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ABSTRACT

The increasfng demand for cartographic data in digital
form has resulted in a need for a low cost digitizing system
capable of rapidly digitizing large binary image areas. In
the past, cartographie data has £for the most part been
digitally represented in vector form. However, the advent
of powerful image display and processing devices, and the
generation of large amounts of raster scanned data from
sources such as Landsat, have made the digitizing, handling

and storing of data in raster form attractive.

This thesis proposes a digitizing aystem based on a
mini-~computer controlled £lat bed flying apot scanner. Map
sheets c¢an be digitized in bBinary form at a resolution of
+004", with additional facility for the detection of lines
as narrow as .002"., Scanning a 30" x 30" map sheet takes
approximately 10 minutes; the raster data is passed to the
mini-cosputer (a PODP 11/60) where 1t ecan be further
processed if required. A simple run length coding scheme,
based on the statistical nature of  raster represented map
sheets, compacts the data into a form suitable for storage.
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‘1. INTRODUCTION

1.1 The Need to Digitize Haps

Large amounts of cartographic data exist in the form of
. MAP sheets; Whilst these map sheets are usaful for visual
examination, newer and more widespread applici;ions requife
that-'the data be in some digital form. This makes-possible
-the transmission of cartographic dinformatiou, caleula;ions
of dimensions‘ or other required parameters, and overlaying
of additfonal information such as statistical data or
Landsat ‘imaées.A ;n addition, editing or modificatipn of
digitized map sheet information {is raﬁiﬂ ;nd avoids
re-draf;ing;, fﬁis is particularly advantageous when

updating is frequent or extensive.
1.2 Representing Cartographic Data in Digital form

Most éértographie information is in the form of rline;
drawn on mgp-.sheets; these 1iﬁes may represent contours,
drainage paths, boundaries, roads or 6ther features. Ar
natural way to deséribe such information is tq spe§1fy the
path,‘of q;ch line either with. a"‘string" of poiﬁts'
: éo-ordinaced to- some -chosen reference, or with a chain qf
successive vectorsl-[3]. Line reéresentation : can -,ie:

convenient for purposes of map uodifica:ion; ot re-drawing



using an incremental plotter.

It 1#. however; becoming increasingly 'appa:gnt “that
wich recént. rédvances in. comput#tional ~ technology,
répresenting,-maps in raster form can have distinet.
advantages ([17]. In raster form, a map is déstribgd.by a
matrix whose_ﬁlement.values correspond to the nature of the
map- at or  around their co=-ordinating spatial,positions‘ou
the map shéet. Usually the co;ordinate axes are mutually
orthogonal. ﬁith the decreasing cost and increasing speed
of high density mémory chips, and the resulting advent of-
powerful image ﬂisplay and processaing systems,:handling and
processing large arrays is feasible, and can be;,fast- The
' compl§x file structure overhead generally.characteriéiqg
vectoﬁ rapresented data sets 1is unnecessary for data in
raster form, and feal time processing with the sid of image -
display devices introduces the possibilit& of performing.
vector—iike~ operations {3uch a3s line removal or shapiné)
directly on raster data. In fact, a wide range of
algorithms thas already been devéloped to process data in -
raster form [10], aﬁd rhé scope of raster data prqceésing'is
rapidly expanding, due in part to the generation of. large

volumes oflraster data from such sources as Landsac.

It 1s thu$ apparent‘fhat‘in the future, large scale
geographic information seystems are likely ﬁo be raster,

rather than vector, based. However, it is - unlikely that
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vector ‘¢ata - representation wili-di#appear; certainly most
existing' d;gitized' cdrtographig data is 1in vector or
co-ordinate form; ‘rand rfbus -a‘ raster based cattograpﬁic
digitizing system is likely te be of little use 1if no
faciliety exists. for'the'chhnging of data fot@at to make it
'coﬁpatible with existing data. In fact, raster to vector
(or scan 'to;line) conversion algorithms have recently been
widely developed {5,7,8,13,15,18], and direct or 'modified
implementation of these algorithms {3 feasible wusing

present~day mini«computers. ////

Given that cartographic data in raster _form is
required, there remains the problem of digitizing map
sheets. For such digitizing to be feasible on a large'
scale, it must be fast. "Reference 2 céntains a summary of
existing scanning systems, their capabilitie; and
limitations.l For the most part; these are desigﬁed for grey-
scale reproduction at high resolutién,"and few will s¢can an
area the éiﬁe of a. map sheet at high speed. However,
cartographic data is two=-level, and scanning output nead
only be binary. In addition, there 1is little poiﬁt in
gscanning at a resolution higher than that after which neo
- further wuseful 1nforgatioﬁ is obtained; this-limit is set
by lorigiﬁal .drafting' accuracies. The scanning systém
" proposed aims to ,ﬁeet the -requirementsr specifié‘td'the
digitization of map sheets, achieving high speed while

maintaining ‘simplicity of operation and low édst. It is
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also important that it could be easily 1ntégraced into a

cartographic data processing environment.
1.3 Outline of Thesis

The preceding sections of this chapter have briefly
described the reasons for developing a r#ster- basged
cartographic digitizing system, and haveﬁeutlined in general
terms the requirements of such a system. In chapter 2, the

varicus methods of digitizing:map sheets are described, and
the sui:ability of each for the large scale digitizing eof
map sheets is discussed. On the basis of conclusions drawn
in chapter 2, chapter 3 presents the oaveratll degign §f ;he

proposed system. Following chapters then treat specific

features of this system.

The mechanicai and aptical designs of the scanmer
itgelf are presented " in chapter 4. Chapter 5 makes a
det;iled inveétigation into the‘ effects of ‘the optical
system' ;nd e}eétrical hardware sigﬁal processing oﬁ data
resdolution and integrity. Design criteria‘ate‘ established,

and designs to meet these criteria are presented.

In chapter 6, the har&ware and software required to
interface the scanner to a PDP 11/60 mini-computer, éllowing
automatic econtrol of the scanning process, are described.

Chapter 7 looks at the problem of handling the large volumes
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of raw raster data generated by the scamner; the statistics
of this data afe investigated, and a simple runm length
coding scheme fo compact the data into a form suitablé for
storage or further handling 15 develoPed.l Vectoriz#tion
processes are briefly described, and compacticn efficiencies

of vector represented and raster coded data are compared.

