if‘film contrést
is kept high:and is exposed with high intensity images.

The major advantage of the circle is that it is
symmetricalrabout its central axis and therefore need not be
rotéted whenldrawing curvea lines. The féctangle on thé other.-
hand must be rotated so that its fixed dimension is always
faéing in the directioﬁ of motion. Figufe 2.3 shows a com-
parisdn of the relative exposure profiles across an .068"
wide line whose radius of curvature is .009" and hés beén
drawn at a constant speed with a circulaf and rectangulér
imége. (The derivation of the general relative éxposure'f
expressions as a function of radius of curvature is givenj
in Appendix A). The exposure time,has been nbrmalized to
the value obtained for a straight line drawn by a rectangie

with a fixed dimension of .004". In the case of the rec-
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tangle it is assumed that it is being rotated smoothly as d
it traces out the curved line. Note that the-exposure con-
ditions for the rectangle are_no longer ideal. The side of
the.linecclosest to the centre of curﬁature receives up to
a maximum of 1 7/10 times what it normally'receives'while,-'
the side farthest away receives .3 less. The circular
shaped'profile for the circle also becomes distorted. The
errors in line width and positiOnal_accuracy-resulting from.
these distortions are small. |

The rectangular image was chosen because it best
suited system requirements, that 1s, square corners and llne
ends, tight tolerances on line dens;ty andAw1dth, and the
relative eaSe;with which-different line widths coold be drawn.

It is now possible to spec;fy the 11ght head re=-

: qulrements for line drafting.
a) Fixed Dimension of Rectangle.

Idealiy the fixed dimension of the rectangle
should.be kept small so that it does not need to be con- ..
sidered when lines meet.' However; as this dimension is
decreased, the intensity of the projected-image mﬁst be
increased. Selecting the most suitable dimension therej
fore involves a compromise between these two.factors. A
reasonable dimensioo_to use is .004" because it is equi-
valent to the smallest line width used on nautical charts.

b} .ReSOIution of Image Rotation

Some of the factors to consider when specifying



21

the resolution of image rotation are its effect on ex-
posure, line width and viéual qualiﬁy. For example,
the error in lipe width, rééulting_from limitations in image
resolufion, één be approximated by the following-éﬁéression{
| ﬁact.= Wcost + L sihe .
where Wact is the resultant iihe'widtﬁ;
W is the width ofrthe rectangle,
L is the length of the:rectangle in_the direction
of:mbtion,
and e-- is the error'iﬁ angular setting in dégreest
A sﬁitable selection for image reséiution is 3‘
‘degrees.‘ An error in setting of 3 degrees results‘in a
ﬁaximﬁm error of .0002" for the dommonly used liné'widths-
(.005" - .060").
| c) Speed of Image Rotation
| Dynamic.image rot;tidn.is required when tracing
out a curve with a rectangle. Thejmaximum speed of rotation
is a fﬁnction:bf the plotting speed and wérst'case radius of

rcurvature.

Ymax XE
RCZn }
where Yhax is the maximum speed of rotation in rev/sec.,
v is the maximum pldtter speed in inches per

second,

and R, is the worst case radius of curvature in inches.
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Substituting‘aﬁpréxim&tely worsticaSe ﬁalues‘of..i'in/sec
foF V£ éndﬂ.OOQﬂonr Rc,,thep Wroe > 158 réy/gec.-
d) - Accuracy of Rotatiqna  S
- Another importéht parameter that must be speci-
_fied'when-using é rectangle for line traCing ié the accuracy
of rotation. The centre of the:rectangle must remain sta; E
tionary as it is being :ofated.r The nef fesult of_erro;s_
in rotation is that 1inés dO'nbt‘meet properly. 'This-ﬁill_
not be noticeablé if the érfor in the centre of rotation is
kept to‘less than .OOL".
i e) Light Intensify

The maximum[required liéht intensity is usuéily ‘
specifiéd fof a maximum plétting.épeéd with a certain pfOQr‘
jected light image for a.sﬁécifiéd film speed. The require-
ments in the automatic dréfting system arelforra maximum
plotting spéed of 1 in/sec with a féctangle whose fixéd;r
dimensioh is_.004?., | |

Normally the plotter‘dperatés over a raﬁge of
speeds and so the light head must have some type of in-
tensity control. Thé.opérating speed range of the Gerbefr
plotter is approximately 28:1. - | ‘
2.3.3 Imége-Flashing;-

As pointed out in.éarlief discuésions,_the_-
"image flashingﬁ technique'eliminates the time cdnsuming
task of individually t;acing out each symbol. For nauti-

cal charts this affords a significant reduction in plot-
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ting.time because on the average, thoﬁsands of symbols
appear on a chart. | _

| “The parametefs reduired for symbol projection'are
diséusséd.in the next few sections. | | )

a)  Number of Symbols _

‘ ."éhé light headréhoﬁid at least hﬁve{the ﬁapacity:
to-access:aufomatically up to 150 symbols for flashing. |
This is.app$oximately the maximum numbér o£ éymbolé fér"

" plotting on one film negative. |

b) Symbol Sizes_ |

Symbol sizes ranging up to a value 6f .246" are re~
quired. Also a symbol_magnification_faciliﬁy would bé use-~
fulrsince‘se#eral symbols are plotted at various sizes; |

| c) Symbol Orientation _ | _

The light head must be‘capable of-projectingla-
symbol‘at different orientations. A‘resolution‘of 37degrees.
for image oriéntation woﬁld be adequate. |

d) Agcﬁracy of Syﬁbol Plaéemeﬁt.

“The positidﬁal accuraéy of projécted symbols must
be maintained at a high level. Errors inlsymbol pdsitionv
ing bgcome particularly noticeable when two or_méfe symbols
are projected adjacéntly. An errdf of less than .003".isA
acceptable; | .

e) intehsity_of Projected Image ,

The intensity of projected image shou;d bé as high |

“as possible in order to reduce the time required to expose



24

each symbol.
2.4 Classification:of Light Heads
2.4.1 Opto—electronlc | . 7 )

In an opto-electronlc llght head, the symbollc h‘
image is produced electronlcally and is projected and
focused ehte-filmfwith-a lens or system of'lensesl This
image may herermed in different ways.
| a) Precision.Cathode_Ray Tube

The'symbol is formed on the screen ef alcathodef“
ray tube (CRT) by carefully‘contreliing the position and
intensitf of its electfon beam. - The advahtage'of this
scheme is that there is no limit to the shapes that can be
produced. The "shape" of each- symbol would be stored 1n the
control for the CRT.. If the storage-element were a read/write
memory, the shape of these‘images could be changed at will.

| ~ The CRT selected for this'applicatieh would re-
quire good resolution in order to obtain the necessary symbol
quality. The electronlc control for the CRT should include
distortion correctlon in order to obtaln the p051t10na1
accuracy-requ;;ed.‘ Precautions must be taken to minimize
.circuit drift and to compehsate'fer'aging'of the CRT. The
controllerwfor the CRT would have to supply beam positioh
and intensity_information to the CRT electronics. It would
also store each syﬁbOI shape ahd possibly contain the'fe;_

‘"quired logic for symbol orientation.
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b). Matfix of Light Emitting Diodes
| .Ahothér;electronic approach to pfoduciné a _
: symbolic image isrtozreplace the CRT with a matrix of light
- emitting diodes (ﬁED).- Tﬁe'spacing of'the‘diodes would have
ﬁq_be set so théf_a continuous image,would be produced when
projected'qn film. Eacﬁ didde‘would be coﬁtrolled individ-
ually so that an image of any shape could be formed. If such
a diode matrixlCan be écburatelj fabriqaﬁed,.the problem of
Obtaining:a stable pogition WOuld be éliminéteﬂ; The maiﬁ-
difficulties with'fhe‘LED matrix‘are obtainingluniform il-
luminationlandrcompensating fo; device aging. The electfon;
ics iequiﬁed to control the matrix would be similar to_ﬁhat_
for the CRT. | | | |
2;4;2 'Opto-mechanicai
' The basic components of an opto—mechaniéal,liqht"

head are a light source, a éet of mechanicél maSks, an,  -<
optical imaging system and a light shutteﬁ;  Rays frpm,the‘
1ight source are‘shapediinto é narrow beam‘with‘a system of
cohdenser lenSes;r A mechanical mask is placed in the path‘
of this beam to shape it into the desired figuré; the image
of this mask is then projected 6nto film by'a system of
lenses. A light shutter is used to control exposure of the
image to phdtogréphic'filﬁ.

| Iﬁ order to meet éccuracy requirements, the meche
anical and-optical components of this 1igh£ head‘havé‘to be

precise. On the other hand the electronics required tb
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'conttol such a device ‘is relatively simple]eompared'to
‘methods ‘1 and 2.. | | | |

_ The maln limitation of the ooto-mechanloal light
head is its lack of'flexibility. The shape of a symbol mask
canhdt be alteredleasily'and ohly a limited'nﬁmber of-theeel.
-masks-can be.accessed automatically. 7

ffhe'opto-meehanical method of producing a 1ight‘
.beam wasrselected'for two basic reasons. Firstly, it was.
-the simplest approaoh'to meeting system requirements and.
:secondly, because there were several commerc1a1 opto-
mechanical llght heads avallable10 11,12,13, 14

These units were studied carefully. 1n order to
determine which one would.offer the most advantages.

'Several possible light soﬁtces could be used in h_:
this devioe. The least expen51ve one is the tungsten
fllam.ent10 11, 13'. The advantages of using thls lamp are that
.1t is rugged, 1nexpen51ve and does not requlre spe01a1 hlgh
voltage power,suppl;es.' It can have a long lifetime 1f L
" run below rated VOItage. However, it is 1neff1c1ent in that
its spectral output is not’ well matched to the photographlcr
emulslons commonly used for line drawing.. The spectral outﬁ
put of tungsten'ie predominantly in the infrared regionfwhile
the photographic emulsion is sen31t1ve to shorter wavelengths.

Gaseous- dlscharge lamps10 r14

, such aSche mercury vapour
lamp, are more efficient because they emit in the blue and

ultra violet portion of the spectrum. However, they are
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'.'dangerous'to”use because‘Of the need fof'highrvoltage'sup—

piies ahd the presence of_dangerous gases in,the-eveht of -
breakage.¥-- 7 | | o _ o

Other light sources such es the'laser'beemfmight‘
offer adveﬁtages. {The iaser is not being used ih-any-of_the
present commercial units tc the knoﬁledﬁe of the writer.}
Only a very simple optical system would'te,required since -
the laser source emits a narrow beam of~mcnochrcmatic lightr

10,12,13,14 4435y the user to

Most commercial units
Select one of several-mechanical masks automatically.' For
use in the present system the number of masks must be large

and, even then, be easily 1nterchangeable. Each mask select-

ed must be accurately positioned in the 0pt1cal system.

‘The-light head must also be able to control‘the )
angular orientation of the prOJected image.-'Several differ-
ent approaches have been used to meet this requirement . One

method of,achiev1ng this is to rotate the complete 1ight
head'4; such a control is bulky and limited in speed. A
second morercompact method is to rotate each individual

mask13 A critiFal component of such a system is the de-”

 vice that accesses the de51red mask and accurately locates

it to the rotating mechanism. A third_approach.uses an
optical technique to rotate the image of thejmaskll: this"
simplifies the mask accessing.device since each individeal
mask does'not-have to be‘ettached to the rotatipg mechanism.-

The intensity of the projected image can be
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controlled 1n several dlfferent ways. The 51mplest approach
-1s to ad]ust the drlve voltage to the llght SOurcelo. Thls
1is often re]ected because of the non- 11near1ty,,and the -
limited response speed of the llght source. A second approach

utlllzes an adjustablellr12,14

irls similar in pr1nc1ple ‘to
d-those fouad in most cameras._ Another approach again is to
place a variable neutral density attenuator disk in the op~-
tical path of the light source;o.l,This disk is rotated to :
set the intensity—of.the projected image."The important -
parameters that must be con51dered when de51gn1ng an lnten-
sity control are. speed of response, prec1310n and stablllty.

_ ngh speed shutters.should be selected'for the .
llqht head so that the end of llnes will be properly exposedr
~and to reduce the times requlred for "image flashing"”.

- All optical and.mechanical_components must be
precisely manufactured and aligned in order‘to,meet the re-
quirements for hlgh quality and positional accuracy. 7

The model PS5 light head manufactured by Barr and
Stroud was chosen over other commercial units for seyeralr
' reasons. | |

. The PSS.head uses -an inexpensive and easily re—
placable 6 volt 10 watt tungstea halogeh lamp. The main
feature of this type of lamp is that its output intensity
“does not vary‘significantly throughout its lifetime. The
halogen gases within its glass envelope-react chemically_:

with the tungsten vapour from the filament to form a new
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gas. Instead of‘dep031t1ng on the glass eovelope, thlS new j
gas decomposes redepos:tlng the tungsten back onto the
fllamentls; ThlS lamp comblnedlw1th an efficient optical
system, producés enough light intensity for drafting‘speeds X
'up to 2 in/sec withra .OOB“"fiXed-dimensiOn rectangleedn_;'
-fllm speeds w1th an ASA ratlng of 6. _ -

The llght head is fltted with a symbol disk whlch.
' -can COntaln as many'as*96 automatlcally‘selectable symbols,
aa_oumber larger than for other uhits. Another additionai'
feature that can be'made'available in special models is &
device called a‘mechanical slir, 'Thie,device enables the
user to draW'largeﬂnumbers of 1ine widths utilizing only.
one symbol. '(See next section for more detailed_description
‘of this dev1ce ) With this added facility it is poeSible
to draft many widths of 11nes and flash up to 95 dlfferent
symbols,

-Many commer01al unlts were ruled out becuase they
did not contain provision for rotatlng the pro;ected 1mage
about its axis. The PS5 head possesses this feature whlch is
essential for both "liﬁe drafting" with a rectangle and for
"1mage flashing"”.

The pOSLtlonal accuracies spec1f1cat10ns for the
" PS5 head are llsted in deta;l by the manufacturer. Errors
are specified statistically within‘t 3¢ tolerance band |
where ¢ is standard dev1at10n of set of random error readlngs.

Three g covers a tolerance " band of 99. 73%. The
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worst case positioning‘error is less than .003". _
| -‘it“should be pointed out that'the PSS‘light head'
Hwas selected from commerclal units that were avallable in o
1967. Slnce then most manufacturers have made 51gn1f1cant

1mprovements to thelr lnstruments.‘ Some have added . a rota-

tion fac111ty10 /13 and 1ncreased the number of avallable

13 The references made in thlS theszs are- to the

symbols
most "up-to-date" light heads marketed by these manufacture
ers. | -
Barr and Stroud also has made minor improvements

' to the PS5 light head;lasince 1969, they have supp;ied‘three
models,‘all‘on'the‘same'basic design; Each model is_a |
slightly:improved version over the previous one. This
. thesis'deals primarily with the third modelswhich was-re-‘i‘
ceived in 1971. ‘ | |
2.5 PrIDClple of Operatlon of the PS5 nght Head

- Figure 2 4 shows the basxc optical and mechan1ca1
c0mponentS'found7indthe 1ight head. "Light from a 6 volt
10 watt tungsten halogen llght source L is condensed by- 1ens
J and is split into two paths I and 0 by rlghtwangled prlsmsl
F and K. Two solenoid drlven,llght shutters N and M normal-'.
ly block 11ght from entering the main section of the pro-
jector along axis I and 0. If shutter N is energlzed llght'
'Aenters the prOJector along axis I and 1s shaped into a sym-
‘bol by one of a maximum of 48 selectable mechanlcal masks

located on a disk. - The rays are bent_nlnety-degrees by
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Figure 2.4 Basic Opfical System Barr & Stroud ,PS-5 Lighthead
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' rlght-angled prism F and are fed through prlsm E and lens
D. The mask is. placed at the focal plane of 1ens D so that |
_light,rays emerglng from,any-object p01nt w111-be parallelw
Rays are then passed through a dove prism C. whose purpose 13'“
to rotate the image of the mask about the central axis of
the_optlcal system. (Seerappendlx B‘for a more detailed ex¥‘
planation of the operation of the dove prismij . The image
of the mask is focussed at the focal plane of the objectlve
lens A. The magnlflcatlon for this optlcal path is the’
" ratio of the focal length of lenses A and D whlch is 1:4.

Light rays enterlng along axis O are shaped in a
simi;ar_manner by-one of a maximum of748‘masks located along
‘the'outer row of the.sfmbol disk. (This row_combined with
the inner one gives the symbol disk a total eapacity-of §6.
symbols.) They are then fed_throdgh lens G and are'optical—f
ly combined with those of path I by prism E. Rays emeréing
from. prlsm E then follow the same route as was descrlbed for
path‘I. The mask is placed at the effectlve focal plane ofr
the combination of lenses D and G which is one half the dis-
tance of that for. lens D making the magnification for this
axis 1:2. |

For'an additional‘magnifiCation‘of éx-and 4X,'
two Galllean telescoplc 1enses, B, can be sw1tched 1nto the
optical system ‘between A and V. The maximum image size
that can be projected from_both inner and outer row symbol posi-
tions is a .240" square. -This means that the maximum aperture
size for the symboi disk's inner and . outer row is ,240" and .120"

respectively.
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To glve the prOJector added capablllty, a

varlable dlmen81on Sllt P lS also avallable.' The purpose‘
of this slit is to produce the variable dlmen51on of a rec-
tangular image whlch can be used for line draw1ng. 'Basic- “:

Cally, it consists of two plates of metal with-sharply'defihed:J
edges whose spac1ng can be controlled. The fixed dlmen51on‘
1s set by a mask located on the symbol disk.

" To control the intensity of the projected image,
the manufacturer prov1des a vane shaped. plece of metal - that
can be moved across the optlcal path of the prOJector.