Chapter 8 makes a critical evaluation of the
performance of the digitizing system, presenting the results
of digitizing test patterﬁs and map sheets, and 1isolating
areas 1in which d{improvements c¢ould be made. TFinally, in
chapter 9, the suitability of the proposed system for thg
large scale digitizing of map sheets 13 considered in light

of the results presented in chapters 7 and 8.
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2. METHODS OF DIGITIZATION

2.1 Introduction.

Siu;e‘moat'of the information on map Qheetéris in the
form of 1lines, conventional methods of digitizing have
tended to follow these lines, regording either the ahsolute
ﬁosition- of successive points on the line with respect to a
fixed origin point, or the 1ncremeg:al chaﬁges in posi;ian
between successive points given some initfal absolute point.
This type of digitization is known as 1line following, and

can be done either manually or semi-automatically.

Another possible metﬁod is to séau the entire map sheet
at some fixed resolutien 1in a ras;er type process,
diffe;entiatins between marks on the map, such as lines, and
areasl of no information. The resulting data can bde
reconstructed into a matrix which-.visually represeants the

map sheet sScanned.

In this chapter, bothr-methods of digitization are
described, add "their relative advantages considered. 1In
addition, the differences in the data format resulting ffom
each process are demonstrated, and methods‘ of chénging.

format are briefly investigzated.
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2.2 Line Following.
2.2.1 Manual line following.

Maﬁual line foilowing systems range from the
straighfforw;fd reading of measurem#nts from mutually
perpendiculgr scales to the more recently developed high
rresolution microprocessor. controlled digitizing utaslets.
For data volumes as large as those from map sheets, soﬁe
element 'of, compuﬁér icontrol or operation 13 virtually
necessary to speed up the digitization process. Most
practicai Sy;tems are based on one of three principles:
fi;st.rthe generating and counting of digital pulses, the
number‘ Af pulses bheing 'proportiongl to the incremental
distance moved in mutually perpendicular tdirectioﬂs;
gecond, the -time taken fog an acoustic signal geunerated at
the point to whose position is .to be digitized ¢to réach
fixgd refe;ence pogitions (usually orthogonal axes); and
thif&, fhe variations in electric field‘cauﬁed by a cursor
‘being' placed over the point to be-digitized;'abovera grid.

type network of wires or charge coupled devices.

The first teéhnique can b€ achieved simply by _mountiﬁg‘
‘sea} tracks rénd fotary eﬁcoders Vonto ;'po:mal drafting
machine; the operator moves the‘head-of the macﬁine'aloné a
line to be digitized and a count proportional to the

distance moved in. each perpendicular direction ia generated
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by tﬁe rota;y -encoder. Spacing between éuccessive points
.can be time based, or more-commonly operator dontrolléd by
somé mechanical means such as a footswitch or finger button.
Counts genérécgd“can_be‘entéred into a cbmputqt,on interrupt
triggerad by‘che switch. Copsequently the data generated 1is
in incremental form with respect to some initial origin

point.

Both the secoad and third techniques generate d#ta in
the form -of absolute co-ordinates representing position ou
the map sheet, referenced to the origin of the digifizing
device.  More complex computer comtrol or built-in
processing 'capaﬁility allows effective origin shifting,
incremental count Vcalculétion and display and other
refinements designed for easier ugsage. Digitizing -tqblets
based on the wire grid principle are in wtde#pread use, and
standard interfaces to uini-compﬁters or micrd—compucers

allow continual point logging.

Manual digitizing systems have several drawbacks. Not
only 1is {t time consuming to digicize the large amount of.
information on a map sheeﬁ-mauually, but also the process is
highly erfor prone. Sever;l‘ systems (for -example the
Hewlett-?ackafd 2874A) have been developed specifically- to
minimize operatof fatigué, butrneverthelesé,re:rors such as
-juﬁps between close lines, entering of spurious  points or

multiple recording frequently occur, making extensive
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‘editing often necescary. Typically, a standard sized map
sheet of aierage information countent might take between 10
and 30 hours to be digitized by manual methods, with as much

time again for editing and error cofrecting.
2.2.2 Automatic 1ljine following.

Automatic, or sgmi~aucomati&, line followers have had
iimited sucéasé in _qartographic applications [5]1. 1In an.
automatic liné following process, essentially some mobile
device locates a line on the map sheet, and tracks it until
it reaches a finishing point, recording the position of tﬁe
mobile device as it followslthe line. This can be achieved
by several methods; whatever the mobile device used, some
form of intelligent control is neceésary. Existing systems
are mainly mini-cémputar coutfolled, gften making extensive
use of the péocessor of thgt'computer for long periods of
tim?. This type of system 1s slow; fpllowing Speed is
limited by the momentum and reéponse of‘the tracking device,
as line jumping or spinning off at 'sharp_ cormners mustf be -
avoided. Severe problems can be encountaered at right—angied‘
corners, and  junction points must be recorded ;n . some
manner. - Fairly frequent. oﬁe;ator intervention. ﬁanr be
required to maintain followinglintegrity, and the pféblem of
rapeécing line§ is by no means tfivial; iTypically;‘an
automatic line follower might take IOIIhours or more to

digitize a standard map sheet.
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It can be.seeﬁ then, that the 1arge~sa§le digitization:
of a maé sheet ‘series» wduld,_be impractical using line.
following methods. For example, the 1:24000 series covering
the USaA consi#:s of about SbODO mgps;.each with up to 10 or
so seéé:acioﬁ sheets: perhaps-SOO,ﬂOO;sheets in all. To
digitize this seriga with manual or automatic line followiqg
equipment over a 5 yéar period would take .over 500 peOpie
working full time with as many machines; cleafly not aa
economically‘viable proposition. It seems then, that a
substantially‘moré rapid method of digitization is required,

and scanning systems offer this possibility.
2.3 Scanning.

A map sheet can be scanned in arraster type process t§
generate data describing the nature of thé map at regularly
spéced peints. In general, the scanping process is designed
so that these points form a rectangular or sguare gr1d, and
fﬁe-data generated can hence be arranged into a dot matrix

visually representing the map'sheet scannad.

- Scanning systems are either reflective or traﬁswissife;
rIq a :gfiectivé system, a light souice incident on a point
on a map sheet-will be fefieéfed-if the ‘'surface rié,:iight.
while' a dark line will absorb most of the 1igh;7and little
ﬁillr be reflected. A transﬁissive system  relies on

detecting light passing through the map sheet; generally a.
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| negative of the sheet. would be wused, having: transparent

lines on a dérk background.

The output from a scanmer of either type is a serial
data string wh;ch can be re-ar:anged iato alsﬁafse matri#;
Each element of the matrix, or pixel, represents the nature
of the map-sheet at some fixed point on the map co-ordinated
by the matrix row or cclumn index. ~More aéﬁurately; it
represants a measure of the average density of some
neighﬁourhoodr around that point, the- gsize of the
nefghbourhood depénding on the physical characteristies of
the scanning system such as light spot size and detection
technique. This 1s .considered in greater deéaii inl;ater

éhapters.