The pr1nc1ple is the same as that for the 1rls dlaphraﬁ
used for.settlnq the f stop in a camera. “This vane can aieol
- be used as a high Speed shutter; its opening and closing
. times are‘two milliseconds compared to 20 milliseconds for
the solenoid driven light shutters described earlierf'
Physically thefPéS head is compact. Its dimen? -
sions are 6" x 7" x 12" and-it weighs 12 lbs. This can be
~ a desirable feature for some plotters where large weight
and.size cannot be tolerated. Several views of both 1nsxde
and outSLde of the 11ght head are shown 1n flgure 2.5. It'
is ba51ca11y comprised of two Sectlons, the front cover and
. main section. . The front cover contains the llght source
ahd optics requlred to condense and split the llght into -

two beams as well as the light shutters for the inner and

outer optical axes. The main section houses most of the

optical and control components.
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(a) Front view of PS-5 light head.

(b) Front cover . Projector light source. (c) Front cover . Inner & outer row
) light shutters.

Figure ‘2.5 Photographs of PS-5 Light Head.
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(d) Inside view of PS-5 light head (e) Symbol disk.
with front cover removed.

(f) Inside view of PS-5 light head (g) View of PS-5 light head with -
with symbol disk mounted. regr cover removed.

Figure 2.5 cont'd Photographs of the PS-5 Light Head.
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3. REQUIREMENTS FOR INTERFACE AND CONTROL

3.1 General

| This chapter dea;s with the problem'sf selecting
the most suitable method'for contrsiling the functions of
the_PSS 1igh£_hsad. This is foliswed by detailed hardware
and software requirements for the interfaqe and control £o':
connect_tﬁe ﬁSS'iightlhead to a PDP-8 mini-computer.

The inter assumes that the reader is familiar
with the input/dutput facilities of the PDP-8 mini-
computer16’17. | |
3.2 éummary of Required Csntrols 

The basic components of the PSS 1ight'1eéd were
discussed at the end of Chapter 2. The automatic controls
tﬂat”arelrequiredrare summarized below: | |

a) Dove Prism
Control of the :btation of the dove prism is.
required to sét.image orisntatioﬁ;
b) Mechanical Slit
A control is required £§ adjust the spacing of
the mechanical slit to set the one diménsidn of a.recs '
tangle that is used to draft lines.
c) Rotation of Syﬁbql Disk
A control is reédired to rotate the syﬁbol disk in

order that different image shapes can be projected onto'film.
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d) 'Maghificafion Selection |
| A‘oontrol is reooired to SQlect one of:thiee“
posSibie'imége'magnifications. . |
*ej Light Shutters . _ _

- A control is required for both inner and outer
row shutters whlch are- used to allow the fllm to be exposed
to an image.

£) Intensity of Projected Image

The intensity‘of projected imaoe must be control-
led for both line drafting and image flashing.
'373 3 Methods of Control- | | |
| Most light head functlons reguire some form of .
positional control. The general approach is to use a servo -
system. The basic.componénts in Such a systém are an amplih
fier, 9051t10n sens1ng device and prlme mover. The. p051t10n
‘senSLng device measures the actual 9051t10n of .the prlme
mover and sends this 31gnal back.to the ampllfler. The
amplifier maghifies the difference between the desired and
actual position siénals and applies a drive signal to the
prime mover. Tﬁis drive signal decreases to zero as the
prime mover approaches the deSired position

Often the orime movef consists of a DC or AC -
motor and the position‘sensiﬁg.deVice is a potenfiometer ;-
that has been coupled to its_shaft;. In theory, the posi-
tioning error of‘thié control is zero. In praotice; this

error is finite because of the limited amount of torque -



- available for small voltages applied to the motor.

'The main disadvantage of this control is thai,the circuitry
required toiimplement it is'analbg in nature and theréqué
seﬁsitive fo temperatqre variations and component agingif
Confihuai édjustméﬁts'are'therefore requifed to ensure -
system acéufacy and stability. 'This control ié furthex
'complicated by fhe need for digital to analog converter
01rcu1try which is required to interconnect the d1g1ta1

, 51gnals of the PDP 8 to the analog ones of the servo-

| mechanism.

The b/A'converters can be eliminated if the prime
mover is replaced with a devicé'calied a stepper‘motér,
‘Rotationél movement of this motor is secured by supplying
:digital pulses to its driver control logic. Eachloulsé -
causes tﬁe shéftrof the motor to rotate a small angle in
either direction. The value of this-angle:is.dgpendent 65
the intefnal construction of the motor and the method of
driving its windings. Errors in‘angular movenment are‘small
and non-cuﬁulative making this device an ideal choice for an
accurate positioning control. ‘These motors are extremely
reliable,ifrrﬁn in their proper operating regions. ‘For this
reason, they are often run-undér open loop conditiéns which
greatly simplifies the electronic control. A‘photodiode _

E and light_sourcé combinationf or-microswitch; can be uéé& to

enable the control to set the motor to a known shaft origin



position. It can then be set te'any desired position ﬁro—""
viding the controller or compuﬁer keeps track of its pre-
seht pOsition. Periodic checks can be made on this present

' 9051t10n by returnlng the motor to ltS reference p051t10n.

The maln dlsadvantage of thls motor is that it
beﬁaves errat1dally when pulsed-at certain frequencies.
This is due to the fact that this motor behaﬁes'like‘a
lightly damped second order systemls. -This inhefeht feseﬁ;
ance problem can be overcome by 1ntreduc1ng electrlcal or
Vmechanical damplng‘or by avoiding operation in this region of
frequehcies.

The digital stepper motor with origin.reference
feedback was selected as the most suitable method of.con;?
trol because of 1ts 51mp1101ty and compatlblllty.. The man-
ufacturer was therefore required to supply the PS5 llght
head with digital stepperlmotorS‘lnstead of the analog
servo.tyées.'. | o

-The advantage of‘using a mini-cemputer for a __[
controller is thetgthe hardwere fequired_for the control _
can be simplified by having the computer program handle'.
seﬁeral of its fﬁhctions. The extent to which this can:
be done isra function of the number of tasks the computer
has to perform as well as its memory capacity. ,The‘PDP-S
mini—computer ﬁsed for the autematic drafting_system‘isfe'
12 bit machine with 4 K of memory. It is programmed to

be simultaneously reading magnetic tape, deceding data,e':
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making'calculetions and initiating plotter and light eontrol'
funcfions.._These oﬁerali factors pius the'coﬁplexitf of thel
required hardware must be eonsidered when determining the
opﬁiﬁum hafdwere/software-combination fof.eaeh control.

" 3.4 Hardware Speeificatione for Interface and Controlf-
3.4.1 Rotation of dove prism

A thiee phase permanent magnet stepper mptorlg
was suppliedrby the manufacturer for the dove prism_control,
The motor'is coupled te the dove prism in such a manner
that 10 motor revolutions produce 1 image rotation. After
some experimentation with this motor, it was concluded that‘\
several convenient step siies coﬁld be obtained by altering
the method of driving the motor. A 30 degree motor step
size was chosen in order to obtain e-resoiution in image
rotation of 3 degrees. |

Reference feedback is provided by a lamp and
photodiode combination that senses for a slotted position on
a dlsk coupled to the stepper motor shaft..

The PDP-8 should initiate each individual,Bxaegree
image'step so that it can have a direct control on the éﬁeed
of-rotatien when drawing curved_lines with a rectangular
mask.

- The hardware,epecifications for the dove control
can now be listed iﬁ-detail:

a) Each individual motor step is to be initiated by



b)

o
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a computer input output instruction, the direction
of rotation being specified by one bit in the -

computer's arithmetic register. -

”Motor iogic and driver circuitry is to be designed7

for a Vactric siie 11 stepper motor so that it can
be rotated in either direction with a step size of

30 degrees. The motor must operate reliably under

- all conditions. It must be able to rotate

sufficiently fast so that the worst case curved line
can be drawn with a féctangulér‘image.' For this
to be true. | |

£ > Vt60

~ Tmax
, Rcr |
whéré fméx is pulses/secona to_stépper,mﬁton, o
,Rc is wbrstnéase radiué-of-curvature.‘
in inﬁhés;
"and- v, is maximum plotter speed in inches -

t
- per second.
Substituting approximately worst case values .009"

for Rc and .10 in/sec'for v

. then fmax > 21;

pulses/sec.

" The status of the dove prism referenée signal is .

to be made avaiiable to the computer;'
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, 3 4. 2 Variable mechanlcal Sllt )

| The manufacturer supplied a three phase permanent

"megnet stepper motor20 for thlS'Control.. This motor is

coupled, via a reduction geer; to a cam shaped‘surface,

_Rotation of thie surface varies the spacing between tuo

" metal vanes; this‘spacing.is approximately 1inear to angular

rotation. Again selection of a motor step'size‘is based on

the desired resolution of 1ineiwidth. A motnr step size ef

120 degrees was selected which gave a line width reSolutien

-setting-of.apprqximntely .001", | |

Reference feedback.is provided by a microswitch:

which is contacted when the slit is completelytclesed.

| A reasonable compromise in the design‘ofrthe‘

‘mechanical s;it_control is to have the computer keep track

of the present position of the slit end initiate the ﬁovement

of a specified number of slit steps.
The specifications for the_mechanical slit can now

be listed in detail: |

a) A hardware operetion is to be initiated by a

computer‘input/output inétruction and‘will cause
‘the stepper motor controlling the mechanical‘slit
to rotate a predetermined number of steps in
either direction. This number is to be spec1f1ed‘
in 2's-cemplement form by the computer arithmetic
register and can be up to‘a maximum value of 1128

steps. A device flag is to inform the computer



43

‘when a hardware opérétion has.been completed..

b) Motorvloéic and driver circuitry is tb bé designed
for a Vactric size 8 stepper motor so thatrit_can

‘be rotated in either direction with a step size of

1120 degrees. This ﬁotor need only‘be operﬁfed'at

_one'frequency.l‘

c)- The status of'thé siit home microswitch is to'bé
made. available to the-cbmputer. |
3.4.3 Homing of dove prism and mechanical slit'_

At the'beginning‘of the drafting operation tﬂe
exact poSition of_the'dove prism and slit control motor is
unknéwn,'thus,.hardware or software must be used to ﬁome the
motors to_their-reference‘position. Again the relative merits
of hafdwaierand éoftware controls must be considered. A |
hardwére approadh to the initialization probiem'Was selected
becausé it was simp1e and faster. |

The specifications for this initialization'control
" are listed below: |
A computer input/output instruction is to initiate
a hafdware operation, the purpose of which ié to
set dove and mechanical slit controlfmotofs toatheif
;eference positions. A device flag is to infqrﬁ
‘the computer when a hafdware opera;ion has beeﬁ J
completed.

3.4.4 Symbol disk rotation
The manufacturer supplied a four phase stepper

21

motor“” for this control. If it is driven with two phase .
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exeitatien (i.e. two coils energized’aﬁlone'time), it
rotetes with a step siZe'of'7.5 degreee. 'This motor is
coupled to the symbol &isk via an'8:1 reduction gear. Since
the symbol'disk has 48 iocatable Symbol positions,-B‘moﬁok
steps ere'required-te rotate-it between adjacent symbol.
positions. lA éet of 48 teeth are located on thefoutside
perimeter of the.symbol disk so each symbel ﬁosition cah‘
be accurately 19cated inﬁé positioh with a'latching'device;
Refefence feedback is provided by a-iighﬁ souree.
photodiode‘arrangement that monitors fof the ?resence.of
reflective ﬁarker:strips.lecated on several of the 48 teeth
of the symboi‘disk. Theée ma;ke:s are used'fo: symbblxdisk
identification and foi'settiﬁg it to a known origin position.
‘A control is to be designedrto allow the |
' progremmer to Seiect'aﬁy one of the 48 disk positions._"The.
approach taken was 51m11ar to that for the mechanlcal Sllt.
The computer is to 1n1t1ate a hardware operation in which
the number of symbol positions and direction of rotation
can be specified. The ¢ompﬁter must‘therefore keep track
of the present symbol position of the dlSk._: | |
A hardware homing control for the symbol dlSk
Would be complicated since reflective ‘markers are elso_
used for diSk'identification. It,wae therefofe.;ejected:ih .
favour of a software aﬁproach. | | - 
The specifications for the symbol disk coetxol.

can now be stated in detail:




b)

c)
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"a) A symbol disk haxdﬁaré'dperation is'to be

initiated by a'¢omputer-ihput/outputrinstruétioh

and is to consist of the following sequence of

events,

(1)

(ii)

{iii)

(iv)

The symbol disk is to be disengaged by

.ehergizing the diskllatching solenoid.

The symbol disk is tdrrotate a specified

number of stbol-posi;ions. _The number

and direction of rotation is to be -

_indicated ih 2's complement form by the

computer's arithmetic regiSter;uit can

be any value up to :64 symbol steps.

‘When the symbol disk reaches its final

- position, the latching solenoid_is to be

de-energized to engaQe the symbbl disk

accurately into'position.

After the termination of (iii), a device

flag is to be sét to inform the computer

- that the hardware'operatioﬁﬂhas'been

completed.

Logic and driven circuitry is to be deSignedufor-a

' Mullard AU5055 stepper motor so that it can be.

rotated_in either direction in 7.5 degree steps.

The motor need only. be operated,at one frequehcy.

. The status of the reflective marker detection

circuit is to be made available to the computer.
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3.4.5 Selection of magnificatioﬁ lens

The manufaéturer‘supplies a 400 cycle synchro
torque transmitter motorzz*forfthis control. This motor  °
is,directly_coupied to_the three position turret through'
gearing. The three Galilean lenSes'mounted.in the turret
'are‘equally spaced 120 degrees apart. The selected'iens
is.latched into position by a mechanical detept.'

The motor is inteaded to be operated in a
similar-fashion tq a stepper. A moror step size of 120
degrees Can‘be used to select one of the possible three
magnificatioh-lenses directly.

| The requirements for the magnification control can
now be specified in detail:

a) Logic and driver‘circuitry is to be designed for a
Muirhead 400 cycle per second synchro torque
transmltter motor so that its shaft can be set to
one of three positions which are angularly
displaced 120 degrees in space.

by A computer input/output instruction is ro initiate

‘a turret hardware operatlon. Two bits in the
~ computer arithmetic reglster are to spe01fy whlch
magnification lens is desired._ A device flag is
to inform the computer when. the hardware operatlon
has been completed.
3.4.6 Light shutters

The light shutters supplied by the manufacturer
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consist ofla‘metal flange aﬁtached to a rotary_solenoid,'
These shutters must be controlled for both line draffinénand.-
imaée flashing-Operetions. In the case of line draftlng,
care must be taken to ensure that the end of 11nes are
'properly exposed, Figure 3.1(a) shows the exposure:profile‘
along the length of a straight line that has been:drafted by
a rectangle with a fixed dimensiOn of_.b04". It has_been
assumed that the shﬁtter opening and closing times-are}emall
and the plotter moyes instantaneously after the shutter opens
and that the shutter cioses instantaneouslf after the plotter
stops. Note that the ends of the line do not receive enough
exposﬁre. Figure 3.1(b) shows that thie_probLem can be- |
oﬁercome'by cOnt;ollingrthe delay between'when the shutter

, opens and closes and when the‘plotter stops_and starts. .
(Although eiposu:é,conﬁitionsraxe still not ideal, they still
produce acceptable results because of the-exposprellatiﬁude‘
of the film.) This‘delay‘can be controlled by software or
_hardware. The hardware approachfwas selected as being the.
51mplest to 1mplement. ,

For image flashlng, exposure can be controlled by
varying the period between shutter opening and closing time.
For the PS5 head this perlod can be any one of six values’
depending on-the magnifioation setting and the shutter being
used; A software control for this periodlwas selected

because of its simplicity and flexibility.
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: The.hardwaré:requi:ements'giveﬁ_below apply to
both shutters: | | : :

A hardware operation is £o be initiated by a

compﬁter input/output instruction. A computer

arithméfic register bit .is to specify whether

the Shuttér is to'bé open 6r cldsed. A device.

flag:is to inform thé computer when the.hardwa;e.

opératién has been_coﬁpleted. For line drawing,

this operation is to bé considefed‘édmplete only

~when the eﬁds of lines have beén properly exposed.
3.4.7 Intensity control

The 1nten51ty control is the most difficult to
‘specify in engineering terms. Its main purpose is to control
exposure c0nd1tlons so that high quallty 11nes ca. Be drawn
and symbols prOJected to within a specified tolerance of’ 11ne
den51ty and width. _The degree to whlch.these,condltlons_must
be contrdlled is dependent upon-these tolerances and‘upoﬁ
the ﬁypé-of photographic film'being used.

The intensity control was 1n1t1ally deSlQHEd on
the ba51s that Dupont Cronar Ortho Sen51t1ve (i.e. sen51t1ve
only to green, blue and ultravlolet portlon of the spectrum)
film would be used in_the;d:afting system.  This film has a
high centrast, low speed emulsion‘aeposited on a flexibié;
pléstic base. | |

Experiments perforﬁed on-Crohar Oortho S fiim with

a projected réctangular image_showéd'that well-defined heavy
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density lines couid be dtawn ovef a large exposure range;
However the range of acceptable exposure times is restrlcted

by the fact that the w1dth of lines increases as they become_'
| more exposed. This. is belleved to be.due.tO‘lnternal
reflectlons of 1ight rays within,the'photographic emulsioh.’:
" Line width.increaees by approximately .001" for a threefold
change in . exposure time. .- | _

Another feature of Cronar Ortho S is that 1ts

“emulsion has been stablllzed by substituting synthetlc resins
in place of gelatin. The manufacturer qudtes the'following

expan51on coefflclents for humidity and temperature23

- Temperature coefficient of expanSLOn = 9.5 x 10 ~6
inches per inch per degree F.
-Humidity. coeff1c1ent of expanSLOn =1.5 % 10 6
inches per inch per % RH. |
~ These figures can be best 111ustrated by

cehSiderlng the example of a 50 inch length line that hae
been subjected tora rise in tempereture of 5 degrees P_and
a rise 1n relatlve humldlty of 5%.A The overall length of
the film would expand ,006“, .0023" due to temperature and
.0037" due to relative humidlty.

| Ae explained earlier, the preblem of controlling
ekposureItime,fof_line_drafting'ié daifficult beeauselthed
range of speed of the plotte:_varies considerably. This
is illustrated in figure 3.2. Shown is a typicai velocity

versus time profile of a straight line drawn by the pletter.
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Figure 3.2 Velocity Versus Time Profile o-f Gerber Plotter.
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‘: The piotter beéins at a'start speed which has a rahge of-

. .05" to .14“ per second and in 500 mllllseconds it 11near1y
‘accelerates up to a maximum speed of between 5" to 1. 4" per"
_ second. As it approaches the end of the_llne, it must~
_linearly decelerete'to'its.initial startihg speed before-
coﬁing to a full stop. | o |

| All 1inee-dfawn;by the plotter are‘const?ucted
froﬁ straight_line segments.’ The length of'each‘segmentuis
a function ef the]fadius of eurvature of the line-beihg‘drewn.
As the radius of curvature decreases, the segment lenéth'

' decreases-and the plotterAdoes nof heve'time_to reach its
maximum velocity,before-it‘ﬁas to deeelerate.