Scanningrproces;es can be extremely fast; the limiting
factor in speed of operation becomes the raté‘at,which the
large volumes of  data ‘genera:éd caﬁ be thandled and
temporarily stored. It +is certainiy not unreasonable to
expect to scan an eantire map sheet inm 'a matter . of a- féw-
minutes. However, the data generated has a high level of
redundancy, as a large proporﬁion of a map sheat—coﬁtains no
useful 1nformaﬁion, and further, :hérdﬁea is in a raster
form. As mentioned in chapter l, it is probable that in the
future raster format:ed data‘gets will'ﬁecome more common
than vectof formafted sats; neverthelesé‘ provision must

exist for conversion between formats. Consequently it
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should be recégnized that some form of data proce#sing,'even
if on;y compaction by efficient.codiug, musﬁ be applied to
ragter based data in order to render i; lpractical for use
and storage. Td-judge the feasibility of using data from a
scanning proce#é, the differences in d#tar format, and the
processing required to make rdata ffom'vérious digitizing

systems comp#tible, Qhéulﬂ be more closely examined.
‘2.4 Input Data Formats.

As described earliét, dﬁta from line following types of
digitizers  consists - of: either sets | of dincremental
nose-to-tail vectors, or successive co~ordinate ﬁairs'(Whic;
are .easily convertedrtﬁ incremental vectors) d&scribing the
track of a line dcross a maﬁ sheet. Lines drawn on a map
havé a finite thickness or width, and the track described 1is
on average. a path aiong the centre of the line. This  18
1llustrated in figure 2.1; in 2.1(a) a small sectibn of a
map is enlarged to show the finite 1line width. Figure
2.1(b); shows the result after 1line following; a Qec'of
vectors along the cenfre path of the line. Figure 2.1(c), -
on the other hand, is a matrix reconstructiﬁn of :hé serial
data string pfodqced by scanning the am#ll area; black dots
reﬁreseut samples taken at a fixed resolution spaﬁing where
‘some part of a line was eﬁcouptetadx Clearly 1f each ‘biack'
dot were joined toxits qeafest neighbours with a vector, as

in the case of absolute co-ordinate pairs resulting. from
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1line following, a multi;ude-‘of spdrious vectors ﬁould
result. If then, vector line rep??éentatioa vere required,’
the matrix of black dots would‘have to be reduced to g atate
showﬁ in figure 2.1(&), where-effectivelyra single string of

dots remains.

(a) (b) :
'% —
. o™
?ﬁggh %“h
o = [ .

& %‘: .a-'a %% . ‘
. x % g ) E “.“.. " ‘u‘ ‘i
1).1 ﬂa". ; ,&‘i 2 | %, S ',"-.‘ :E
(c) - {d)

Figure 2.1 Line vector and raster data formats

Thi#\pfocess of reducing line widths is known as 1line
thinning, and can be aﬁproachqd in terms of the connectivity‘
of the pixels; by specifying certain rules, - precise.
algorithms ' can be developed to ﬁerform the operation. The
resulting .da;a is still in raster form, and further

processing c¢an be performed toe locate, and convert the
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apparent lines into vector étringsw Software techniques to
perform these tasks are described ia more detail-in chapter
f, but it is clear that if-a scanning type of process were
used: to digitize map sheets, fafrly extensive data.
processing might be necessary to both miniﬁize‘ redundancy
and . make formats cbmpa;ible with those of existing data

sets.
2.5 Summary.

In fact a suﬁs:antial amount of work is presently being
done in the area of software processing of cartographic
data, and results have shown that it 1s feasible, given
;ertain restictions té- be met by the data generating
mechanisms, to thin and vectorize the raw raster data in
roughly the length of time taken to colleht it; that i3, a
time of the orﬁer'of minutes rather than of hours. It 1is
thus possible to digitize and process a complete map sheet
wifhin a time orders of magnitude sm#ller than that required

for line following types of digiﬁiiing;

On this basis, 1t‘was decided that a system cousisting
of a scanner operating on line to the type of computer
suifable for data 'processiﬁg‘ should be designed'—'and 
constructed.  The following chapter outlines the factors
{nfluencing the design of the scanner and choice  of

computer, and gives details of the resulting system.
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3. DIGITIZING SYSTEM DESIGN

3.1 Intrqduct;oﬁ.

The type of system most suitaﬁle for the digitization
of map sheets can be determined from various p:actical
consideratioés. first, ~the .form ‘of m#p sheet mast
frequently required to be digiﬁized, and the required
spatial resolution, govern the geoﬁetrical and mechanical
design. Secondly, the-computational systém under control of
whicﬁ the scanner is to rum, and to which it {s to pass the
data, places speed and otherfopera;ional limitations on the

design.

This chapter first ogtlines the characteristics of wmap
sheets to be‘ digitized; It then looks at the two basic
types of scanner suitable for scanning large 1image areas
such as map sheets; namely, the drum and flat bed‘scﬁnners.'
Possible methods of operating ‘each under the  imposed
cartographic ‘-specifications are discussed, and the
requireme#ts of the computer to be used in conjuanction with
.the scanner at;( examined. Finally, thé possibility of
adapting the scauﬂet  to operate with ﬁarious computer

systems without majot modifications is investigated.
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3.2 Map Sheet Characteristics.

A complete printéd map 1s a result of overlaying up to
gs many as perhaps 12 separation sheets. ‘These separation
sheets are usually in the form‘of photograﬁhic negativés“on
a base pf; mylar;_ or‘ similar material, which L{s-good
dimensional stabil;ty over temperature and hamidity changes.
It 1is a fairly straigh;forward task to produce positives
from these negatives, if required, though scratches or marks
can be more eaéily opaquéd out on a.negative. Hence the map
sheet can.be made available for reither transmissive. or

reflective séanning.

The required resplution of scanning is determined from
the visual charactéristics of the map,‘which in tuxn result
f;om drafting accuracies. 1In general, 1t is accepted that a
f?solution' spacing of L 004" {or 1 mm) iaradequaCe. One
important reasonmn £for not using too 'small a resolution
spacing is that ther volume of raster generated data
incréases with the square‘of - the 4increase in resoiution;
this Vcaﬁ make map data handling before. compaction
inconveﬁiént or even impracticable. In addition, for most
map sheets digitization at a reéolution—spacing smaller than
-~ 004" renderﬁ no additional useful 1nformation.‘ Lines drawn
on a map sheet can vary 1n wid;h from apptoximately;.OOA" to -
+016", though in some cases may be as narrow as .doz".