_ The ratio of max1mum to minimum speed in thls
graph is. 28 1 whlch represents a 51gn1flcant varlahlon.
Therefore some method of control is requlred to vary the
1nten31ty of the progected 1mage, Such a control need not
_be prec1se because of .the 1arge latltude of Cronar Ortho S
fiilm. ﬁowever, it must have.a large operetlng range and
heve'a high enough speed of response to fellow the'plotter
as its speed varies. “

The'equivalent-velocity of the plotter can be
calculated by either software or hardware. The software
approach wes rejected becauseVthe,compntef.weqld frequently
be_required.to supply this information wﬁile perforﬁingfits
many other tesks;

- When line drafting,.the velocity signal produced.



53

by this control servesras the‘demand_signal for the intehsity
control. There'are seuetal-ways of cont;olling therintensity
of therproﬁected image. Ohe method employs the-use-of3a
~ variable neutral"density attenuator;disklo, -This device‘
evenly attenuates the radiation from a light soufce that

“emits a contlnuous spectrum of wave lengths. ‘The amount

- of attenuation is a functlon of the angular position of

the disk. The 9031t10n of the disk can be controlled under'
open or closed conditions. -In this-case closed loop con-
ditions are. desired in order to mihimize variatious in |
system components such as the output 1nten31ty of . the lamp,
to 1ncrease system response and to reduce the: non 11near o
effects of the controlllng device. A feedback signal is
produced hy‘a,light sensitive deVice'that monitors fhé'
light passed through the disk. The disk. is rotated unt11
this. feedback szgnal is equal to the demand.

The intensity of the pro;ected image can alsofhe;
contfolled.by replacihg the'neutral'density filterrwith an;
adjustable‘iris diaohragm. Again a closed loop controiiis
desirable. The aduantage of both these mechanical-methodsr
'is.that a fairly ptecise exposure control can be obtained
which would be ihdependeht of the sbectrai resPonse-of-the
Cfilm. | -

A simpier method of control is to var& the current

through the projector light source. A feedback loop can be
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- placed around the lamp to improve its 1inearity,-ih¢rease
‘_-its resppnse;end minimize.thereffect of its eging-characteré
‘istics. A phetodiode24’25'26 is often used for a light |

sensitive device because of the requlrement for high
stablllty. Sen51t1v1ty is not a problem in this appllcatlon
because the 51gna1 strength of the light 1nten51ty can be made
" large.

The disadvantage of using this type of centrel is
-that the spectral output.ef the light source changes with _
"different.current-leveis. For precise control of exposure
time, the spectral response of the photodiode must be matched
to that of;the,film, -This problem did not appear to be a
- major one, however, as advantage canibe taken of the large
latitude of Crohar Ortho S film.

The method of varying the current through the llght
source under closed 1oop conditions was 1n1t1ally selected
mainly because of 1te s1mp1rc1ty. Only,a few minor altere—
tions had to be made to the iight head to implement thierr
control. | l |

As mentioned in Chapter 2. the PS5 light head
does contain an atténuator blade that is meant for controlling
intensity. Implementing a closed‘loeé control for this‘
device was impracticai since fairly major modifications
Iwould have to be made to the PS5 light head. Nevertheless,
an open 1eop fqrm,of control was developed for thie deVice

and is discussed in subsequent chapters.
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' The hérdware spécifications for the intensity
control can now be stated in detail:

a) - Exppsure.for-both line drawing and symbbl

| projéction-i§ to be held constant to +25%. The
choice of thié_tolerance is based on the .exposure
iatitude of Cronar Ortho 8 film'and a line width

vériéﬁion tolerance .0005“.

b) The large signal response of this control shduld'
exceed 5 cycies/second.' |
AlthouththeSe specifications deal‘with drafting

on Cronar -Ortho S‘film, an‘important part of this Workraeals
: withzthe evaluation of othér-posSible films. The intensity-
-control éhoﬁld therefore be désigned so that it can be
adjusted easiiy for use on other films.

3.5 Prograﬁming the Light Head

3.5.1 Machine iahguage ins#ructions

‘Figﬁrg 3.3 lists the machine language instructions
that are to be used to allbw theJPDP—S computér to conﬁfol
_1.automatically the_fﬁnctions in the model PS5 iightAhead. .
There are basically three types 6f instructions associated
with each hardware function; |

a) Test device flag -

This insfrﬁction is uéed'to test whether the éﬁfrent
'hardware:operation has beén compléted_by sampling the status
of the devicé flaqg. - | : |

b} Clear device flag

This instruction is used to clear the device flag
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Mnemonic/
Octal Code
SLS 6161
CLs 6162
ALS 6164
~ SFG 6301
CGF 6302
GOL 6304
RSR 6311
SSD 6321
CSD 6322
SDS 6324
STF 6331
CTF 6332
STP 6334
“SRF 6341
CRF 6342
SRT 6344
SLW 6351
“CLW 6352
6354
SEF 6411
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Operation
Skip on light shutter flag

" Clear light shutter flag

Initiate light shutter operation
ACO= 0 Turn shutter on

ACO= 1 Turn shutter off

AC10 =0 Set to line mode

AC10 =1 Set to symbol mode

ACll =0 Select inner row shutter
ACll =1 Select outer row shutter

skip on initialize flag
Clear initialize flag

‘Initialize LSP (initialize. mechanical sllt to home)

(1n1t1a112e rotatlon to home)

-Read status word

" Skip on symbol disk flag

Clear symbol disk flag

Step symbol disk

AC) =0 Disk rotates clockw1se'

ACO0 =1 Disk rotates counterclockwise .-

Number of symbol steps is specified in 2's

complement form and c¢an be up to 2 maxlmum of
778‘steps ' ‘

Skip on turret flag

Clear turret flag

Select. turret position _

AC10 & ACll = 00 Select X1l lens
AC10 & ACl11 = 01 Select X2 lens

'AC10 & ACll = 10 Select X4 lens

Skip on rotation flag

Clear rotation flag

Step rotation :

ACO = 0 Image on table rotates clockwise

ACO = 1 .Image on table rotates counterclockwise

'skip on line width flag

Clear line width flag

Step line width : ‘
ACO = 0 'Mechanical slit spac1ng 1ncreases
ACO0 = 1 Mechanical slit spacing decreases
Number of line width steps is specified in 2's

- complement form and can be up to a max. 05,1778 steps

Skip on error flag

Figure 3@3 Machine Language Instructions for PSS Inte:face_-
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to ensure that ﬁhié-flip-flép'is in the zero sfate-prior‘
to the ﬁethhardwaré”Ope:ationé
c) Initiate hardware operatioh‘

This instruction is used to signal the control .
to begin perfofming a hardware operation. As indicated iﬁ
the_hardwafe'specificétions, the-computerfs arithmetic
register is uéed to supply‘the details of this hardware =
operation to the control. |
3.5.2  Control étatus-word

The'présentrstatus of various bits in the light
- head control can be trénsferred into the computer's
arithmetic register by machihe_language instructidn 631;;
Figure 3.4 shpws the formatting scheme to be used for this
status word and é-summarf'of the purpose of each bit. |

The—next‘chapter describes in detail-thé interféce3

and control that was designed for‘the PS5 light head.
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L-o 1 1.|_2 3. 4 | 571 6 7 | 8 9 |10 |11 .

Bit = S - Function
0 Error fleg,'fThis f£lip-flop will be set if any
of the'following events occur.
‘(a) Light_eource failure.

(5)‘ Illegai.line width request._ Request is for

| a smaller 11ne width and mechanlcal Sllt is
already at its home p051t10n.

(c) Improper llne Wldth hardware executlon.“slit
home mlcroswltch is contacted before_the
completion of a-1ine'wid£h hardware operation.A

5  Rotation home ‘This bit will be set if the dove
prism ie at ifs‘reference position. 
7 .. Light Source-failure. This bit will be‘set‘if
the projector light source has failed.
8 Symbol disk fefleotiVe marker. This bit will.be
| set if a‘disk,reflective marker_ie being eensed.
.10 'Slit home. oThis'bit:will be‘eet if the mechanical

 51it is at its home position.

Figure 3.4 Explanation of Hardware Status Bits
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4. INTERFACE AND CONTROL HARDWARE

'4.1 General |

Figuré‘4.1 Show$ the basic block diagfam of the.
interface‘ahd control for the PS5 prbjector; It consists of
- the seven contfols (see Chapters 2. and 3.) réquired for the
light head. Six of them are interfaced directly to the PDP-8
computer. fhe seventh, the intensity control, uses signalé
from the Gerber plotter interface and other parts of the |
light head cohtrbl;

An attempf was made to construct as much of the
‘hérdware-as possible out of standard DigitéllEquipment
~ Company (DEC) "R" series modules so that it:ﬁould‘be
compatible with the reSf of the automatic drafting system.
‘This'logic faﬁily is discussed briefly‘in éppendix C. For:
more details the feader should refer to references 16 and 17.
In certain instances it was not possible to use standard
DEC‘logic an@ 50 séeciai purpose circuits were constructed
on blank]modﬁle'w994 boards. The details.of this circuitryr
are discussed in-the subsequen£ description;

The accompanying circuit diagrams for this
.ha:dware are found at the end of-chapter 4. The old
DEC "R" series 1ogid conventions are used to describe this
circuitry. (Seé appendix C.) Listed below ié an |
explanation of the method of referencing used to enable the‘:
reader to locate logic signals and circuits on these

drawings:
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S a) 'When‘referehce iS'@ade'to'a looic circuit or
signal, it wiil often be accoﬁpahied by a
bracketed referenoe-indicating the drawihg:ﬁﬁmoer

 and where thlS 51gna1 or c1rcu1t is 1ocated. The-
general format for this reference is: (Drawlng:
number; X/Y). For example, reference (03; 2/C)
indicates that the pertinent 1ooic‘signal or
circuit is found on drawing ﬂumber:é, coordinafe{
2/¢). N
b) Logic elemenis such as NAND‘gates are normally:W
'ereferred to by their pin connections;”.In cases
where‘this approach is not clear (i.e. diSCuésihg-
. se?eral gates-collectively), they_ﬁill aiso be
given a ﬁame., Flip—flops,are-always giren aihamei
c). When a Signal,name is firsf ihtroduced;'it‘is
given a full name followed by its.braoketed mneﬁOnic;
Thereafter, oﬁly its mnemonic‘name-ﬁillrberosed.

_ osince most of the controls are simple, they are only
brieflf discuséed. Empha51s is placed on the phllosophy of
des1gn rather than exact hardware detalls.A
4.2 Rotation of Dove Prism
| a) “Basic operation

Machine language 1nstructlon 1n1t1ates a rotatlon
hardware operatlon by settlng a flip-flop called@ TOGGLE.2
ENABLE (TG2 ENB.: 03;5/C). it also loads dlrectlon 1nforma-

tion from accumulator bit "O" into a flip-flop called
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DIRECTION' ROTATION (DRTN ROT: 1/B). When TG2 ENB is set, :
1t enables pulses from a real time clock (4/B) to be
supplled to’ the rotatlon stepper motor drlver loglc control.
When the motor is pulsed once, a‘fllp—flop ROTATION FLAG (l/A)
is set to inform the‘cdmputer thet the hardware operation is
completed.' |

b) Resonance protect hardware

Experiments conducted revealed.that.the rotation

motor did not oPerate properly when pulsed et certain frequeh-
cies. This problem was attrlbuted to -the mechanical resonance
of the motor. Loglc was therefore developed to prevent the
motor from belng pulsed for_a‘certaln band of frequencles.r
An ihtegrating or retriggerable monostable circuit is esedp
to sense for this region. This one-shot circuit hus close
to a zero recoveryrtime and has the ability to respond to
inputs while in its unstable state.

| Inteérating‘one-shot-TUD (2/C) is triggered each
time the stepper motor'cbntrol logicgis pulsed. Output D
will remain negative for a predetermined time with respest_
to the-last puise it receives. If this time is exceeded,-
output D returns to ground; this positive going transition-
is used to trigger RESONANCE delay EFM (3/3), The inﬁerteﬁ-
ground output of this deley ;nhibits NAND gate_ﬁSUV (4/3);
preventing -any clock pulses from reaching the stepper motor
control logic. ‘Normalroperetion.of the_controI will resume |

when this delay is complete.
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c) Stepper motor control log1c

- The table shown at the top of flgure 4. 2 111ust-
rates the sw1tch1ng sequence that is used to energlze the
stator windings_of the three phase permanent magnet stepper
motor which_controls-the rotation of theedovejprism.- fwelve,‘
' switching states are required_to obtain a 30 degree motor .
~ step size. 'Colnmns 2,3 and 4 show wnat voltage polarity isr
applied to stator coils 1, 2, 3 for each motor state. A i:'
- four bit register stores the presentrmotor state of the
. controi. Tne.output-of this register is decoded to produce
rthe six logic signals.which control the stepper motor driver
switches. Each logic signal can be thought to control one“
o switch as illustrated at the bottom of figure 4. 2.

| Four bit reglster ROTATION (RT:04) oper=tes as

a twelve state up down counter. The sw1tch1ng sequence for
this register is shown in column 1 of figure 4.2. Clock
pulses_to-thisrregister,originate from the real time clock.
Flip-flop DRTN ROT controls the dlrectlon of this sw1tch1ng
-sequence, for example, if flip-flop DRTN ROT is set, srgnall
DOWN (2/C) will go to ground and register RT will count down.

‘Register RT is decoded to produce levels s1t, s17,
s2¥, 827, s3%, S3° by tné gating shown in drawing 05. 'The
-minimal logic expression for these signals was obtained |

27,28

by using the Karnaugh nap (The Kernaugh map is a

graphical technique that can be used to obtainjthe minimal



Rot_oﬁoﬁ S Voltage S -
Register | Coil | Coil 2  Coil 3 |

p000 ~ | <4 | open
o001 |
201 0| open 4+
001t 1 |
2100
o101
o110]|
01 11
1000 | Open | —

1e01 | — | -

|1 o110 —_ Open

.|.0_|_| - -+

!
+

+4+++
|

s RN

Coil 2.
c3+\ B \ca‘-‘-". c-z+/'. /cz;.
+ - o+ -

Figu}e 4.2 Switching Sequence for 3@° Motor Step.
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logic exp:eésion;)
d) Stepper m§t§r‘drive circuitry |
| Logicrsignals sit, s17, s2*, s27, s3*, 837, cbﬁtrol
- the'stepper motor driver éircuitry. A driver circuit haé'ﬁo
“be designed because the requirement was for bi-direcﬁionall
drive cépabiltiy; A schematic of this circuit is shown in -
figure'4.3- Tﬁree such circuits are required, one for each-
stator coil._'input channels + and - cont;ol the switching'r
" of transistor switche57T3 and T,. If a negative voltage
sigpal is applied to f input, transistor‘T3 will turn on
causing the output of this circuit to go to ground. If‘é
negative signal ié applied to - inpﬁt,‘transiéfor T2 turns on;
Its qutput turﬁs on transistor.T4 bringiﬂg the output of the
circuit to -24 volts. |
| '7 Transistors T4 and T3 are protected from being
‘simultaneously turned on by.tranéistor Ty - {This épplies
only to steady state conditions.) If + and - input channels
are negative,,Tl,‘fufns on and di'sab'les.T2 and T, from
turnlng on by applylng a ground level to diodes D4 and D6.
e) Dove home monltorlng 01rcu1t
Comparator VR (10; 4/C) converts ground and +190
volts from the Dove home photodiode preamplifier into DEC
' compatibie ground and -3 volt lqgic levels. The'comparator_

circuit consists of a. standard Motorola 1439 general purpose

operational amplifier and output transistor. Positive
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feedback islemployedto decreagé tﬁe rise'énd:fall tiﬁes of -
the 1eve11ROTATION HOME enabling it to trigger DEC Dcﬁ'gateﬁ
and to introduce some h&steresis'to the comﬁérator‘circﬁit.

‘When the‘ddverpfism'is at its reférence-position,
the photodiode sees light and a +10 Volt signal is sent ;§
' comparator VR causiﬁg it5 output to go to';15 ﬁolts., Sihce
this home sigral is obtainéd'over severai-ﬁotﬁr steps, it is
necessary to gate it with one stéte of registér ROTATION in
order to'obtaih only one home pésition pef reVolutioh of-tﬁe.
dove-prism; 7 - | l |
4.3 Variable MechaniCallSlit

a) - Basic operafion'

The flow diagram in figqure 4.4 shows the normal
séquence of events that take plaée during a'mechénical“slit
hardwareloperation, Machine instruction 6354 loads the
required number of motor sﬁeps from the AC into a 9 bit
register called LINE (07);, Register LINE st6res Ehis-number-‘
in 2's complemeht negative form. Therefore if the nﬁmﬁer“
loaded is positive, it must be converted iﬁto its équivalent ,
2's cdmplement negative form. ‘This operation is péffoﬁmed‘in
two steps; Firstly, register LINE is complemented and-thén'
iﬁcreméhted: | | o |

A delayed 10T 6354 signal then sets,a'flip;fldp-
‘called TOGGLE 3 ENABLE (6; 2/B). This flip-flop enables

pulses from a réal time'cloék to be supplied to, the stepper



10T 6354

~ Load req'd number - of
" motor steps
~into control

is this ™

number No

positive

"Convert it into 2's

complement negative

~ Step slit motor

has slit

" No

moved req'd
\_ steps

Termin-atel ' operation
set device flag to

inform computer |

Figure 4.4 Mechanical Slit Control Flow Diaaram.
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:motor'driver,controi iogic'and to register LiNE. {Register:‘
LINE functions as en asynchroﬁoué up—coﬁnter incremeﬁring
‘each time the slit motor is pulsed. It overflows when the
: motor hés moved-the.requeeted humber of steps. When this
event'takee plece,'flip-fldp LINE WIDTH FLAG (6; 5/A) is set
to 1nform the computer that the hardware operatlon is
: completed, |
In'this contreol the reéuest for zero steps is.‘

considered legal; Normal initiatibn of the hardware is
disaliowed by false ENABLE SET LINE WIDTH signal from gate

8; Z/C). A true ZERO levei enables instruction 6354 to
trigger pulse amplifier KLM (06; 4/A). The output of this
‘loglc 01rcu1t collector sets LINE WIDTH FLAG.H'

b) Illegal hardware executlon
An illegal hardware execution operation-OCcurs if

a LINE CLOSE‘H6ME signal is reeeived at any time during_e,
ndrmal operation. This signal originates from e ﬁicroswitch
theh is tﬁrned on when the slit is at its home position
'(10; 2/D)a If thislevent takes place, a + 1 - ERROR (09}.5/A)
pulse is generated. The + 1 - EﬁROR sets-an ERROR flipe |
flop to inform the eomputer“that'an illegal operation has
taken place. + 1‘+ ERROR will also be generated when a
request is made for a negative number of slit steps wheﬁ.
the mechanical slit is at its heme position (i.e. fully

closed).
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c) Stepper motor contfol leglc

| The table shown at ‘the top of flgure 4. 5 shows how
;,a 120 degree step Slze was obtalned for the three phase,
permanent magnet sllt.stepper.motorzo.- A two bit reglster is
used to store the present_switching state of this motor. Ihe_
output Of‘this registerrcontrols three,ﬁotor driver switches.
as illustrated'at-tﬁe top of figure 4.5. | |

‘ The_tWO‘bit register consisting of flip-flopsra

LN DRIVE 0 and LN DRIVE 1 is designed so that it will
switch in‘a Synchrohous'manner. (i,e, The_states of all
.flip-flops'in the registef.change simultaneouély: they-de
not rely on.the transition of other flip—fleps within‘the'
register.) The speeifieations for this register are shpwn
in the table in the middle of figure 4.5. This tcbie,.oftee
referred‘to as the transition table, specifies how the states
of filip-flops LN DRO and Lﬁ DRl are to change with each
input clock pulse. This will be a function of the present
state of.the registerl(reférred_to as the internai state)"and
the input variables to this control. For example cdnéi@e;
line i of the table. It statee thet if the input variebie
(i.e. signal DRTN LINWD) and the internal states (i.e. LN
bRO and LN DR1) are all zeros, then the next state of the-
eontqol register is to be set to 01l. Note that in some-
cases the letter “d" is found in the next state column.

This indicates that it does not matter to what ‘state the
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Required Stator Coil Voltages for VactricSize 8 Motor

State of :
Control Voltage

Register|Coil 1 [Coil.2 | Coil 3

00 + - -
01 - ¥ - :
. 50Q

10 - - +

Transition Table

, PRESENT STATE " NEXT STATE
Input Variable | INTERNAL STATE - -
| DRTN LINWD | LN DR | LN DRL | LD DR§ | LN DRI
0. 0 0 0 1
0 0o 1 1 0
0 1 0 0 0
0 1 1 d a
1 0 0 1 0
1 0 1 0 o
1 1 0 0 1.
1 1 1 a a -

' Level Gating for Control Register
F/F LN DR@ SET INPUT = DRTN LINWD (0) .LN DRl (1) + DRTN
LINWD (1) .LN DR1 (05

RESET INPUT = IN DRl (0)

'F/F LN DR1 SET INPUT = DRTN LINWD (0) .LN DRO (0) + DRTN

LINWD (0) .LN DRO (1)
RESET INPUT = 1

Figure 4.5 Design of Control Logic for Stepper Motor.
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flip-flop goeéu These are often referred'to as "don't care"
stafes: ﬁhey.arisé bécause 6n1y-three buﬁ'of a-possiﬁle four .
régiSter states are being'utilized. Theser"don't‘Care"
condltlons should be llsted because they can often reduce
the requlred logic for a control. ' o
| The-leyel gating required to impleﬁent this_logi¢
is summarized‘aﬁ the bqttom bf figure 4.5. The deéign of
this-gating is bﬁsed on the transition table'forlthe required
logic and the fype?of flip¥flpp”tﬁat is used. ‘DEc:flipéflops_‘
that have set and reset‘inpﬁt DCD gates can be bonnEc;ed'to |
function in several waysf '(i;e.'JK, D, RS? etc.) In this
design, they wére connecfed so that they 6perated as JK‘types.
The trénSition table for a JK‘flip-flép is éhoﬁn in figure _
4.6. The bottom of figure 4.6 shows‘ﬁow Jk inputs should be
excited to set the flip- flop to its desired state. |
~The general approach taken to obtaln the minimal
gating is summarized below. -
(1) Determine how each flip—flop‘is to change.
| f:om its present state to itsfnext state -
for all present state combinations. Tﬁiéfié
done by feferring to the trénsition table
fér the control.
(ii) Construct a truth table for J_and K inputs
from (i) and the-JK éxcitation table.
(iii) . Obtain the minimél logic ekpreséion for‘J"

and K inputs of all register flip-flops.
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Transition table

o] Ol

th th1
J K | @ °
'/ _O Qn
0 | e
T
N ] Qan
] an Qn+l K
°o | © d.
o | | d
| ) 0
I ! 'y

Excitation table

" Note: |, d= don't care

Figure 4.6  Transition 8 Excitation Tables for J-K Flip - Flop.




74

To illusﬁrate.this appréaéh,considerlline 1 of
the trahsition'table in figuré 4.5. ,It'stateé'that'after‘fhe
ﬁektrclock pulsé; flip-flOpvﬁN DROIis to remain in‘the zero .
state énd flip-flqp‘LN DR1,is‘to be set to l;f‘Reférringfto
the JK eXciﬁation,table'in.figurerq.ﬁ; for,flip—fiop LN'DRO,
J and K ihputs must be "0" and "d" respeétively, and for
A‘flip—flop LN DRl; they must be "1" and "d". All present
registér states are considered in this same‘mannér. A fruth-
table is then cdnstructed for both J and K inputs. The
Karnaﬁgh map can théh'be used to obtain'the.minimaillogic
expressionjfof each level ihput.-

d) Stepper motor drivercircuitrﬁ

Flow of cufreﬁt through the stepper moto:.Statqr
coils is controlled by three DEC driver switcﬁes (8; 5/a).
The input diodes to these switches decode the present state
of register LINElDRIVE. For all three states éflregister"
LINE DRIVE one switch is tufned on. This means one coi1
input is at_groﬁnd and the other_twb afe tied to -24 volts
through a SOQ resistor. | |
4.4 Homing Dove Prism and Mechénical Slit

Méchine language instructidn éets flip-flops
INITIALIZE ROTATION (INTRT, 10; 5/B) and_INITIALIZE LINE
WIDTH‘(iNTLD;VS/Bj. Flip-flop INTRT enables a néa; time
-clock'tO'supply pulses to the rotation motor controi-logic
(3; 5/3}.‘ This motor will continue to rotate uptii a
ROTATION HOME signal is sensed. When this event takes

place; flip-flop INTRT will reset, inhibiting pulses.to
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the'stépper motorrcontrol.' Ip_é similar ﬁanﬁe# flip-flopii
" INTLD enables féai time-clock-to:suppiy pulses to the‘élit
motor control logic fﬁ: 2/3). Initially:the'direction of
the éiitfis set so it rotaﬁes open. A déiayed 6304
instruction resets flip-flop DRTN LINWD (6; 5/B)'causing
the slit to begin to close. The slit motor will céntinue-
to rotate until arLINWD CLOSE HOME signal i$ generated
(10; 2/D). When this event océurs flip-floé INTLD is _
reset inhibiting pulées tolthe slit stebper mOtor.control:
logic. | | o

7]‘Whenfboth flip-flop INTRT and INTLW reﬁurn to'the
zero state they turn on NAND gate.DEHJ (10;‘3/B)'wh§se 6utput
_sets flip-flop INITIALIZE FLAG (1/B). This flip-flop informs
the computer that the hardwafe operation is complete. .
4.5 Symbol,Disk.Rotation

a) Basic operation )

The control logic required for symbol disk rotation
is Qery similar to'that required for the mechanical slit.
Figure 4.7 shows the normal sequence of:events that takes

place for this control. Machine language instruction 6324
loads the required number of symbol steps from theracqﬁmulatpr
into a 6'bit register called SYMBOL. As.in the ﬁéchéniéal
s8lit control, this number is stored in 2's ¢omp1ément
negative form. | | -

Machine language instruction 6324 is .also used

to set flip-flop LATCH'(11§-2/A). This flip-flop controls



Figure 4.7

Store réq'd number of
symbo! steps -

10T6324

s

Step motor

‘has motor

No

" rotated 8

feq'd number of No

symbol
. positions

‘Engage . disk

Set device fiag to

inform computer

Symbol Disk Control Flow Diagram.
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the latch solenbid driver switch DR. When it turns on,
the 1atchi£§ wechaﬁism‘disengages from the symbol disk.

A delayed 10T 6324 signal then sets a £lip-
- flop cailed TOGGLE ENABLE 1 (TGl ENBQ 13; 2/D).‘ This
flip-flop enabléé puises from a real time clock to'be
supplied totﬁhé stépper'moto;‘légic'cpntrol-as Wéll'aéjl
register STEP. Register STEP is connected as an
asynchronouslcbuﬂt of‘BT ¢ircuit; its pufpose'is to keep"
track of the ﬂuﬁbef of motor pulses between,adjacént
symbol posifioﬁs. Each. time régister STEP overflOﬁs it
increments register SYﬁBOL; .Register SYMBOL functions
~as an asynchronous up-counter stbring the remaihing number
of symbol steps. It oVé:flows when the disk has rotated
- the required number Qf'stéps. -When thié event occars,
flip-flop LATCH is reset-causing;the latch solenoid to
de;enérgize; The latch then locéte# the symb61 disk
: ‘accurately into position. When this has been completed, a
flip~-flop SYMBOL FLAG (11; 3/A) is set to informrthe computer
_that the h#rdware operation has terminated. |

As ‘in the mechanical slit control, a reéuest for
zerd symbol steps is co#sidered legal. Normal initiation‘bf
the hardware is diséilowed by-a:false ENABLE SETlSYMBOL 1evel;
from gate-KLPN fll: 2/C)f A true ZERO levellenables
instruction 6324'to frigger'pulse amplifier KLM ill: 3/B);
The output qf this 1ogic circuit céllector séts;fiiprloé

SYMBOL FLAG.
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b)‘ Stepper'mdtor driver control logic

| The table shown in figurel4v8 shows how stepper.
motor sﬁatof coils were driven fo obtain a 7.5 degfeé.step
$ize21. .A two bit register storesthe‘presentSWitching'
'staﬁé of‘ﬁhefmotof'and cdntrols driver switches S1, £2, 83
and S4. |

| ThlS two bit reglster called SYMBOL DRIVE con51sts
;of flip-flops SYM DRL and SYM DR2 (13; 3/B). The logic :
required to 1mplement‘thls register is de51gned,using the |
same approach as describéd in section 4.3(c). The:transition
table for this logic is shown at the top of figure 4.9. The
next state of register SYMBOL DRIVE is a function of the
preéent state of flip-flops SYM DR1, SfM‘DEZ and input__
variable flip-flop DRTN:SYM. The required level gating for
this registér is éummarized at the bottom Of:figure 4.9,-7

A The'dgiver circuitry used for this control motor '

consists of four DEC solenqid driver switcheé.r These.simplé
driver switches can be uséd because current is driven thfough
the staﬁor coils in only-one direction. |
4,6 Selection of Magnification'tens

'a) Basic operation -

Machine language instruction 6334 loads the desired
maghification lens info:mation,from_thé éccumulator into a
2 bit register called TURRET (14; 5/C). The output of this
register is decoded momentarily by a delayed 6334 pulse to

produce three logic signals. These logic signals‘contrdi the
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Control Reg.‘ | S So .83, : "Sg.
e T T 1T
. 9@ - | CLOSED| OPEN | CLOSED| OPEN -
1 | CLOSED | OPEN | OPEN | CLOSED |
OPEN | CLOSED| OPEN | CLOSED
e - OPEN | CLOSED | CLOSED | OPEN.

=24 Volts

50 Ohms == 50 Ohms

_32"‘

—24 Voits

P

50 Ohms 50 Ohms

Figure 4.8 Energizinﬁ Sylilbol'Dis-k Stepper.
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Transition Table

PRESENT STATE. _
Input Variable | INTERNAL STATE NEXT STATE
DRTN SYM SYM DR1 | SYM DR1 | SYM DRL | SYM DR2
0 | 0 0 0 1
0 0 1 1 1
0 1 0 0 0
0 1 1 1 0
1 0 0 1 0
1 0 1 0 0
1 1 0 1 1
1 1 1 1 0
' DCD Gate Level Input Gating
F/F SYM DRl SET INPUT =DRTN SYM(1)SYM DR2 (0) + DR™N SYM (0)

. SYM DR2 (1)

RESET INPUT = DRTN SYM (1) .SYM DR2 (1) + DRIN

'SYM (0) . SYM DR2 (0)
' F/F SYM DR2 SET INPUT = DRTN SYM (1) .SYM DRl (1) + DRTN SYM (0)

. SYM DR1l (0) -

RESET INPUT = DRTN SYM (1} .SYM DRl (0) + DRTN

SYM (0) .SYM DRl (1)

Figure 4.9 Design of Symbol Disk Stepper Motor  Control Logic. .
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turret motor driver‘circuitry. When the‘désired lens |
has been selected, a flip-flop called TURRET FLAG (4/B)
is set to inform the computer that the hardware opefation_
is compléted.‘ | |
b} Driver circuitry
7 The éynchro;torque t;ansmitter‘is én unusual

choice for'the:tﬁrret control mofor. NormallyAit'is-ﬁsedA
in coﬁjunctiOn with a synchro motor. However, fo£ thié-
applicétion-it is operated-in'the same manner as a normal
stepper motor. The turret is rotated to the desired pbsifioh
by momentarily energizing the rotor and stator windings of the-
torqué transmitter with the direct current. ‘During‘this time,
the rotor Will.trj to align with the magnetic field set
up by the motor's stator windings. Figure 4.10 stows how
these stator coils gfe energized to obtain 5'120 degree motor
step.r The stator motor‘driverlcircuits‘ére-similaf to those
descfibed for the rotation stepper motor. (See sectioh 4.2;c.)
4.7 Inner and Outer nght Shutter Control

Flip-flops INNER (15b; 2/B) and OUTER (3/B) control
energizéﬁion of the light head's inner and outer row light
shutters. Flip-flop MODE (5/B) stores the operating state
- of the 1ntenslty control (i.e. whether 1t is set for "llne
drafting"™ or "image flashlng . See section 4.9 on ;ntenslty
control for more deﬁails.). PDP-8 accumulator bits 0. 1b}
and 11 indicate what action is to be taken by the control
when a machine instruction 6164 is issued. The summéryﬂof'

these details follow:



B2

—24vV

—RI
‘=3 Rotor
R2

+.

$3

'

-]

Figure 4‘.10__ Energizing. Turret Control Motor.

| |
32\

Turret Turret Register Stator o

Lens | Tur @ | Tur 1 | coit 1 | Coit 2 | coil -3

X1 B o -1 + OPEN.

X2 ) N 4+ | oPEN-] —

X3 I ? 'OPEN — 4
+ -—
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ACO =0 'Tprn.selectea shutter on
ACl '='l‘. Turn selected shutter'off-
: eAClO =a0' Set state of intensity EOntrol'ﬁo}-
line mode ' ' o
.AC10‘= 1 ‘Set stafe of intehsity control to
‘lihe mode‘ S .
‘Aéll =0 . Select inher{row light-shutter
.‘Acll_mllr Select outéer row light-shutteru
Machine instructi0n‘6164‘normally triggers eithere
delay chain 1 or 2 flSa; tep of dfawingl-to preduce signal
+1 + SHUTTER (l15a; 5/C) whleh is used to set the coﬁtrele
device flag, flip-flop. SHUTTER FLAG (15b; 5/C). The state
of f11p flop MODE determlnes Whlch delay chaln is selected..
If it is set for "line draftlng“, ‘then 51gnal ENB LINE will
be true allowing delay chain 1 to be triggered (4/A). If it
is set for "image flashihg";'then Signal ENB PSYMB will be

"~ true allowing delay chain 2 to'be triggered. 'Delay 1 isfset

- to the value of the llght shutter delay plus the. tlme it

takes to properly expose the end of llnes (see section 3 4'6
on llght shutter spe01flcat10ns). Delay 2 is set equal to
the llght shutter openlng tlme.