Techniques for detecting these narrow liaes,‘&hile still
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digitizing a; a resQlution spacing of .00&4", 'are  described
in chafter S. It should be noted that various phdtographic
techniques, such as réprintiﬁg with s#ndwiched lspacers or
diffusers, and subsequent copying onto 11;hographic_fiim caﬁ
be used teo ;hangé the width of map sheef lines if the ahove 

-gpecifications are pnot met.

Detection can be birary 4in nature; . that is, grey
levels are not required. 1t 1s sufficient ﬁo know whether
.any point on the grid of resolution spacing c§incides‘with a
line drawn omn the map. If so, a binary ‘1’ is :eéorded;

otherwise a “0’.
3.3 Scanner Types.

Either of two types of scanner c¢an be used for
digitizing large 1mégé,areas. A drum scanner consists aof a
cylindrical drum around which is wrapped the sheet to be
scanned. The drum is rotated about the ‘horizontal
cylindrical'axis-a: high speed, and._a ‘light source and
gdensor are slowlf moved - in - a diregtion parallel to that
axis,lthe'beam being directed normal to the map'Sufface. A
distancg of one resolution elemén: is moved along the axis
for eacﬁ conplete révolutidn of the drum. The map is hence
scanned 1n: successive sweeﬁs, the path éf each sweep being
a;most orthogonal to the direction of travel. The angle

between the direction of sweep and direction of travel can
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be determined from the regolu:ion Spacing'and the length of

the map.

In a flat bed scanner, a tfolley bearing::hermap sheet
quuAlly lying in an arced bed rather thanm 2 truly £lat bed)
is moved slowly in one direction while a beam of 1light {is
deflected over the surface 4f the‘sheét in a perpendiéular
direction, usually by means of a vrotating singie or
multi-facetad mir:or' located at the centre of cufvature of
the bed arc. The directions of sweep and travel can in this
case be made truiy orfhogonal by simﬁly adjusting the axial
alignment of the rotating mirror.

Orthogonality of sweep and travel can be important
cartographically for ovérlaying purposes; generally a
mis-alignment of more than one resolution element could make
rather lenéthy software transformation algorithms necessary.

This should be avoided if possible.
3.4 BReflective and Transmissive Detection Methods.

Because of the mechanical problems involved with
placing either a 'iight gsource  or a detector within a
rotating drum, drum s¢anner§-1end themselves 'ﬁo, ?efléctive
rather than transmissive détection methods. Dark markings
on a light background can‘Se_detected by é lack of reflected

light (cauged_ by absorption) at such points, while iight
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will be reflected from light markings on a dark b#ckground.
A sheet in transparency or negative form‘canibé backed with
a sheet of white paper dr diffusive mylar to achieve ﬁhe

gane effect.

On ﬁhe other hand, a flat bed scanner is more suited to
transmissive type detection (ﬁhe bed can be made of
transparent plastic or perspex), as reflective deteétion
over a wide area (the length of the sweep) is-difficul:.
This is because reflection from 2 point on a amooth - surface
gives a uniformly spheéeriecal épatial radiation pattern. For
detection at a single point the detector can _be made to
encircle the source, and be placed close to the reflecting
surface, resulting iﬁ collecticn pf a large proportioﬁ of
 the réflected light. Over a long séeep, however,-thislis
impracticable unless a detector array the length of the
sweep is used. It is possible to make the inside df.the bed
reflective, causing the heam to retﬁrn along its‘ incident
path. However, this requires a half sil#ered rotating
‘mirror, and in addition care must be taken with the maé. bed

reflqcting surface when handling the map sheets.,
3.5 Limitations Imposed by Computer Requirements.
If the system is- to rum in an automatically controlled

manner, the characteristics of the computer used for this.

control must be considered. As mentioned eariier, data from



a scanner requires some form of processing to reduce
redundancy, and possiﬁly to rendey it compatible with other
data formats {such ‘as. vector represented lings). If the
‘machine;used for control1ing,the scanner is also used for
processing the data, a miniﬁum' computational . power 1is
necessary. . This suggests_rther use of a wmini-computer.
Al;ernatively,' a dedicated nicro=-computer could be ﬁsed to
contrbl the scanning and pasé the data either to a
mini*coméuter for procéssing, or to some storage medium such.

as magnetic tape.

The type of machine used alao dictates possible data
entry methodg. Since the total volume of non-compacted data
from a map sheeé is high, (approximate1y 60 Megabits from a
30" X 30" sheat scanned'at a resolution of .004™), thé data
eatry speed must be high. Howéver, the real problam is not
the data entry speed, buf rather the rate at which data can
be written from the corerof the computer to some - temporary
storage area, such.as.disk or.magnetic tape. Thia réquires
the facility of some sort of direct memory transfer, whefe
the processor need only set up the transfer addresses after'
wi.Ich it 1s free to return to handle data entry. Even so,
some form of data handling, 1ﬁcorporating a break-in the
iﬁpﬁtr data stream,  is probably going to be  required.
Consequently it 1s desifahle td have some form of spatiﬁl
gapping in the generation-of data,\#nd hence 1in the input‘

data stream. A flat bed scanner Lénds itself well to this
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by offéring th§ pbssibiliﬁy of farying_the number of flats
on the rotating mirrﬁr to allow time gaps Becween succesgive
sweeps. It should be noted that allowing the computer a
break in the  dinput data stregn-could also be achieveﬂ'by-
usiag a deep_input buffer. This buffer would temporarily
store the d#ta unéil the computer became free to accept it,
but fhe cost of a sﬁfficiently deep buffer 1is prohibitive,
~and faster than normal {input rate requirements on the
computer for "catching up" would be imposed. In fact such a
buffer (but shallower) is useful for other reasons; this is
described more fully in chapter 6 when discussing interface

hardware/software configurations,
3.6 Format of Data passed to Computer.

It should be noted that data could be eucodeﬁ_ in some
way (such as run-length encoded) before entry to the
computer. If a suitable coding scheme were chosen smaller
data volumes woqld result, but it was decided not to perform
this real time data encoding for several reasons. First,
the coding scheme would have to be designed on the basis of
the expected statistics of the‘data set, and it is by no
means clear that cartographic data will ‘always be-of s
- predictably consistenﬁ statistical nature.: Secondly, the
hatdware to perform such coding would maﬁe the interfaéing
hardware more complex; a ‘éufficiently flexible codiﬁg

method would involve some form of programmable device, and
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one aim of the system was simplicity. Thirdly, regularly
sdmpled uncoded dafa imposes entirelyrpredictable timing and
handliﬁg requirehents on the computer hardware and software,
identical for all types of map data. On the other hand,
-coded data could give rise to unexpected demands on the
computer -if a particular block of data were unsuitable for
the coding schéme being used; that is,'the coded data could
become more‘ bulky within a given time period than the
equivalant uncoded data. Teo cover this possibility
addifional hardéare buffering and control would be required.
Fourthly, sincel most software available for: processing
raster data operates on a full data matrix, decoding would
_ have to be performed prior té processing. As processing. of‘
‘some sort would usually be carried out on the raw data,
uncodéd‘data is preferable providing sufficient temporary
storage aﬁace is avai}able for retaining the data until

’processiﬁg. Finally, and perhaps most ‘importantly; since
the designed system is essentially a developmental one, and
the statistical nature of raster represented cartographic
data 1s not really "yet known, it seems more practical to
compact the data using software techniques‘after processing,
rather than at an intermediate stage of the digitizing

process.



3.7 Choice of Computer.

It-was decided that a mini cﬁmputer -(a PDP 11/60
operating under a nulti user time-sharing software systémi-
RSX 11=-M) should be used to contrel the scaunef, and accept
and process' thg generataead datag for the folléwing reasouns.
First, in a cartographic enviroament in which automated
processes are used, a machine with reliable software support
and a pqwerful software operating system is almoﬁﬁ
mandatbry. Secondly, due to the large data volumes and
consequent handling requirements, fast direct memory access
to disk and tape is more or less necessary. 1In addition,
since maf sheet scanning is wunlikely to be a continual
process during development, a dedicated procassor for
running the scanner alone would not be warraﬁtad. Thirdly,
modifications rin operational cgntrol and data processing to
suit the needs.of _the wuser a;é 'p#rticularly-‘eaSy' on a
miniwcomputer with reasonable software-suppozt. Finally, on
practical grounds, mﬁst cartographic institutions fequiriug
the use  of such a digitizing system a;ready use
mini~computers, very often  those éf .the PD? - 11 series.
Since a fDP 11/60 was available for development of the .
system, this Q?emed a logical choice. Further details
invol#ing - the operﬁ;ing system used and the software design

approach are given in chaptgr,6.



3.8 Adaptability.for‘use with other Co~puter Systems.

A final factor influencing che-deéign of the scanner
was the possibility of adapﬁing it to operate with other
cémputeré. ‘Tﬁé previously ﬁentioned facility of the flat
bed scanner for insetting breaks in tﬁe dﬁta strean is
particularly advantageous in this respect. For example, 1if
the maximum continuous data entry rate to a computer were
half that originally_'designed for; the_ﬁ average data
generation rate over a. ecycle cpuld be reduced by simply'
increasing fhe buffer depth of the 1nterfhce. and usiné some
of the break time to unload the accumulated datg.in the
buffer, effectively allowing thé computer to catéh up. This
consideration also influ?nced the interface design as

deseribed more fully in chapter 6.
3.9 Choice of Scanner Type.

Because of its relatively §1mp1e constrpction, a flat
bed scapner‘was chpsén'as being the more suitable type. 'fhe
mechanical probiems of controlling the larsé revalving mass
of a drum scanner are ﬁvoided, and th§ iacili;y for gapping
the generated,d#ta.is.particulafly attractive. A flat bed
scannerr_mo:er or less detefmiﬁes that transmissive‘type
detectipn,be uged; this is actompliahed using'a‘t:andparent
bed. Complete details dflthe scanner construction are éi#en

in the following chapter.
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3.10 Summary

" The approach takem in the design of the system has been
ogtlined in the preceding Sectiqns of ¢this chapter.
Basically, the intent was that gimpliéity and flexibility be
maintained in so far as was;possiblé while still meeting the
cartographic regquirements. The final system arrangemént,
consisting of a mini-computer contfolling, and receiving
data from, a flying spot flat bed scanner,. allows
sufficiently rfor modificatiqns of parts of ;her system
without the need for re-design, while at the éame time
meeting the cartographic requirements for the digitization
of map sheets. The following chapter treats the design of

the scanner.
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4. SCANNER DESIGN

4.1 Introduction.

The previous cﬁapter.establishes thé essential features
of the overall,,scanning system fequited. Details of the
design and construction of the scanner itself are presented
in  this chapter. To begin with, a set of general
specifications derived from cartographic requirements and
computational restrictionms is outlined. As the method of
entering data to the computer determines the speed at which
the scanner can operate, and hence its geometry and timing
relationships, t;a data entry rate restrictions " are first
established, following which thea mechanic#l and aoptical
designs are presented. Also described a?e the methods wused
for detecting and electrica11§ synchronising the

mechanically directed optical .signal resulting from the

scanning of a map sheet by the £lying spot.

4.2 Specifications derived from Cartographic.'requirements

and Computational restrictions.

.Based on the considerations of sections 3.1 to 3.7, the
- following specifications were established;f First, the
gcanner should be‘capable-of digitizing map sheets of up to

30" square, in negative form, at a resolution of .004"
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(.1 mm). In addition, some facility féf the detection of
lines. down to .002" in width should be provided. 'Secondly,
map sheets shdu;d be'digifized to two levels;- corresponding
to opaque ‘(digitalr “0°) and transp#fent '(digital 1)
material- on the maé sheet. Thirdly, otthogonality' of
co=ordinate ‘axes should be achievable  to within' one
resolut;;n- element error ovér the enti;e' sheet width.
Fourthly, the scanning of a map sheet should take of the
order of minutes, aund ~not hours. Finally, the scanner
should bperate on line to, and be controlled by, a PDP 11/60
minigcomputer used under a multi-user operating system, RSX

II“M-
4.3 D;ta entry to Computer.

In ord;r to keep the system both as simple and . as
flexible as possible, the use of direct memoryfaccess (DMA)
to transfer the data from the scanner to the computer rﬁas
ruled out. (This also on cost considerations.) Instead, a
16 bie T1/0 port; the DRilfc, normally used - as . an
interprocasgsor : communications buffer on the‘fDP-ll‘series,
wég chosen for data entry. This port cpnsists of a 16 bit
input register, a 16 bit output regis;er; and a 16 bit
coﬁtroi and status regilster with .facilitf‘:for iﬁterrupf

handling.