‘To ease the burden of programmlng an- addltzonal
hardware‘delay is added to handle the case when the operating
mode of intensity control is switched from "line dfafting“ td ;
- "image flashing" - This is requlred to allow the lnten51ty of
the projected image to settle to a new value before the llght

shutter is ppened. When this event occurs 81gnal SWTMD is
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generated-(lsa; 4/C) and is used to disable.signals ENB |
PLINE (1/C) and ENB PSYMB. It also enables signal IOTLS
t§ trigger a 30 millisecond delay EFM (15a; 3/B) which is
' added in series with_delay chain 2.
4.8 Interface to PDP-8 Computer
| | Several processor input/qutpdt'signals are used to -
interface the light heaa cont;ol functions to the PDP-§
computer. Some signals have already been menﬁioned. A list
of the signals that afé used is‘summarized below: o
a) Input/output.transfer pulses and memory buffer bit 3-§

DEC device éelector W1l03 boards are used to convert |
proceéspr IOP pulses into interface IOT pulses. One W1d3
boa:d is used for eéch'control. Each device selector is
assigned its own individual device code and is proqraﬁmgd'to
‘accept éomputer 10P pulses only if the device code iéApresent
on processor input/output‘HEMORY'BUFFER lines-3—8, FOr-example;.
. the device code for the dove prism inte:face is "34" (sée::
middle two digits of dove prism machine language instruction).
This means that the dove prism IOT pulses.wil; be generéted  
from IOP pulses only in the event that code "34" is present
on MEMORY BUFFER lines 3—8.-

b) Accumulator input aﬁd outpﬁt lines -

When programmed data transfers are made.to and from
the PDP-8 and'an‘interface, they are always done via a
twelve bit register in fhe processor called the:ACCUMﬁLATOR'

(AC). Several AC output lines are utilized to provide éach
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--_controiiwich information on the_operation being performed,
The AC_ioput lines were used tolload the statqs}of-thcu 3
control into che computer. : |
¢) INTERRUPT and SKIP line o
| The INTERRUPT 11ne is used to inform the computer
whcn a‘control needs servicing. (i.e. A device flag is set.)
a1l interface device flags are connected to this line. The
‘SKIP line is ﬁseﬁ to ‘allow the proceSSor to-idehtify which
dévice'flag is requesting service.
| -Boch.INTERRdPT and SKIP lines are connected to. the
output of;anjAND/NOR gate RI141 f9;.1/ABCD). This hodule
: performs two levels of_gotiné. The first leveljconsisté of
| seven two input negatiﬁe.AND gates. The output of each
'gate becomes one_ioput'to the_secondstage of this module,
"which is a-seven.inpot negative NOR gate. .
| ) POWER CLEAR pﬁlSe
This negative pulse is generated when the comouter
is turned on or when the START key on the computer console
is depressed. This pulse is buffered by an invertor ML and
' KJ (09; 3/C) and is used to reset all control device flags;
e) SPECIAL CLEAR pulse
Pulse_spECIAL CLEAR (SPL CLR) is not produced by the
PDP-8 processor but has been included in this section bcCaUSe
it is often substituted for the POWER CLEAR pulse. It is used
in situations where it is not desirable to have, clear pﬁlsés

generated by the computer console START key. A good example
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of this is thé'SfMBOLJDRIVE register-in the symbol disk
rotation contrbl; If this register is cleared during a
symbol hardware operétion, it ié possible that'the'symbol
disk wOuld not stop at a symbol position. The symbol disk--
wouid have to be manually rbtated tora*correct position
before another hardware operation could be performed.‘.'

| A reed reléy (9; 5/B) is used to generate pulse‘
SPL CLR. It is energized by the confrol logic -15 volt
power sﬁpply. The normally open contacf of this deviqefis
fedfto invertois HF aﬁd ED. (9; 5/B). ‘When power is appliéd
to thé 1igh£-head control, it will take some time for the
-15 voltrsupply to charge to its final va;ue due to ﬁhe‘
' capacitance associated with its output. Because of this,
,thé ndrmally oﬁen contact of the reed relay will ramain
momentarily open causing invertors ED and HF to turn on and
generate the pulse SPL CLR.

£) SPECIAL CLEAR LINE WIDTH
; Tﬁis pulse is generated when power is applied tb the
control or in the eveﬁt of an illegal mechanical slit_ﬁardware
execution. It is uéed to reset register LINE which must bé
clear at the beginning of a line width hardware operation.
4.9 Intensity Control
A basic block diagram of the intensity‘cbntrol

hardware 1is shéwn in figure 4.;1. It consists of a closed
loop control for the light source, an open loop control

for the attenuater blade, two circuits that produce a
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manually adjustablé reference vélﬁage‘and a circuit that
~ calculates the.ﬁelocity of the”plottef.

: f The velocity éompute cirguit electrénically
calculates the velocity pf the trave11ing'1ight image from-
-existing sighalé‘in the drafting.system. Both axes of the
Ge;ber plotter-ére independentiy'driven by stepper‘mdfors.
'Therefore-the_velocify of either axis can be determined
simply by monito;ing the frequency of the pulses supplied to
its steppef‘motor control ldgic. The pulse trains for both
X and. Y ﬁoto; axis are sent to the two input channels of the'
compute gircuit wheré they are converted to an anaiog‘
voltage which is proportional to frequéncy. Using the
‘Pythagorean'theorem to compﬁte thé,total velocity from its
X and Y‘compénents, o

where V_ is the total velocity,

t
v, is the X vélocity.component,
and Vy is the ¥ ve10city component.
The output of the velocity compute circuit serves as the:
input intensity demand signal f&r the intensity control loop.
The input channéls‘of the velocity cdmpute cirﬁuit
are interfaced to.digital multiplexer circuits 1 and 2.
Thgsé circuits éllow the intensity demand signal to be
produced from other pulse traiﬁ sources than'thbse for fhe

Gerber plotter. Two other pulse trains are supplied from
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' real time clocks. The main purpose of the first cléck-is to
ensure phat_the light source is never completely turned'off
du;ingvthe line drafting operation. This is desirabie_
 because the response speed of the lamp is limited. The
frequency of this clock is set to reflect the start/stop‘A
speed of the plotter. -Thé second clock is cOnhected when the
projector is programmed for "image flashing“. Ité frequency7 
is set to reflect the desired intensity for "image flashihg“..

The closed loop controi for fhe‘light source
consisté of error'amplifiér, adjustable-régﬁlated power . .

: supply,‘photodiode and‘current to voltage amplifier.

The demand Signél for this control normally comes
from the velocity compute circuit. However, it cah be
manually switched to an adjﬁstable reference voltage. ‘This
facility is useful for conducting exposure tests on film.

The open loop control for the attenuator blade
consists of a regulated power.supply the output voltage of
whiéh’can.be controlled by either another adjustable
reference voltage or by the velocity circuit. The primary"
purpose of this control is to compensate for different film
speeds. .

é) Interface to velocity‘éompute circuit'_

The interface to the two input chahnels of tﬁe
intensity control hardware is'showh‘in'drawing 23. This
interface uses several logic signals produced in the Gerber

plotter interface.
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(i) Pulse X SMOOTH This pulse is genefated._
every fime'the plotter X axis motor .
'increments. 
(ii). Pulse Y SMOOTH This‘pulse-ié-generatéd
every time the piotter Y~axis‘moto;‘
N increments.
(1ii) BCLK EN (1) This logic signal will be
true whenever the plotter is mo&ingi“
The heart of this interface are the digitallmulti-
plexer switches that‘connéct'thé various pulse train.spufges
t6 two input channels of the iﬁtensify control. They éOhsist
of pulse amplifiers with DCb input gates. Several logié
signals determipe which pulse tréin source is to be-connected
to the control. ’The conditions under which each Duise frain
soufce is connected are summarized bﬁ the logic statemeﬁts

given below.
- '

Source . Logical Condition

Gerber Pulses | ENB GERB = (INNER (1) + OUTER (1))
| BCLK ENB (1) - MODE (1)

Reference Clock 1 ENB REFl = ENB GERB - MODE (0)

Reference Clock 2 | ENB REF2 = MODE (1)

the that-fhe Gerber pulses are cohnected only
when the film is exposed to an image and the_plotter is
moving and the mode of the‘control is set for "line dréwing".
If this condition is not true while still in "line drawing"

mode, then Reference Clock 1 is connected. If the cohtrbl
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is.programmed'for ”iméqe flashing" then Refefence,clock-iiis'
connected to the 1nten51ty control |

The three 1oglc statements shown in this table are
generated by gatlng (23; l/C) and serve as the enabl;ng ;nputse
for the pulse amplifier DCD input gates. ‘The,eutput pulses-
produced by the pulée a@plifiers are theh widened by a delay
and fed to the intensiﬁf centrol via bus driﬁer circuité.

b)-"Velocity compute circuit |

The pulees entering the input channels X and f of
the-velocity cempute circuit are first fed to comparetor cir-
cuits (24; 2/B.and 2/C). The main purpose-ofethese‘eircuits-
is to remove ahy pulse ringing that may be present on these
input channels. The output of each comparator circuit is_then
fed to a frequency‘to VOliage converter circuit. This circuit
produces an‘ahalog voitage that is 1ineariy proportienal to-
input freqﬁency. The'frequency to Voitage converter circuits
that are used are model 3337 modules manufactured by 0ptlcal

Electronics Incorporated29

‘This c;rcult converts every_zero
crossing at its input into a conetant width pulee. These. |
pulses-are integrated to produce‘aﬁ analog voltage-tha£ ie
proportional to input frequency. . |

The total plotter velocity is then_coﬁputéd ffbm its
X and Y components by a root'sum of equares circuit model 4352
manufactured by Teledyne‘Philbrick Nexus30.- This circuif em-

ploys logarithm, antilogarithm and summing amplifiers to obtain

the resultant vector voltage from its analog X and Y inputs.
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The'large signal-oﬁtput'response of thié velocity
circuit was measured to be approximateiy 30 milliseconds
(i.ef 10% to 90% full scale respohse to é step_inputf;. ”

o The positive output voltage ffom‘the roét of
squares circuit is then inverted to negative'byiamplifiér-rl
M (S/B).‘ This extra invertér circuit is required in ordef
to provide the proper polarity deménd_voltage'to-the control
loop. | | | o
| ¢) Manually adjustable references

Normally for automatic opération, thé-output of.
inverter EM;‘is,used as a demand voltage for the control lodp.
However, the deménd voltage can alsb originaté from a'manualiy
‘adjustablé reference voltage circuit. (The demand Voltagé‘ﬁ
source is selected ménually by switch S1: 24; 6/B.} A
stable reference voltage is obfainéd from an 8.4 volt
temperature compensated zener diode (5/C).‘This-diode
regulates the voltage across a 1K} potentiometer. The
desired referénce.voltagé is set by the wiper arm of the
potentiometer and is fed to a noninverting unity gain ampiifier.
The amplifier acts as a buffer for this voltage_referenqe:sig-
nal. (i.e. It has a highlinput and low output impedance.)

d) Light source'intensity'dontrﬁl loop

The main loop of the light source intensity control
consists of a high Qain error voltage amplifier étage. 'fhé
error amplifier is constructed from a Motorola*general'puf-

pose 1439 operational amplifier (25; 3/B). It amplifies the
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difference between demand and feedback signals. Its gain is
. determined by the ratio of its external components.
The power amplifier circuit is used to increase the

drive capability of the voltage produced by .the output of

 the error émplifier. A Motorola monolithic voltage'regulatdr

circuit MCl461R'and_PNP power transistor‘MJ490 are‘used td'
- regulate a DC voltage to a value equal to that of the outpuf
of the error amplifiér. (Approximately 18 volts DC is
supplied frbm an isolation transformer, full wave bridge
and filter capacitof.) .Since the MC1l461R regulator can
supply a maximum continuoﬁs current of -5 amps, transistof
- MJ490 is added_to increase the capability of the regulatbr
circuit up to ﬁwo'ampefés. Only the final unity gain-stéqe
of-fhé regul&tor»circuit is utiliéed. It acts as a qdhtrgl
amplifier for the trdnsistor, adjusting its bgse current.
(i;e..its effective resistandef éb that the'output-vbltage
of the ;egulator wili,be eéual to that regquested by the
error amplifier.

The feedback.signél is pfdducéd by a United Detector
Technology model PIN5 Schottky silicon pin-photodiode which
is mounted in close proximity to the 1ighﬁ soﬁrce., A l/4\inch
thick heat Shieldris,mounted in front of it to protedt:it‘
from'the heat qenefated by the lamp. The phoﬁodiodéﬁis
operated with zero biasing'vditage,by directly connecting its

anode into the inverting input of a Burr Brown 3503A FET input
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operational amplifier (4/C).-7Because of negative feedbeek;'
the output of this amplifier will adjust'to keep the voltage
at-its.inverting inputrto approxiﬁately OAvolts. eHence-there
is no voltage bias across thé diode. Since the input current
to the amplifier is negligible, the current flewing'fhfougﬁ
the diode will flow througﬁ the-amplifier feedback resistor
to produee aﬁ eutput voltage which is directly related to

- diode current.

VQ - Rf Id

where'Rf is the value of the feedbatk resistor

and I, is the current flowing through the diocde.

For. low frequencies, the diode sees an input impedance of

where R£ is the value of the feedback resistor,

| and A is the open loop gain of the amplifief.

Becauee this impedance is very-low;_the current-throueh
the diode and hence the amplifiér output voltage will be
proportional to the light that ie seen by the diode24.

The photodiede is operated with zero voltage

bias in order to minimize the'effects of changes in tempera-
ture. Under these conditions, there is no diode leakage -

current and so changes in dfode current with temperéture"'

are due onlylto shifts in its responsivity. This shiftiis

approximately.3% per degree F.

Operating the photodiode in this mode lowers,ite
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' 7sensiti§ity-bﬁt'this ié not a pfoblem_sincé it iS'mopntéd_“
in close pfoXimity.to the light sdurce, Aﬁ‘the-lqweétllamp
-ihtensity setting (i.e. minimum piotter speed), the diode
current is's£i11 several orders of magnitqde gfeatér than
"the input bias.currenf of the amplifier. Therefofe cﬁénges '
in output. voltage due to ampllfler input bias drlft are
neg;lglble. “Output voltage_changes due to voltage offset
drift are also insignificant bééause the voltage gain con-
figﬁfation 6f the émplifier is less than unity.

An approximate mathematical model for the control
loop is shown in figure 4.1231.  several assumptions have_
been made iﬁ this model.

| (i) The re;ationship'betwéen putput“intensity
vs..laﬁp voltage can be aéproximated'to
be a first order transfer functibnf
(ii) The value of K2 is aésumed to be constant
| over the operatihg region 6f the lamp.-"
'(iii) ngh order poles have been neglected.

On the ba51s of thls model, output lamp 1ntens1ty

as seen by the dlode is related to input demand voltage by '

the following expre551on.

ID - K1 K2 ‘ , 1

‘ VD 1l + K K KF 1 + TLS

1 + K; K, K

F

where K, is the .gain of the error amplifier.
K; is proportionality constant relating diode current

~to lamp voltage.
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Vo o+ i : ! «
2 I
Koo T+rs [P
- L
Vp
Kp
o _ k¥, 1
U, T T+ KKK, 1+ 7,8
T+ KKKy

if K, K, Ky > > > 1 then the above expression simplifies to

b1 1
‘VD KF 1l + TLS-
KleKF

Figure 4.12 Mathematical Model of Lamp Servo Loop.
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-TL is the-time constant of the.lamp.
Kp is the gainrbf the current to voltage cdnvertéf
circuit. r
This control loop can be_approximated to be a type -
0 system. 'ThéoretiCaLiy‘its gain cén be set to ipfiniﬁy}f
however; this is_not_found in'pféctiCe due‘torthe neglécted
higher order pdles in the éystem. A loop gain setting of
10 to 20 is used. | _
The bandwidth of the error ampllfler was reduced to
10 kilocfcles per second to reduce therhigh frequency noise
caused by the frequency to voltage converters in the veloc1ty
compute 01rcu;t. ThlS was done by addlng a 47 plcofarad capa—
 [ citor in parallel_w;th the error ampl;flerb 220 kilohm feedback
resistor. |
The response of the.controirloop was‘measﬁred by
applying a step input‘voitage and monitéring‘feedback voltage
3 produced by the current to voltaée amplifier{ The'large
.signal résponse of this control was 50 milliséconds {102 to
90% outputj both for a positive étep input and a negative'
one.
e) Attenuétor bléde control
The open ioop control that Was'develOPed‘for
attenuator blade is shown in draw1ng 26, | It basically'
consists of an Optlcal Electronics Incorporated model 9684
power operatlonal amplifier. This device is capable of
driving a 5_wattrioad. Negative feedback has been applied
to this device éo that its gain will be determined by‘at;atio

of its external components.



98

The transmission versus'voltage characteristic‘.
of the attenﬁator blade shown in figure 4‘13'was'measuredh
by mountlng a photodlode at the output of the PS5 llght
head. This curve is non- llnear at low and hlgh levels of
transm1551on and exhlblts hystere51s. The effects of these
non-linearities could be reduced ‘by running the attenuator
under closed loop condltlons. As,dlscussed earller, thls:"
: approach was rejected malnly because a fairly major |
modification would have to be made to the PS5 light head
“.in order to_mount a photodiode after the‘vane,

The full scale reSPOnse of the vane was measured
to be 10 milliseconds (i.e. from 10% to 90% transmissionl
for a step input) . _ |
4.10 System Photographs |

| The interface and control for the PS5 light head:
is shown in figure 4.14. The DEC chassis shown in figure
4.15(a) houses most of the electronics. The ihtensity
control hardﬁare'shown in figures‘4.l4(b) ano (c), was
constructed in a Hammond steel instrument case.

Photographs of the basic components of-the complete
drafting system are shown in figure 4.15. The Potter MT-36
magnetic tape transport and PDP-8 computer are shown in
figure 4.15(a). PFigure 4.15(h) shows the Barr and Stroud

PS5 light head'mounted'oh_the Gerher model'32 drafting table.
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(a) Digital electronics wired on
D.E.C. chassis

(b) Outside view of intensity

control

(c) Inside view of intensity

confrol

Figure 4.14 Photographs of Interface & Control for PS-5 Light Head.