Using conventional data handshaking methods,r the
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maximum raté of transfer of data from an inteffaﬁe to the
computer memory is governed b§ the time taken to process fhe
instructions making uﬁ the input roﬁtine, assuming no delays
are caused by the 1n£erface hardware. - 0n  the PDP 11/60
these 1instruction times cannot be exactly predicted due to
the hit or miss nature of the cache memory usage, but a
maximum overall cjcle time éan berestimated. Real time
testing by watching flag levels while inputting a continuous
stream of data verified that ﬁhe.average time taken to input
a 16 bit word was approximately 18 microseconds, and never
more than 19 microseconds. Choosing then a data input rate
of one word every 32 microseconds leaves a safety margin
either for softwarae testins,- or possibly for increasing
resolution without re~design. This, means that a data
sampiing rate of 500kHz is required, or one sample every 2
microseconds. FPor thisrreason, a 1MHz crystal controlled
clock was chosen as a real time base for the entire system,

and divided by two to genérace the sampling rate of 500kHz.
4.4 Mechanical Degign.
4.4.1 General strpcture{

A flat bed scanner was designed td meet the
requirements specified 1n‘sectiop 4.1. The trolley helding

the érced map bed travels along a ground steel edge which

defines one axial direction for the generated data matrix.
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A 3.5 milliwatt heliym-neon laser is used as a ligﬁb source
and is mounted on a shoft optical bench alomng an horizontal
axis.above'the trolley. An optical beam collimating and
focusing system is. also mountgd on the‘optical track, and
the resulting beam is deflected vertically downwards by a
rotating éingle féced miéror mountad on a f£lywheel ou the
motor shaft. The whole 13 mounted on é solid levelled
gstructure. Pigure 4.1 shows the essential features of the

scanner structure.
4.4.2 Sweep timing.

Section 4.3 establisheé a sanmpling period — of 2
microéecdnds‘ for data collection. For reasons described in
section 4.6, the sweep and travel  motors -must be
synchronised  with the data sampling clock. It is
nevertheless desirable that their #riving frequency be close:
to 60 Hz so that testing may be‘carriedrout while running
from mains or line freduency independgﬁtly of th clock and
control logic. | Dividing‘ the 1 MHz clock frequency by
successive factors of 2 generates a frequency of 61 Hz, and
this was chosen as the motor driving frequency. Using a 900
rpm 4 pole-pair motor to rotate the deflecting mirror, #7
time &f 66 milliseconds per revolution results.: Ia order
that map sheets of up to 30" square can be acco#odated,' and
leaving a few inches for edgiﬁg, an arced bed subteﬁﬁing an

angle of 90 dagrees at the centre of curvature, the rotating
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mirror axis, was constructed. This gives é bed which can
take_maplshegts-of up to approximately 33" in width, this
width being swept ih 16.5 milliseconds. To qbtain a
sweepin#’speed of 004" perlz microseconds along the ‘aré,

the radius of curvature of the bed must be 21",
4.4.3 Travel timing.

Having es:ablished'ﬁhé rotational period of the wmirror
motor as 66 milliseconds, the linear sfeed at which tﬁe
trollef must travel is then determined. Assuming that the
compﬁcer is able to take data every sweep; ﬁhat is, that
the 49.5 milliseconds gap 1is sufficient £for any dats
handiing between sweeps; . the trolley must then move through )
.004" in A6 milliseconds. This corresponds to a linear
trolley speed of .061 inches per second. The trolley is
driven by means of a steel belt running arbund a fixed sized
puiley; 1f a synchrono&s motor run from a'driving'frequency

of 61 Hz 1is geared down to 1.02 rpm (1 rpm at 60 Hz) to

drive the pulley, a pulley diameter of 1.14" is required.
4.5 Optical design.
4.5.1 Flying spot light source.

A helium-neon laser was chros‘en aa a light source for

the optical system. An incoherent light source, such as a
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fiiament bulb;.has_a finite spatial spréad, while ihis Vdoes
not . appiy té a coﬁerent‘ source such as a laser.
Consequently the &:_L,sczibation of a laser beam focused to :
§oint can bégspa:ially smaller fﬁan that from an 1néohef§ﬁt
source, rendering it Suitable‘for applications where a small
spot is regquired.  An optical system is neg@ed to focus the
'laser beam to a on:. Design of this system r;quires ‘that

the nature of laser beams be more closely examined.

Although thérphase front of a laéer be#m is slightly
cutved, its. transverse intensity distribution is
approximately Gaussian ‘in every cross~section of the beam
[&],- as ‘i1llustrated 1in figure 4.2(a). The radius of the
beam at:vﬁiéh the:intghsity is 1/e* of the m;ximumj;éentfai
1nteﬁsity ‘48 kpnow as the beam fadiﬁs w;'gnd at Ehe bean
waist, wheare ;he'phase front is plane, it has . its minimum
vﬁlue. ﬁo.. If z is a meassure of distance along the optical
axisg in the direction of travel of the beam, the beam radius
at. any point 'aldng the optié axis can Ee expresaéd as ai 

function of 2
w2{z) = w2 {1+(Az/mu?]

where A is the wavelength of the laser light (632.8 am).
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(a) | © (b)

Figure 4.2 Gaussian beam ;hara;teristics

If w{z) is plotted for varying 2z, the beam'con;our shown 1in
figure Q.Z(b)- is pbtained; this curve is in fact a
hyperbola wifh asymptotes inclined at an 'angle‘rﬁ to the
~axis, where ¥ = A/(Twe). Iﬁis angle is known as the far
field diffraction 'angle, and is a meaéure‘ ‘of beam
divergence. To bg‘ able to obtain a sﬁarp focus, bheam
divergence mu?t be kept small. Since sampling 1is to take
place at spatial intervals of .00&",7the'foéused spot should
be of this order of size. WichAthe required focal diétaﬁda,
it turns out that Eocuéing'fhe exit beam from the laser (the
diameter of this-beam is appréximately- 1 mm.) cannqt 'sive
such a . smail spot size. Conseguently the iéitigl beam
radius w must be increased to,feduce beam divafgénce.-.Bein;
radius can :be increaééd by usins- a colliﬁ#ting—system-
consisting‘of a pair of iens?s éﬁch that the focal‘leﬁgth of 
the second 1s greater than that of the first. This lens

arrangement can also be uséd _to focus the effectively
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. expanded beam to a spot; rlenq positioné_éan be calcuiated‘.
using ray:trénsfer.matriCeé. A complete analysis . of the
optical system of the scanner, inqluding calcuiations of the
rcolliméting factqrb‘and lens specifications, and éf‘;he fay‘
transfer métrix “of the ‘optiqal' arrangement used, 1is
presented in appenﬂik A. TFine adjustment of focusing was
pfovided fd:'ﬁy mounting the secondary lens on a micrometef
adjusting track, and setting for aicimum pulse rise tine.
This- technique, along with a methqd for-#ctuéliy‘measufing

spot size, is described in chapter 8.
4.5.2 Light localisation for detection.