{a) Potter MT-36 transport &
D.E.C. PDP-8 mini ~ computer

(b) Barr & Stroud PS-5 light
head mounted on Gerber 32
table

Figure 4.i15 Photographs of Automatic Drafting System.

10l
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5 SYSTEM PERFORMANCE

5.1 General

'This chapﬁer discusses the performance of the PS5
iighﬁ head éﬁd assqciatéd hardware presénted in earlier
chapters. Firstly, the control and interface are examined
to detefmine-whether they have met the hardware requirements
set out in Chapter 3. This is foilowedlby a discussion oft
the line drawing énd symbo;'projecting performance 6f thé 
light head on piastic based Ortﬁo £film. This film is then
compared with other‘plastic based films that'could be uéedQ
Finally; seve:al'sample film plots are shown to illustrate
the type of drawing that is prpducéd by this aﬁtomatic
drafting.system.
5.2 Interfacerand Confrol
5.2.1 Dbigital hardwére

Most of the interface and control is constructed’
from digital circuitry. This type of electronics is stable
and requires very few adjustments.

Several control exerciser programs were writtéh‘
for the PDP-8 computer to evaluate the operation of the
controls with referénce feedback (i.e. ddve prism, mechanical
Slitrand symbol disk controls). Each ha;dware.opefation is
determined by the bit pattern of a word ih doﬁputer membry.
The program cycles through the complete 4K memory of the
PDP-8, décoding each word for the time and type of each hard-

ware operation. It also remembers where the reference origin




" position of'the control is with respect to its pfesent
'posifion._ After a predetermined number of hardwa;é operaé 
tions, the,program instructs tﬁe control to move to its refer-
. ence posifion fbr_a.hardware'check.' Such a program will ﬁdt
detect ail hardware.faults since only'referénée feedback'ié
provided by thé cdntrol. An example of such- an eﬁeht would
be if two ha;dﬁarexfaults 6ccurred bétween‘referencé éosition
cheéks sﬁch that tﬁé secoﬁd faulty operation‘cancelled duththe
first. However;.theﬁbrobability of such an event occuring
would be very low.‘
-The:final test of any control is‘tb-étudy how well
it fuﬁctiéns in its realiwofking environmeht;_ The PDP-8 plot
control program used in the automatic drafting 5yétem'ié de-
signed so tﬁat;seﬁerar'dhecks are made agﬁinst do#q,‘symbbl‘
disk and me?haﬁical Slit'refefencelorigin pdsiﬁions dﬁring‘the
~ course of a pldt. ‘Thesé controlsfblus thé other remaining one§
-can also be‘chécked.by clbsely‘exahiningjplots gf‘known graphi—
chl data.. These‘tests.showéd-that all digitai.hafdwafe could
be run reiiabiy over idhg periods‘of time. |
Thé dove pfism haidware control presénted, by far, |
the greatest difficulty in its early stageé of development.
" The main probleﬁ Qas to obtéin reiiab1e stepper motdr opera-
tion for a continuous range of speeds up to the méximum 
. required imaée rotatién'rate; 'Also,,ﬁhe method used for -

detecting the dove home position was unreliable.

In subsequent'models of the PS5 light head, the



prbblem of ”stepper motor resonance” has been redﬁcéd
because of the increaéed amount of damping available ini':'
the system. ;Re;iable stepper motbr operation can beldbtained
up to a maximum image rotation ;ate'of 600 degreés pér‘Second;
'_5;2.2 Analog hardware | | | |

A signifidaht portion of the inténsity cqntro1 is
constructed from analog circuitry. This circuitry has to |
remain stable if film exposure‘cbnditions are to be held
conétanﬁ; The feedback and demand voltages.to the:lamp'servo
loqp.ﬁere‘noted periodicaliy during tests and were‘found to
be stable. This was mainly attfibuted to‘the'uSe_of négative
feedback in the control and because of the.relativ§IY'consEant
‘temperature environment.

It was not found necessary to make any‘adjustﬁeht
.to'this controi during the lifetime of the lamp orVQVen‘
wheh it was replaced. This was believed'to bé due to seﬁeral
reasons. Firstly, it ﬁasffound'that;the;voltage'intensify.
characteristic of the'lamps used did not chahge signifiéantlf
over théir lifetime because of the presence of halogen.gases
surrounding the lamp filament. . Secondly, the characteristics.
of each lamp were closely matched to one another. Thirdly, |
the negative feedbaqk employed in the laMp_éerVO loop
provided some compensation for the varying-intensityﬂvoltage‘
characteristics of the iamps. Finally, small changesrin .

exposure conditions were not noticeable on the developed film
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oue to its large éxposure latitude.

As explalned earller, the open loop control for
the attenuator blade was also tested as an alternatlve
i method to controlllng the intensity of the prOJected 1mage.
This is dlscussed_ln the next section. The attenuator blade
is ppesently being used to compensote fOr:thé diffetont fi1m
speeds. Under eiisting_conditions it_must be set. to follyr
open fOrdrafting.on'Qrthofilm with a .004" fixed dimenSion
':eotangle. It is fof.tﬁis reason that no data is available-:
on the long term stability of this open loop control.

| The latest PS5 light head models are suppiied with |
- é 6 ;Olt 20 watt tungétén halogen light source. However, the
present 1nten51ty control has yet to be updated to prov1de for
7 the’ extra drlve capablllty.

The performance of the intensity'éOntrol ovér‘the_
ranoe of plottiﬁg speeds is discussed in the next séction;.
'5-3'Dréfting oﬁ Ortho Film |
5.3.1 General | _

| Much emphasisrwas placed oo evaluating the PS5
iight head from the cartographic user's point of view, that
_is its ability to draft on film to a very high‘Standérd.
Special test patterns'were drawn on Dupont,aﬁd Kodak Ortho
piastic baséd films. An attempt was made to identify A;L-
variables that could\haﬁe a significant effeot on the duality

and . accuracy of results.:




5.3.2 Line drafting

Most of the iine drawing tests were conqutedr‘
with a rectangular shapéd'image.although'a circular one'was
also évaluatéd; Several ﬁariables were found tq affect the
quality and accuracy of the line work; the more important
ones are discﬁssed in the next few sections.

| "a) Film

As explained in seétion 3.4;7, one of the reasoﬁsr
why Dﬁpont Cronar Ortho Sensitive film‘waé sélectedffbr'this
drawing' system was that welleefined lines éouid'be drawn
over a wide range of éxposure conditions."This means that
good line quality could be obtained without the need for a-
precise intensity control.

Film procéssing éonditions represent another.
factor that,affects_the width and density of developed
lines. The film was proéessed under similar conditioné to
thése recommended by the manufacturer. It wés developed'for 
three minutes *15 seconds in Kodalith developer stored at a
température of 70 degrees,.:2 degrees F.

Since deﬁelopment time and temperature are the two'
most critical faétors in the developing process, an experi-
ment was conduéted.to deterﬁine what effect they had oﬁ
results. In the first test developer temperature was held
constant at 70 degrees F, +2 degrees F, and development
time was varied from 2 to 4 minutes. This test was-peEermed

on a .005" wide line. The width of the line increased
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slightlylas a functibn of development time. The overall‘:"'-
iﬁcreaséiin width was measured to be less than ;0005“.
The dénsiﬁy of.thg line decreased app;eciablf fqr development
time values 6f-1ess than 2 minutés 30 seconds. In_thé‘secondf
test, aevelopmentrtemperature was varied from 60 degree$ F.‘i
to 80 degrées-F. The results obtained'with'this test were
very similar to the first. The overall increase in line
‘width was less than .0005" while line density decreased
significantly for.developer’teméeratures of less than 65
degrees F. |

| The conclusions made from these experiments‘were  
that for lines drawn with a rectangular image‘the_developmént
time and temperatﬁre_could-be varied by #*18 seconds and o
+7 degrees F without siqnificantly affecting thé dévelopéd.
line width and denéity. |

b) Intensity éontrol
When drafting lines, the intensity control must

adjuét the ihtensity of the pqueéted image proportionaily to
its velocity to maintain constant exposure conditions. This
is accomplished by varying the current through the light - |
source under closed loop conditions. The linhes obtained with
this control appeared to be excéilent even when viewed through
- a 40 power microscope. Edges weférwellrdefined,,lihé,wiﬁ#h
variation was less than .6003" and fhere was no hqticeable.@
variation in density either acroés the width or élongrthe‘

length of a line. The control was set so that a 1iﬁe'wQs



128 -

glven approxzmately 11/2 tlmes the minlmum requlred

exposure to allow for any varlatlons in: the 1nten31ty

; control and film proce551ng condltlons._,

As discussed in Chapter 5, the 1nten31ty .control

has its 11m1tat10ns since no attempt was made to cloSely--'

- . match the spectral characterlstlcs of the photodlode to. that

of the fllm._ A test was conducted to determlne approxlmately“‘
how wellrthe control worked over the operatlng speed range_ |
of the piotter; The lamp servo loop was set to itssmanualﬂ
operating mode”ji.e. a manually adjustable voltage serveé‘aa
the demand signai to the lamp servo ioop)g 'A'eeries of
.005".wide lines were drawh, all at one selected speed; Theu
‘exposure tlme of each line was varled by manually adjustlng '
the 1nteh51ty of the progected image. ‘The purpose of this test
was to determine the»minimum intensity required torproduce‘an
acceptable line at—this speed. Figure 5.1 shows a sample

of the resulta of such a test conducted at;several plotter
rspeeds. Illustrated is a,seriee of straight 1ineshthat

have been drawn with_a .005" wide rectangle at speeds of
.05,".1} ;5 and'l inches per "second. Lamp current, servo-
demand and feedback voltages as well as exact w1dth are
1nd1cated for each llne. The minimum values requlred for'
proper exposure of a line are cifdled;for each'speed. -ﬁote
that the feedback voltage indicates approximately how thefﬂ
'intensity of the projected image is changing sihce;it is

monitoring the intensity of the light source. For a given
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: éet of liﬁeé it will be appfoximately.proportidnal t6
| exposure time. ' |

-The intensity controi was then switched to auto-
.matic mode and run és under normal pletting conditions (ilel
the intensity of the light soufce was varied proportionally
to the drafting speed). Similar lines were draftea at thg
speeds selected in the previous téSt, Once again lamp‘cﬁrrent,
demand and feedback voltage were noted and cqmpared té thése
' obtained in the previous test. |

| Figure 5.2 shows a plot of minimum requiréd servo

demand voltage versus drafting speed. Ideally this curve
© .should vary linearly with drafting speed as does the actual
" demand voltage which is alsoushowh.'.However, it is not'l
:liﬁear especially at lower Qelocities.

There are two plausibie explanations‘forrthis;
Firsﬁly, it canrbe‘attributed to a mismatch ih spectral
 responsé of the photodiode and film. As plotting speed is
"decreased, the intensity of the light source decréases and
. hence its spectral output shifts in the direction of the
longer wave lengths. The photodiode sees this 1ight buﬁ‘
the film is insenitive to it. Secéndly, it is possible-
that this non—liﬁéarity is causéd by a phenomenoﬁlknown‘in
_ photography as'the reciprocity law of failure. Briefly this
law states that'maintaining a constant product of intensity"

and time does not ensure that the total energy absorbed by the
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photographic emulsion‘willlfemain constént. Thiéjeffect'can.
usually bé‘neglécted in cases where variations in tinme gnd.
lintensity are small. However, in this case if must be
con51dered, -since 1nten51ty and tlme vary by up to 28 tlmes.

The non- 11near characterlstlcs of the 1ntens1ty
control do not adversely affect the quallty of 11nes produced
for the range of draftlng speeds used. The operatlng_p01nt
of fhe control (see actual voltage demand curve) is seﬁ high
enough to ensure proper ;ine expoéﬁre_for loﬁ speeds. The
ekcéss amount ofrintensityithat is preéent'at}higher'speeds
is‘allowable beéaQSe of fhe 1a;ge ééposu;e‘latitude of the
-photbgraphic film that is used. However this does place ajl
liﬁit on_therdynamic opefating rahgé of the infenéity control.

One way of increasing,this‘j%nge‘is to match the
shape of the servo-demand,volﬁage-curve to that pf'thelminimum
required demand. A éignifiCant ihprovément can bé‘made}ﬁy_ué—
ing a diode clampihg network to limit the minimum demand |
voltage to thé.systém. (See'Chaptérré drawing 24; S/B.)'iThe
modified demand voltage curve is shown in figure 5.2.

A_mdre precise approach to meaSuring the accuraéy
of the intensity'control was attempted by makihq use of a
device called a densitometer. This inétrument.is used:to
measure film_ﬁensity. ‘The aim of the first step of this‘
experiment was to obtain the film's "characterisfic curve"

(i.e. log film density vs. log exposure ﬁime). ‘This was
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done by draﬁing‘a'sties.of‘straight lines each with a.
different“exposuré £imé. The dénsitometér.was then.used-.
to measure the dehsity'of.each line. The;filﬁ?s_: |
i characteris#ic curve was then élqtted from this dgté;
| __Thé inteﬁsity control was then operated in autof:.
matié'mode for the Second staée"of this test. The-inteﬁéity
of the projected image wés set so operqtion of thé | ‘:_
charaéteristic curﬁe was iﬁ‘the fegion-of the greatest density-
change. Straight lines were plotted atldifferent selected--
speeds..:The density of each line was measured and :éferréd -
back torthe characterisﬁic curvé to obtain variations‘in;
exposure-time. |

Tﬁe high dqntrast nature of the film made:it diffi—
cult to obtain valid-resulté from the;test.. Any slight”‘r
variation of illuminatioﬁ acroés the Width‘of the line
produced Significant changés_in'density;. Cogsequently, it:'
was_difficult-to‘obtain consistent densitomgtef readings.
Howe§er, the teét did:substantiate the findings of-the
previous test.‘ |

" As mentioned earlier, the bpen loop control of

the attenuator blade was also tested for‘pdssible use as
an iﬁtensity control. The results obtained with this device
were not as good as thosé 6btained from ﬁhe lamp-controi_loop.
This Qas.mainly attributed to the non-linearity and hystéresis
of its transmissidn veféus véltage characteristic. Since

the dynamic speed range‘of the plotter was 28:1, operatioh in
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this non-~linear region of this curve is uﬁavoidabie. Thef”
'-net-result ie thaﬁithere is a noticeable increase of 1iﬁe
width at lower epeede. H

The conclusion made from these experiments Qas:;
that this Qpeﬁ loop control wes,unacceptabiermainly becaﬁee
of the larée operating range requifed. “As noted in an .“-
earlier dlscu551on the dynamlc operatlng range of the
attenuator could have been extended by running it under
closed loop conditions.

- The attenuator blade-with its present formiof,
control can still provide the useful fuﬁction of vafying'
the operafing ﬁoint of the lamp servo loop to accommodate
for different film speeds. | | . |

| Figure 5.3 shows the tjpe—ef‘line quelity that
‘can be obtained with the PS5 1igﬁt head and Gerber plotter.
This figure; called a roﬁating sguare, was eelected mainly"
because it provides an excellent check on the overall
positional aecufaey of the plotter and on - the duality and
width tolerances of a line drafted at a variety of anqlee;w
The-eidth‘of most lines shown are ,0055" #.00025". The
width of lines drawn from the centre b; the square are
slightly larger because they have beenldoubly exposed.

c) Shape of projected image |

As was discussed in Cﬁapterrz, e rectangular.

shaped image was selected over the circular one for line
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| drawing. One dimension of the rectangle remains fixéd at'_
.004“'while therother_was varied to obtain the differenﬁVliﬁe
~widths. e m o

_ . A . : _
Several tests were conducted with the circle_ih o
‘ otder to compare its perforﬁance to that Qf.the_;ectangie.i-
In one test;7é series of straight lines were drafted'all
at constant velocity but each at a different intensity.
Each individual line was-firét drawn wifh a rectangle_énd
then with a circle. A range bf.line widths were tésted.

Séﬁeral general conclusiéns-Were made from ;his test.

FirStly, both images produced good guality lines. Secondly,
for small line widths (.005" -.015"), the intensity-for“the,c
circle must be iﬁcreased with respect to that for the rectangle,
in order to sharply define its edges. Thifdly,‘in general,
the exposure latitude fbr,the circle_is‘lesé.than that fog_
the_rectangle and decreases as a functioh,of diameter;' For
‘example, the exposure latitﬁde.of a .005" dot is.slightly
less than three while for the rectangle it is greater than 3.
However, if thérdot is increased to .OiS“ its exposure
latitude is reduced to less thah 2 while that for the =
rectangle remains the same. Finally, the circle cannot be;
used for dfawing 1ine widths‘of'gréater than .020" unless
éome means is introduced to-compénsate fér £he excessive

exposure produced at its centre.

Both the circle and rectangle were used to draft

some of the various types of lines required on a nautical
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1'chart; .The‘conclusionrmade from these tests was that the.
_rectangle should be used for stralght 11nes and smooth curves;
What is questlonable, however, 1s whether the rectangle has
any advantage over the circle for drawing 1rregu1ar1y shaped '
small width lihes such as shoreline and‘contours; The |
reason for thie'is that‘the rectan§1e must be totated in an-
irregular manner and in some cases_is unahle,to follow the
abrupt changes in directioniof the line. As 'a reSult, the
edges of the llne become jagged and there is notlceable
‘thinning at sharpeoorners. ThlS is not ev1dent when the
oirole-is used_becaose it does not,have to_be rotated.
d) . Light head -
Several components in the PS5 light head have an
1mportant bearlng on the quallty of line work.‘ Flrstly,
the optical system of the llght head must be'desiéned SO
that image epread withrincreased intensity is minimal; this
allowé a greater exposure latitude. As stated,earlier line
spreading is also a function of the shape of the projected
image and photographicifilm. For straight lines drawh on
' Ottho £ilm with a'rectangulat image, line spreading was less
than .001" for a three‘times increase in light intensity.
Secondly, all optical components must be aligned
accurately. Fot.example, if the axis of the dove prism is
not properly aligned to'the rest of the optioal syetem,f

errors in rotation will result. This is of particular-

importance for line drawing with a rectangle because its ‘
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image must be rotated about its centre. Errors in rotation.

_also occur if the centre of the symbol does not align with.'

the optiéal system of-therlight head. The éffor in rotatibﬁ_
for the éufrentAPSS light head was measured té;be ieés thaﬂ
.001" when using the 6ne-times magnification lens. -
Thirdlf, in order to avoia=improper_expo$ure 5t
the beginning and end of lineé, it is desirable to hse-light
shutters with fast opening and closing times. Then, the“.
exposure for the beginning and:end of lines can be adjusﬁed
in the light head control. The speeds of the light shuttérs

in the PS5 light head were measured to be approximately 20

- milliseconds from the time of energization and de-energization

df the shutter splenoidé. These Qpenihg‘and closing speeds
were found acceptable_for drafting on Ortho film; ‘

To obtain optimum performance from the PS5-1iqﬁt-
head, it must be properly focussed. If this‘is“ndt-doﬁe,-
the_projected rectangular image:loses‘its shape. It was
found through experience that line endé,become rounded'énd
line edges were not well-defined. -Perhaps more important was
the loss of exposure latitﬁde. This point is illustratéd in

figure 5.4. This series of curves was obtained by drawing

a set of constant velocity straight lines at different

projector heights. Line width was then plotted as a function

of absolute projector height;_ A family of curves was

obtained for different image intensities. Note - that line




00 v LHOIEH 378Vl

139

um,,._o? ..a«a,omf.n:.o:?.oﬁﬁ,?,o..«, o_...omy.,om- .on,__ 3-.
1 | 1 1 L L S N RN NS N— L

Ajisuaju wo.:o..o*om sl

1 X0l

1 ]

<

o
J100° Ul yipmeur

Figure 5.4 Linewidth verses Absolute Projector Height



140

.Qidth variation with intensity is ﬁinimal‘in £he region of
focus of fﬁé'projécto;. | |

‘The reader wili.qote that the region of. focus of:
thié projectof is ext;emeif critical (.010").--Tﬁe'appro#imate
theoreticgl valﬁé.for-dépth of field for thé PS5 light héad'
is .- | ' |

5.1

where Eb ié the diaﬁeter Qf the exit pupil, |
Fo is the focal_length of the objectivé lens,
and Dy is thg acceptabie dot size of the proﬁected image.
Sﬁbstituting known values pf Ep = .30", FO,“;1.54“,

Fdw.OOOS“{ the depthlof field becomes D. = .0025". -This

£
" figure compares.favqurabiy-with the curvés Shoﬁn,in figure
5.4. However, this value is somewhatrless‘than fhat obfained
in pracfice because eguation 5.1 does ﬁot take into account
the film's response to different‘image-intenSities.-

 Examination of equation 5.1 ihdicates that the .
depth of field can be inc¢reased either. by increasing thef
focal'leﬁéth of the objective lens or by decreésiﬁg the
‘diametér of the exit pubil. Increasing the focal length of
the objective lens will decrease the demagﬁification factor
relating disk mask size to projected image as wellras
increase optical élignment errors.

Decreasing the diameter of the exit pupil can be
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done only at the expense of decfeasinc the intensify,of-the:-
projecfed image._ The depth of field variescinversely.with-
diameter of the exit pupil, while the intensity of the
projected imace varies proportionally‘with its sqoare. Fofe
example if the diameter of the exit.pupillwere reduced to _
half, tbe depth of'field would be-inCreased by a factof of two,
whereas, the intensity of the projected image would_be )
decreased by‘a factor of fourf SeleCtionfof-the-most
desirable ex1t pupil, therefore, 1nvolves a trade-off

~ between the de31red 1mage 1nten51ty and depth of f1eld

5.3.3 Image flashing

"Image flashing" is a simpler process than "liﬁe
drafting" since the plotter is stationaryL- All symbois are-
projected at one constant_intensity.‘ Shufter,opening and
closing times are controlledlto obtain the correct'exposure
for the dlfferent magnlflcatlon lenses.

The variables that affect the quallty of symbols are
similar to those descrlbed for llne‘draw;ng. Tests on Ortho
film showed that good qualitf symbols could be obcained with
as much variation as $25% of the optimum exposure time.

The errors associated with "symbol projecting".are
‘due to the inaccuracy of placement of each mask on the symbol
disk combined w1th those ‘of dove rotation and selection of
magnification lens. The comblned symbol placement errors in
: the current PS5 light head were measured to be less than

-003".
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Figure 5.5 shows a sample of several hydrographié

- symbols projected at the three different avaiiabie _

" magnifications:

5.4 '_Drafting on-Other Films

Several other plastlc based fllms were evaluated.
Much of the evaluatlon was devoted to comparing the exposure
latltude-and dimensional stability of each film. As
explained carlier, films with a highdexposure latitude are-
desired because they relax‘the'requirements for a precise
1nten51ty control. Dimensional Stability of the drawing‘
material must be empha31zed malnly S0 all colour overlays

can be properly reglstered to produce the final chart. "Most

- of the fllms tested were manufactured by Dupont or Kodak.

a) Exposure 1at1tude
The llne draw1ng capablllty of each film was

compared by u31ng the sane technlque as descrlbed in sectlon‘
5.3.1(b}. A series of stralght-.OOS“.wzde 11nes—were drawn
all at the same speed but each with a different intehsity.r
Relatlve values of intensity. ‘were obtained by notlng the
feedback voltages produced by the photodiode and amplifier
mounted close to the projector light source. The films
wvere compared by_plotting measured line width versus
logarithm‘of feedback voltage. - The logarithmdof_feedbackr_

voltage was used so that films would be compared on the

- basis of line spreading versus relative exposure change.

This is more meaningful when attempting to compare films
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Figure 6.5  Sample of Hydrographic Symbols.
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.of different speeds.

Oﬁly a rough comparison could be made because of
llmltatlon in the accuracy of intensity and llne w1dth
measurements. Generally, fllms with comparable speeds had theﬂ
same slobe.- Dﬁpont Halftone thho, ‘the fastest fllm‘tested.
‘had the most gradual slope while chak'High Speed_puplicatiag
film, the slowest film cested} ﬁad,the steepest 51ope. ThéA
results of theee'exposure tests are summarized~in'tab1e 511.
The film,: manufacturer, speed, and exposure latitude are
1nd1cated in columns 1 2, 3 and 4.‘ The figures given for
fi;m speed are relative to the intensity required for the
reference fiim; Kodak_Orﬁho 3, which has a speed rating of
ASA 6. The cricericn used fcr exposurellatitcde was_basea
- on the,relative increase in intensity that produces arline:
width increase of less thaﬁ-;OOl".' The figures gicen fcr'A
speed and latltude are approximate. |

It is lnterestlng to note that all fllms tested,
‘with one exception, are used to produce a drawing 9031t;ve,_
that is, those areas exposed to light appear black when
developed. In the case of High Speed Duplicating film,
the opposite effect takes place; this is due tc a chencmenoh
called "solariéation“s.‘ This film is usefui iﬁ caseSiQhere
a drawing negative is desired instead of a positive.

. b) Diﬁensional stabiiity “
An experiment was devised to stﬁdy the effecteiof

environmental and processing conditions on the dimensional
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staﬁility,of sevéra;-plaStic;baSed‘filmé.:‘In the‘testll
conduCtgd, at.atteﬁpt was made to'Simuiéte, as much as
possible,rthe éhvirénmentél conditions ndrmaliy encouﬁteﬁed_
in pfactice. (Nété that, at préSent, both processiné and
plotting areas have é temperéture control. -Theré is ﬁé  '
.humidity control in the processing area and only én'
inexpensive humidifier in the plotting area.) A éeries of
croésés weré prpjectéd.onto'film,‘ébaced-apart at kﬁown |
distances. The film was developed and rémeasured,under the «
ééhé environmehtai conditionsf‘ It was_theh placed in a
relaﬁively undontrqlled environment for ten months and finally
remeasured again. l

N The resu}ts of this éxperiment are of limited value
‘mainly because of,the'laék,of a gooq;humidity~cqntrol.for
both film exéqsure_and'proceésiné.environmentsﬂ In_alljcases
the errors measured were small and comparéble‘to"the
positional'accuracy of the‘plotter.. The maximum'efrox_meésured
was .02% (i.e.'an_.OOBF increase on a 40 inch_line),b‘it was
therefore difficult to make a fair cbmparison of the film#_
tested. | B

Howevér, several géneral conclusions were made

ffdm:these tests. Firstly, the filmé with synthetic '
emulsions such as Dupont Cronar Orthd S and Kodak Kodaline
were the moét stable of those tesﬁed.' As explained.earlier[
the manufacturers have substituted stable resins in place of
the animal gelaﬁin that is no£mally used in emulsions.

Secondly, all films tended to shrink slightly after a period
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of time. Thiroly,‘and most_iﬁportant,‘thia'taSt pro&ed rhat '
in most cases it is unneoessary_to-uSé a sophisticated
,-hnmidity control whenrdrafting on thése stable films. .Only
y an inexpensivérhumidifier'can be.osed to match'the humidity
conditions of the plotting and processing environments. -
5.5 SampierFilm'Plots |

" The PS5 light head'and aésociaﬁed hardware is now
part of an operatloal automatlc draftlng system 1ntended to
be used to draw nautlcal charts. Most productlon work done
to date has been for;“mathematlcally based“ llne data, that
is graphlcal data that can be generated from a computer |
program as opposed to fleld survey data. Examples of thls
~are chart borders, pro;ectlons and lattices used in conjunc-
tion with radio naﬁigation. ‘Figure 5.7 shows a sample of a
- ~Mercator projection with a fuliy graduatéd,border. A sample
of a Loran hypérbolic lattice is shown in figuré 5.8. ,Ail
lino work in these two figures has been done with a
rectangular éhaped image. |

Much experimental work haslbeen,conducted with
plotting. field survey aheets and chart bases. Figure 5.9
shows a sample plot of some shoreline and soundlngs. In
this flgure,-the‘shorellne has been done w1th a c1rcu1ar:

shaped image.
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6. CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions:

The purpose of this work wae to eelect and
implement the most eui#able drafting device fortah automatic
drafting system intended to be used to draw‘nautical charts.
This sysﬁem'consisfed of a'Pcfter MT36 maénetic ta;e |
transport, a Digitai Equipment PﬁPée mini—computefjend'a
Gerber model 32 precision drefting table.: The maiﬁfrequire;
‘ments for this drafting instrument were that it produce high
quality and accurate drawings, that.itrbe vereatile so that
a large number of Iine widths end.symbole coﬁld berdrafted,
and that it requlre a minimum amount of operator attentlon.

Draftlng dlrectly onto photographlc film with a
light beam was selected over the pen on paper and scrlblng
on mylar techniques because it best met these requirements.
The rectangle and circle were selected from several possible
image shapes that could be used for draftihg lines. The
rectangle was preferred because it most easily met the
requirement for squared corners and several line widths with
tight width tolerances. | |

Different wayerof-producing a beam of Iight were
considered. The_conventionel optofmechenical method of
using a light'source, set of mechanical masks and optical
system was selected because of its 31mpllc1ty and also due to

the availability of commercial units. The Barr and Stroud
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PS5 light,heed wasichosen from ther‘instrumenfe mainly -
ﬁécause it offered a larger‘number'qf-eutomatically
aceessible eymbqls, eembined‘with'the abilityhtb set the 3
ahguiar‘orientation of eny imageiprojeeted;onto'film.' Thie
latter featuee.ﬁas essential for -both "line drafting” aﬁdm
"image flashing". | |

A control and interface unit was develeﬁed-fo:

the PS5 light heed so that most of its functions could be ,
programmed by a PDP-8 mini-computer. Controls wefe developed -
to set image orlentatlon, to vary one dimension of a |
rectangle used for drafting dlfferent line w1dths, to select
the desired symbol for projection, to select‘one Qf.three,
possible image magnifications, to opern and cloee inner and 7
outer‘row'lightlShutters_end'to:contrel thelihfeneity of'the
projected image.for bothl“line drafting" and "iﬁage flashihé".

Most functlons requlred some form of p051t10n1ng
control. An open loop control utlllzlng a stepper motor“
was employed where possible because of its simplicity and
compatiﬁility with'digital circuitry. |

The intensity of fhe projected image was controiled
by.varying the_current through therlight'source. Thisrlight -
source was fun under closed looé conditions in order to |
obtaie the necessary linearity and speed of resﬁonse.' This
simble form ofrcontrol ﬁas‘adequate'mainly becauee of;the
large expesure”latitude of the photographic'films that wefe

used. .



153

‘ An attenuafor'bléde waslalso évéluatea‘fdr possiﬁle
uée.as an intensity cdntrbl. It was rejected mainly becaﬁée'
of the noﬁ-linearitigs in its inténsity versus voltage |
charaéterisfics. Nevertheiess,-it still providéd-a
convenient.means of compenhsating for a-larée ;angé of film
épeeds. | | | |

The PS5 1ight head_wiﬁh aséociated interface and
control wasrcarefﬁlljleValuated to ensure that all design n f-
goals.had-been met."Spécial PDP-8 programs were.wfitteﬂ'to
exercise.severél_ofithé contrdl'functions'continuously. fThe
PDP-B-drafting confrol progfam‘Was‘designed sorthat §eri0dic-
checks could be made on its majofﬂfunctions‘during the cbursg
of a film'plot.'.TheSe tests proved.that”all hardware |
operated reliably fo; ipng periods of time.

‘Much effort:was devoted tb the importantrevaluation
of the performéncerof the PS5 light head on plastic based
| Ortho f£ilm. ’Therpurpose of these tests wererthfeefold. The
foremost was to ensure that the PS5 light head waé;cépéblérdf
meeting the requiredudrafting stgndards. 'This wés_done by
- drafting graphical data as required on a,ﬁautical chart
as well as by the use §f special test patterns. :The results
wefe étudied carefully with é 40_power.microscope.‘ These
tests coﬂclusively pfoved that_the required dréfting standards
had been met. | | |

Secondly, an attehpt was made to identify and study

the variables affecting,both "line drafting" and "image
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flashing“. Some of the more iﬁportant variablés studied.
were film'exp05urerlatitude} film'proéeséing, intensity
Cohtfoi, shape'bf projectéd image,.ﬁhe region of focus_énd
poéitional_accuracy'of the PS5 light head. “A sérieS'of‘film'
tests was devised to determine how variétionslof each
parametef affected results. Most of thelﬁésﬁs were condﬂcted
on Dupont Cronar Ortho S and Kodak 0rth6-3 films. |

| These tests pointed out the limitations of this.
drafting system. Fi:stly,-for‘line drafting, fhe fequiréd
' demand voltage for'thg.intehsity control servo.had non-linear
characteristics'espécially fof low plptting spegds,n Thisl
factor limits its operatihg range. It can be increased by.
intfoduping the attenuator blade ihtorfhe light héad‘o§£iéal
sYstem}r'Secondiy, the focussing region‘of the PS5 light __
head is narrow (.010")and therefore an accufate height
-adjustﬁent and affiat drawihg surface ére essential for
operatibn.

These. film tests aiso proved that aréirquléi light
spot can be uséd‘to produce high quality small width Iiﬁés;
This coﬁfigufation should be seriously'cénsidered as an
alternative to the rectangle for draftihg curved lines-since
this eliminates the need for dynamic rotation. |

Finally,ﬂseveral other plastic based filmé were
evaluated for possibie usé inAthe automatic drafting system.
Experiments were conducted to compare the expoSure:latitude

‘and dimensional stability of each film. The results obtained
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from these tests were not'conclueive because of the
limitati0neiof‘the environmental control and test instroments}
'HOwever, they,didfiﬁdicate that there are Severai filnms avaiiF
able fhao—are comparabie‘in performance to Cfonar.drtho S; V
ahd'KodaR Ortho 3 film. | |
6.2 Recommendafions'
| In the writer's opihion, there dreréeve;al featopes
in the light head that could be improﬁed to make if more
fuseful to the-Canadian HydrogrophiceSerVice. Flrstly, the“
number of automatlcally aCCe331ble symbols is still not |
great enough. At least 150 symbols are required to plotf e
the chart base. . | | 7 B | |
Secondly, alfhough ehere is a facility for varying
the magnificatioh of.projected eymbols;‘it would Le desirable
-to have. a continuously ﬁariable‘megnificatioﬁ System. ‘The
. light head could then also be con51dered for use as a name_o
' placement dev1ce. _ |
'Thifdly,,the‘narfow reoion of focus-of_the PS$“
light head make height‘adjostments c:itical and limits i£s5
use to flat.table surfaces. *hisufocussihg problem has been
overcome in later models of the’PSS light ﬁead with the :
introduction of an air bearing.. This ensures that the‘final'
lens in the light head's optical system reﬁains at a fixede
distance from the sorface of the film. | o
Flnally, 1t was found through the experlence

galned w1th the PS5 light head that it was difficult to




- 156

replace many of the cémponenté thatvﬁea: out through normal
operation. In the writer's opinion, sOme-of'the compacﬁness
of the 1igh£ head-should be Sacrificed in order tp‘faciliﬁate
the replacement procedure for the'user. |

The writer questions the choice of the three phase
steppef motor used for the rotatipn control. The circuipry
required to implément a 30 degree step size is fairly
complicated. _

This coﬁtrol could be greatly simplified if a
multlple stepper with “b1f11ar" windings had been used. .Ih
a stepper motor of this type, each stator coil is Spllt into
- two sections. One half of the coil is wound in the opposite
direction to the dther half. ‘fhis eliminétes the need for
a bidirecfionalidrive circuit'since the desired flux isp
obtained by driving either one of ﬁhese coils.