 The problem éf detectﬁng the transmittanc}'or othe?wisé
of thé light through the map sheet over the entire width of
the sweep was mentioned earlier. One method is to ﬁse an
‘array of detectors across the sweep path; however, this can
both be costly and involve substantial circuitry. Instead,
a reflector aér_shown in figure 4.1 was‘designed to'such‘a
shape‘tﬁat ligh; déf1ected from the rotating mirror at all

angles. throughout the sweep be reflected to a common focal

‘point just below thé trolley. In order that a detector _

placed at ihis-point should‘noi interfere with the incident :
beam at the midwsﬁeep position, the reflector was ’t1itedr
slightly. Due to this tile, the focal. locus becomes a short
liné, since the‘patﬁ length-trgvelled by light at the ‘edges

0of the sweep 1is longer ' than that travelled- by 1light -



mid-sweep.

The‘reflectihg curve forms part of aﬁ‘ellipse;.withuits 
foci” at-‘the ro;ating‘mirror aﬁd_the detecto:. In-oréer'to
obtain the true path of this ellipse to use és a template
forrcut;ing the.reflector shape, j1ts equation can be derived
parametrically ffom-the geometfy of the scanner. In facﬁ'
this' generates a family of curves; but specificgtion of dng_
point-;efgxenced‘to the scanner frame edge fixes' the path
-exactly. " This path was obtained by numerical integration,
and a scaled computer plot produced to use as a'cemplaté for
cutting the curve. A piece of 1" thick perspex was cut to
éhé required shapé (in fact it was cut to be 1/16" radially
deeper .thaq Ehe tﬁue fequired_shaﬁe) and a strip of 1/16"
pdlished stainless gteel was attached to the inside of the
curve to act as a reflector. Adjustable mounts provide for
alignment. Appendix A contains a parametric derivatioﬁ of

the curve.
4.5.3 Detection of localised light.

The réflector localises the incoming light to a. point,
or moTre _exaétly to a small volume, just below ﬁhe':rolley
centre. The angle of 1incidence of 1light at this point
varies over 180 degrees; since dé:ectors geﬁerally.have a
limited anguiar fi{eld, a method of re-directing the

localised light is required. Two methodas are possible. The



‘, first i§ to use # wi&é-#ugie lenswiﬁh the detec;or'closé to
1t§ fo;al point. However, a-wide-angle_1e§s:covering:180,

degreés'ia extremé1y~bﬂlky‘aud costly:v More rpractiﬁal ‘8
method 1is to placer a swnll chlindrical diffusef_at'thc .
detection goint aligned a#ially Vwith. ﬁhe focal 1line
resultiﬁg from th; r@flector ﬁilt. Tﬁe diffused signal can

than easily be detected.

A PIN diode wﬁs‘ chosen #s a suitable opticél to-
elecfrical transducer for reaﬁons explaine& in the following
chapter. In fact three such diodeslwera mountad within the
diffuser, backed by a ground plame circult board om which
tﬁe detector amplifier-was built, Three diodes were ﬁsed
bdth to boost the signal level, and to achiave better gsignal-
linearity over the aweep, as small bumps on the reflector
surface cause axial rdeviatioﬁs of the spot -aiﬁﬁg the

diffuser.

4.6 Mechanical/Electrical Synchronization.

4.6.1 Synchronization of motors with data sampling clock.

"It was mentioned in section 4.3 that a 1 MHz cloek was
éhoacn as a .timQ base for the s;anning system as a whole.
In additibﬁ, the need was'péinpgd out that the motors be,rﬁn
in synchronism with the sampling cloek, rather than from
nains or line freqnency.‘-This is for.two.-reasoﬁéf First,

fluctuations of wup to .001% in line frequenecy over a short
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period.of time (a second or so) wéuid vary the effective
length, 1n.terma,of the number of pixels per line, of sweeps
by up to S‘pixels;‘ that is, the far edge of the"map would
be jagged. FlﬁctuatiOns of up . to L0012 4in line fraquency
over a longer pe;iqd'of time I;e;eral minutes) would vary
the effecﬁive nﬁmﬁef'of sweéps m§de in successgsive scannings
of the same phyéical area; that i3, the total length of the
map sheet would become indeterminéte, as would the exact
Tesolution spacing between gweeps. Such fluctuations are
not- uncommon, and for‘slow variations fluctuations of up to
,Olz'are sometimes eheountered. The second reason is that
phyaicai referencing of the start of each line would become
in&eterninaté L to within  one resolution  spaciadg.
Consequently the motors must be synchroﬂized- with- the
§amp11ns clock. This is achieved using circuitry described
-by the block diagram of figure 4.3, while ecircuit schematics

can be found in appendix B.

1 M 2t '1>E - f{> LPF

S

Figure 4.3 Block diagram of motor gynchronising circuictry

The 1 MEz square wave from the.ciock is fed to a string of
counters, resulting {in a division by 16384 or 2. This

square wave is them driven over a 50 ohm coaxial cable to
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the scanner,: whgre it 1is paaﬁe# tﬁrough,a 2~pole active
low—pass.filter; The - resulting _éignal 1s'.amplified. and
transformed to givg_‘a final waveform of 110v :ms Qt up to
several amps. An optic ‘1solatpr, contrels the car;iage
drive, and a safety toﬁgle  swiﬁch .activa:ed- when the
carriaée-reaches ﬁherend‘of its . track protects the motor

drive.

The output signal from the iow*paés filter approximafes'
'a sinuscid of frequency 61 Hz, but alsorcontains higher
order components. A iow-pass filter acts to {incegrate the
applied waveform, and components of order im-l (integer m)
are phase reversed. Consequently the 3rd harmonic, the only
significant component, adds to the fundamental to cause the

output to'teﬁd to be trihngular'iﬁ nature. The effect of a
present 3rd_rharmon1c ‘will Dbe to.cause a variation in the
‘ rotating:field‘rate, and hence in the motor shaft revolution

rate, at a frequency of three times that of the fundamental.

In fact in tﬁe_sweep motor this variation was difficulc
to determine, and égtirély masked by v@riationa in angular
veloeity caused by friction in the'mot;r’s bearingas, which
ﬁete'aperiodic,in,naﬁnfe. A‘largé Brass flywheel mounted on .
the-motor‘shaf:'reduced the vafiationa, and section 8.2 of
chapter'é‘ﬂescribes'nachads used‘tO'meﬁsute their magnitude.
The‘troiiey“motdr i; ggared‘down to such an extent that

small periodic variations 1im driving frequency are of no
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practical significance.
4.6.2 Physical referencing of generated signals.