The mdltipdle magnetic rotor eliminates the need
for a large nﬂmber of logic Statés to develop a small motor
stép size. | | o

One of the main limitations of the opto-ﬁechéﬁical
mgthod of producing a light beam is the limited number pﬁ B
automatically accessible symbols and the fact that a&diﬁions
and modifications cannot be made easily. Some manufacturers
have tried fo overcome these problems by‘iﬁcréasing the - _
number of symbolé and by'making it possible to'ihterchange-'
each symbol 1nd1v1dua11y However, this is dpne at the

expense of maklng such a llght head more bulky and expen51ve.
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' This still does not solve fhe problem of‘easily‘producing
new symbols. | | - |
As suggestgdrin Chéptér.Z, these.problems gén be

' overcome'by usinglan,électronic méaﬁs to produce fhe symbol.
Both the cathode ray tube and matrix ofligﬁtlemitting'diodes.
should be invesfigéted fof‘thisturpose. ‘Such a deVicé could
- project an unlimited number of syﬁbols,in a large #ériety'Of
sizes. | | | | l_

| | It is the opinion of the writer tﬁat iﬁ~the light
of today's high_ievel qf_techhology such a system cou1d be
deVelopéd that would compete in p#ice'with commercial

opto-mechanical units.
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APPENDICES

'Appendix A: Relative Exposure.Expression for:Rectahgles,
Circles and Annulars, |

A.l General -

| This appendix contains the‘derivatiohs of the
general expressions for»the relative exposure acrOSS a
llne drafted with a rectangular, c1rcular or annular 1mage.'
This is a function of the image shape used and the radlus ;
of curvature of the line being drawn. Therexposure tlme as
a function of pOSition across the 1ine'is first.Calculatedr
.ThlS expre531on is then normallzed by d1v1d1ng it by the
exposure t1me obtalned for a stralqht llne drafted w1th a
rectangle Whose'fixed dimension is .004"- It is assumed
that the 1ntensrty of all progected 1mages is the same.
A.2 Rectangle |

In thelcase of the rectangular image, it.is
assumed that‘the rectangle is'being rotated Smoethly‘so-}
that onedof its dimehsions_ls always:facing.in the di-
rection of_travel. The relative‘exposure expressipur
is derlved in terms of the follow1ng varlables-
2L = length of the rectangle,

2W = width of the rectangle. This sets the;line

_ w1dth,
RC #,radius of curvature to cehtre of the-rectangle,'
Vt = tangential_velocity of the centre of the_l

. rectangle. | |

Three different relative exposure expressions are required
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for the rectaﬁgle as depicted‘in figure A.1. 'Each_regidh
-:is-defined in terms of the distance:from the:éentre.of |
thé'radiQQ of the line being,dr&wn. |
region ; (Rc'— w) $ R_§ Ry.
E regioh 2 R <R < Ry.
‘region 3 Ry < R < Rs. '
‘ Whefe R;, Rz, R3_can‘be défined in terms 6f the'ihput'

variables

Ry = VLT3 (R, - W7,

R, = R+ W, and

Ry = /I (R ¥ WZ.
(a) Regidn'l

-The éxpressioh'for exposure time is
where I is the_inténsity,

and t is the time |
"Also . . S F_Vt
" where S is therdistance

V is velocity,

and t is time. -

Solving for timer'

Vo ‘ , .2

Substituting 2 into 1

ro- IS - -
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Referrihg_to the Figure A.1l(a)
cos © = Rc,é W'

R

0 = cos”

C
R

The length § can be céiculated from the‘f§IIOWing e#préssi@n
A=20R. ST .5
 Where A is the arb'length; |
‘é is the'angie.iﬁ rédians,,
and‘R‘isrthe radius
 substituting 4 into 5

‘ 1
A = 2RcOS’ [R' - W

the expression for tangential velocity is
Vt = ch

where\}t is the_ﬁanééntial velocity at thelcentre of the
rectangle, |
w is‘the.angﬁlafrveldcity of rotétion,
ana Ré‘ié the radius of curvatﬁre.

Solving for w

| m =V :
.7
thé velpéity of any point at a ;adiué R'frbm the centre
of a curvature is | |

V o= UJR - | ‘ . V -8
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Substituting 7 into 8

V= Ve R S

- Te

-Substitutiﬁg 9 and 6 into 3, the expression for exposure,
. becomes

c .10

R

R e _1
B I 2Rc cos
v

t

R - W

(b) Region 2
ﬁefér to figure A.1(b). ‘Similér logic éan'be uSedrto‘
derive all otherlexpréséions fpr.exposure time.r Thére--
fore an abbfeviated derivation wili be presented. |
In this case .
- @ = sin” [Q]. | o a1

' Substituting 5, 11 and 9 into 3
1

E -~ I 2R, sin [g] 12
T R
Vi
{(¢c) Region 3
Refer to figure A.1l(c).
0 = 0 - 0 ‘ -
21 -1 _
= sin [g% - cos !RC.+'W] ' . 13
\R TR
Substituting 5, 13 and 9 int0'3
_ _ 1 1 o
B = I 2R, lgin [L] - 'cos” (R4 w]
. = c .14
Vt R : —_—
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: (d) Norﬁalizing |
' The expoSuré time forlthe'bentre-of a straight
line can be obtalned by substltutlng R =" 0o infé the
) cxposure time expression for rcglon 2 |

.. o | : o 7
llmlt I 2R . ] 2L . . .15

c sin  (L_|_
‘Rc_> ® Ve ‘ch'-”vt

- For the case where the fixed dimension of the rectangle is.
.004" (i.e. 2L = .004") thelﬁormalized.expréssions for

. 'exposure become

" Region 1 (R_ - W) < R < VDT ¥ (R, - W~

Bhir, ™ Re ~cos R, - W .16
L0002 R
" Region 2 /L7 ¥ (R, - W) <R < (R_*+ W)
| : L
Ep, = R sin f[%}_ 1
002 T
Region 3 (R_+ W) <R < /L*+ (R, + W)°
. o . =1 ) - | -
By, = R, |(sin [%] cos R, + W 18
.002 R

A.3 Circle

- Refer to flgure A. 2. Iﬁ this case the ekpresSion-
for relative. exposure is derlved in terms of the follow1ng
lvariables | “

r is the radius of the circle, where
- < < '
Rc r R R + r

RC is the radius of curvature to the centre of the c1rcle,
and V is tangentlal veloc1ty of the centre of the c1rcle.

The cosine law is used to f1nd 0
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Figure A.2 Circuler Image.
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2 _ pz :2_;'_ o SR -
| ; - R® 4+ R_ _ ?Rgc_cos © R .19
: U L R '
' Solving for 0.= cos [Rz +R? - rz]

SRR .20
C.

combining this expression with 5 and 9 of the brevious
_ section and putting in 3, the expression for exposure

“becomes

.21

R2‘+'Rcz - r?
2RRc

Normalizing this expréssion'with respect to'éxpésureltime"L:
obtained for a straight line that has been drawn with‘a]-

rectangle whose fixed dimension is .004" (see equatidn 15)

=1 -
E = R_ cos [R2 + R 2 -'rzl
c S e

nc
-002 2RR

22

- wil » R, - F < <
where R, - r < R < Rc + r

: A.4 Annulus

VIn the case of the annulus, the expressiéh for'_‘:'

: relativelexpoéure is derived in_terms of the fqilowing
Variables-(Refer to figure A,3(ai)
r, dutér radius of annulus,
r; inner radius of annulus,

r

& tangential'velocity of the centre of annulus,

and Rc radius of curvature of line being drawn.

As with the rectangular image}'the annulus has to be

' divided into different regions.
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. region 1: {Rc - rc;]'g R < Ry and R, SR [Rc+ r)
région 2: RI“S-R é R,
: wﬁere R, = Re % r,
32 E.ﬁc'* #i
(a) Rééion 1

Refer tb figure-A.3(a)

The derivation of this.expfession iS.idénficél'tQ].
*;that‘ﬁor a dirdle (see equation 21)

. o 21
- E=1 2 R cos
[#4 : -

Ve

N
B

R2+ RS - 1 ° R
ZRRC

(b) Region 2

Refer to figure A.3(b)

0 =0, - 0,

again using the cosine law-
S -1 S -
e 32 2 _ . 2} - ‘52 2 _ .. 2

0. cos R® ¢+ Rc ro | Ccos R* + RC ry
" 2RR RR .
e 5%

| S

, - .24
combining this expression with 5 and 9 of the previous '
section and putting into 3
. . 1 P
2 2 _ ..o2Y = - 2 z - 2
R* + R r cos .{R_-r R’ ri-]

0 .
: 2RRC

E = I.2Ré cos

125
(c) Normalizing
Normalizing the expressions. for regions 1 and 2
with respect to fhe exposure time obtained for a straight
line that has been drawn with a rectangle whose fixed‘die 

mension is .004" (see'equation,lS)
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(b) Region 2. Rc-r;SRERe +1

Figure A.3  Annular Image.
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Region 1 Ena1 = R, cos  [R? + Rc:2 - 1:02
: .002 2RR_
c’
where [R - ro] SRR, - rl]
and [RC+ ri] < R [Rc+ ro]
_ Region 2 _
1 P 1 _
s - : 2 2 2 -_— - . 2 z2 - '2
’_ Enaz‘ Rc cog R¢ + Rc _ 1;0 | cOSs | R + Rc__ ry
.002 2RR ' ' ?3Rc
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Appendix B: Operating'Prinoiple;of DOVe Prism. o

| A sketch of the dove prlsm is’ shown at the top of
flgure B. 1. It is shaped so that llght rays enterlng face A
w111 be refracted and bent downwards, strlklng the bottom face
of the prlsm at an angle whlch is greater than the crltlcal
angle. (The cr1t1cal angle is “the smallest ‘angle of 1n*-1
' cidence, in the medium of greater 1ndex, for which 11ght is
totally reflected“ j Theoretlcally then, all 11ght rays are
internally reflected and ex1t out of face B.-

The‘dove prism is sometimes referred'to as the
inverting brish because it interchanges-light rays paseing
through it. This is 1llustrated at the top of flgure B l(b)
Two parallel rays 1l and 2 enter the left of the prlsm.‘ﬂBoth_
ray l and 2_are refracted and then reflected, - Ray l‘travela
a Longer distance thah ray 2'before it'is,reflected-and"
cohsequentiy itrexita‘the prismlbelow-ray 2. The bottom of
figure B'l(b)—Shows the same light-rays_.oniy thie time the-
dove prism has been rotated 90 degrees about 1ts axls. Note
that for a 90 degree revolutlon of the dove prlsm, the output

rays appear to have rotated 180 degrees.




axis of rotation /'f
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ray 2

'ru‘yl.

 Dove Prism Set fo @ Degrees

ray |

ray 2 —

) —

J

ray 1

e POY 2

Dove Prism Set to 90 Degrees

(b)

Operation

Figure B.l Operation of Dove Prism.
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Appehdix C: .DEC'“R" Qeries Logic .
c.1l General | N

| The d1g1ta1 electronlcs used in the PSS 1nter-y
face and COntrol was constructed mostly out of Dlgltal _;
Equlpment Company (DEC) “R"‘serles flip- flop modules.
' These modules are based on the dlode trans;stor.loglc-
family and can be eperated up toxspeeds~ef 2 ﬁeéaherté;
This appendlx glves a brief explanatlon of thls logic
famlly16 17, followed by an explanatlon of the logic
conveﬁtion used in the gYstem‘drawings fof fhe'PSS
interface and control. | | -
C.2 Basic Buiiding-Block

The-baSiceinverter,eircuiteused.in the DEC‘“Rﬁd

series 1og1c is shown in figure C.1. WheanNPUT to'diede'
D1 is tied to ground tranSLStor Tl,'isbturned eff}.‘Diode'
D4 becomes forward,blased and clamps the OUTPUT,mcollee;of
- of transistor Tl' to -3 volts. If the IﬁPUT*is tied tor
-3 volts, the base- emltter Junctlon of tran51stor 'I'1 will
‘become forward biased causing it to go 1nto_satu:at10n.
Its output ﬁill therefore'ge'to approximately ground‘
and D.

Diodes D are added to the base path of

2 3
Tran51stor Tl to 1ncrease 1ts DC noise margln.

. The INPUT termlnal of this circuit draws one
milliampere when it is at ground. When it is ati-31volts,'

diode Dl is reverse biased and so it draws only. the leakage

current of the diode. ‘When_transisto: T, is turned on it




4 ©@Voits

175

' ' D
7.5 K Ohms 4

T

— 15 Volts -

(a) Basic D.E.C. 'R’ series inverter

DI Node2 - 100pf

 Nodel- Ds

jonditioning

Pulse Input O——} -§— —] }

o2 | D03

Input  O——pt——@— —Dt—

?lSK.

I

-« 15 Volts

(b) DCD gate

' ~—0 Ou\‘put

— 3 Voits

Output:

—— —————0 Level Input

Notes: |. Diode D; -Dg
: -IN3606

-~ Figure C.| Basic 'R’ Seri_es— Inverter & DCD Gate.
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is‘eapeble of supﬁlying a total of-20 milliamés of‘eﬁrreht.-
_Two‘milliamps is required forethe collecﬁor-lqad_resisper}-
the remaining 18 miiliamps can be used to drive external
loads. Many of the requlred logic elements can be con-
structed from thlS simple’ c1rcu1t. For example, the negetive_
NAND gate 1s_made 31mplyaby'addlng more'diodeé in.parallelﬂ
with diode Dl' An R-S type fllp—flop can be constructed ;
by cross coupllng the outputs of two negatlve NAND gates.
C.3 Diode Capa01tor Dlode-Gate' |
- One-of-the‘uniqueefeatures Qf-DEC "R" Series logi¢

is a circuit called a‘diode capacitor diqde 1DCD)'§ate; |
shown at the bottom of figure C.1. This eircuit_eneblee
ﬁany of the logic elements to be AC'coupled _ it performs
o a logical AND operatlon on PULSE and LEVEL inputs. A
positive pulse or p051t1ve 901ng level tran31tlon applled -
to PULSE input w1ll_cause it to-trlgge; if the'LEVEL ;nput
ié held at ground. Beeaese of the presence of capeciﬁor Cl,
the circuit is able to "remember" what the7eohdition of the .
LEVEL input'wae prior to the puise..-It;is thefefore poééible 
to trigger it and simultaneeﬁsly‘change the level input;_'
This feature is extremely uéeful when‘implementiﬁg logicale
functions. :Foreekample,'any flinflop that hastCD'input
gates can be Sampled'ahd ioaded simultaneoﬁsly. -

| When the LEVEL input is tied to”ground; eqde'l'_u

charges to 0 volts. Node 2.is clamped:to-—3_velts by
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- the CONDITIONING input. ﬁhen a -3 volté to ground,tfahf.n
sition is'épplied to the PULSE inﬁut; node 2 goes to _ 
ground and node 1 goes td +3 volts. Thiél+3-vp1t'pulse?}k
is used to iﬁitiate the turn-off of a transisﬁof-(noﬁn
‘Shdwn).and.is directly éonnectéd to'its-base'ﬁhrouéh.
diode D5. _ - _ )

Iif ﬁEVEL input is heldrto -3 véits,-hode-l will .
éharge‘to -3 volts. When node 2 goes to ground,:nodéil:r -
will be faised from -3 volts to ground. This is not
isufficient to forward bias'diodé D5=and hence no_pqlsé is
transmitted tQ,thefOUTPUT.  o

The CONDITIONING input to this cirégit,is é@méé‘,
times used in pulsé,steering applicatiqns; This enébléé
flip~flop§ with sét'andr;eseﬁ’DCD inpuﬁ gatés'to bé”con-
nected to opéiaté_as JK flip-flops. The reset_gate-is_
conditioned bf the "1T ouﬁput.of the flipvflqp, the sét'by,
the-”O“ Oufput. The PULSE inputs of Both gates are tied‘tp-
‘gether. The CONDITiONING input steé;s the triggering pﬁLse
to the desired DCD gate. if.fdflexamﬁle, the flip-fidp_iéj"-
in the:oné state,_éhly the resetrgate can be pulsed. 'The 
flip-flop will be reset by a clock puiSe if the;resetrlevel
input is-at ground. | o '
C.4 .LogiC'Symbology o

The conven#ions used3in‘the logic dréWings _ 
presented:at:tﬁe.end_éf_Chapter 4, are similar to tﬁe'qld

conventions ﬁsed by DEC for their R series modules. "This
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_conGention was adopted so that these drawings_would.be
‘eompatible to the rest of the 1ogic_drawings'for‘£her-
automatic draftiﬁg system. |

A mixed logic convention is ﬁsed, thét:is, ;3
volts can represent a logical 51" or "O". 5The-as$eftieh
levels for each gate are always shown. . It can normally
be assumed that if the.asserted ihputs te-a gete efe_.
negative it is performing a logical NAND 6pefation and-if .
fhey efe'pOSitive it is performing a loQical NOR. In
cases where this is net tfue the.logica;ffuﬁetion‘ef ihe‘
gate is 1nd1cated by placement of F'“ {AND) or "+" (OR)
or_“A“ (INVERTED) W1th1n the loglc symbol of the gate.

The assertlon level of each s;gnal.name corres-
ponds to the level of the input gate., Someﬁimes dn-H‘-
{ground} or L ( 3 volts) is- placed after a 51gna1 name '_-
te indicate its esserted ;evel. |

rTﬁe symbols useaffor each logieal eiement areeg*
summarized in figure C;2;  ihe.standard levei‘and puisef
symbeis,are ehqwn ih,C.z(a); C.2(b) shoﬁsffhersymbol_fére'
the DCD gate although it.is never seen alone. Noﬁe that
this gate is trigéered by e positive going edge of a pﬁlse.
or level fransition. The inverﬁof, negative.NAND and -
positive NOR gates;ere shoyn‘in figufes C.2(ci; (df, and-(e).
" The symbol for a flip-flop is shown in figure C.2(f); in this
case it is'shewh with two DCD gates although several poe4-'

sible other combinations are available. The other commonly
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used 1Ogica; eleméhts; the monostable, oscillator and-pulse_
‘ampligier are shown in‘c.z (g), (h) and (i). - The_symbdls_'
for other less frequént1y~used logic elements can be found

in the 1968 "DEC" "R" series handbook.
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