Some form of physical referencing to the start of each.
sweep 1s required when running the scapner. While thia”
could be achieved by triggering off a transparent line nh'
the edge of the map sheet, this has‘several‘disadvanfages,
First, a dirt or dust £leck obscﬁriﬁg the line would cause a
loss of  §&:§ for that sweep. Seéondly, the anéle between
the swaeep and travel axés would deﬁend upon the physical
positioaing of the map in the bed, and thi# is unlikely to
be achieved to within .004", rcl:anseq'uently .a detector was.
"attached to the séanner frame to generate a start=of~-line
(SOL) signal. This:_ib actually used to gate the data
sa;pling clock, and hence data collection ' is iniciated. In
addition, anether detector was attached to the scanner fram¥
sc that it would be triggéred a few milliseconds earlier in
the sweep. The signal from this detector signifies the"
start of each‘ sweep (s0Ss), and is uéed to generate the
interrupt to the computer wﬁich causes 1t  to 'accept' tﬁe

incoming data for that sweep.

Both detectors have the same ‘ealectrical requirements;
a digital signal only is needed, but in‘the'formerrcase its
generated position must be reproducible. A fast rise time

is also desirable. Although a phototranéiator has a slow
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response (sevéral microseconds) incorporation with;n a
‘Schmite trigger circuit employing positive feedback as shown
;n figure.a.A ensures not only a very fast rise time, but
alse triggering with almost no hystefesis'at the ﬁoin; on
£h§,transistor's output risé chatacteristic'cﬁrresponding‘to
the threshold level of the first gate. A apééd-uﬁ capacitor
reduces transistor turn-off time. 'Eprrimental exanination
of the ¢time of triggering with respect to the start of the
rise characteristic showed it to be reproducible certainly
teo withiq 50 nanoseconds. Consequently the detectors were
determined to bé suitable for the required  purposa, TTL
drivers waere used to transmit the signals to the interface

board over 50 ohm coaxial cable.
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Figure 4.4  Circuit of start-of-sweep and
start—-of-line detectors
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4.7 Sumnary

This chapter has ‘described the maia mechanical and
optical features of the ascanner, but has treated the
electrical désign only 4in so far as is nece?sary to describe
the Ope:atiou-of the scanner iiself. The following thapter
looks more clogsely at the nature of the data geherated
during scanning under the optical and mechanical design
constraints, and gives details of the design and-
construction of the signal <detection and oprocessing

hardware.
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5. SIGNAL DETECTION AND REAL-TIME PROCESSING

$S.1 Introductien

Although in concept the detection of 1light Paésihg
through a map sheet and the subsequent generation of a
digital signal 4s simple, ;n_ptactiee the integrity of the
generated signal, or the-closeneSS'with which it represents
the density profile across a prescrihed 1line of the map

sheet, depends on a number of factors.

The generation of digital data  representing ;ha
information on the sheet involves detection ﬁf the modulated
optical signal, opticél to elect;ical transduction to give
an analogue electrical signal, and real-time hardware
processging of thié signal to produce. the required time
quantized digital data. Given that the scanner geometry and.
control are oproperly designed, the accurate, oOr more
precisely the required, reproduction of the map'aheet in
digitgl form‘is dependent on all of the above procedses,
each of whiéh may introduce gsome kind of signal distortion,
be it optical or electrical. It‘isrimportanc to pe awvare of
the nature of this distﬁrtion so that the hardware
procéséing circuitry may be designed to -ﬁinimise" ies
undesirable aépects,, ‘and possibly wutilise particular:

features of it for specific purposes.



fhis 'chapter begins."by briefly looking at the overall
hardware . signal péth, after which the effects oﬁ resolution
and signai‘iﬁtggriﬁy'of each component im this sigﬁal path
are exaqined,.,in ordér - to determine the detectability or
_othervise.of 1inqs.‘ This leads to the design of :ﬁe gisnal‘
detection, amplification,"digitizihg and time quanﬁizing

circuiﬁry in following sections.
- 5.2 Overall Signal Path

The transparent 1lines or areas on a maﬁ sheet
effectively modulate the 1light beam to produce an optical
gsignal with an intensity which wvaries between zaro,
cbr:esponding. to. an entirely opaque area, and some maximun
valu;‘corresponding tq,an entirelf trangspasrent area. The
intensity 1s a measure of powaf over gsome defined area, an&
1f the optical to electrical transducer is a device which
respoqu linearly to incident power, the resulting detected
‘sighalrhas-an amplitude proportional to the opticall power
transmitted through. the map sheet. This detected signal
must be amplified, and then -digitized at Vsoue chosen
threshold‘ level. ?he digitized signal 1s rsamplad at
regularly spaced t;me'interﬁals corresponding to the sﬁatial
resolution  points. Figﬁre,S.l shows a block diagram of the

overall signal path.
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Figure 5.1 Block diagram of harware signal path
5.3 Resolution, Signal Integrity and Line Detection

The geometry and mechanical driving systemas of the
scanner are designed such that {f sampling ware to t#ke
place every 2 microseconﬁs, a data matrix representing the
‘densiﬁy of the map at locations .004" apart would resule.
However, the nature of the matrig entry does not in fact
represent the map density at a point location ; rather it
specifies whether some measure of the density of a small
area of the map centred at the point location exceeds a
given value. PFurther, the relationship between detected
signal amplitude and average densit§ §E the map over the
‘small area is by no means. linear, due ¢to -the Gaussian’
intensity brofile‘ of the light spot. It is apparent then,
that both the achieved reﬁolution, and the integrity of the
data Tepresenting the map sheet, are=dependent‘on both ihe
size of the light spot and the chosen threshold ﬁalue for
digicization of the deteétad analogue signal. In addition
the perforwmance, in termﬁ of béndwidth, of the detector and

the amplifier through which the signal passes before
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'threshblding, will also affect ﬁhe d;ta integrity. Finally;,
due to the inhgrent propefties of a flying spot scanner, the
nature and resolution of the signal detection in each of the
or?hogonall Qweep and - travel directiouns 11; governed-;by
separate mechani;ns. Fach' of the above“effects has a
bearing which may be more appareant in one‘of the axial

diréctions; but can also be significant in the other.

It is particularly important to bear these factors 1in
mind when considering the problem of detecting lines er
marks, the width of which 1is less than the specified
resolution - spacing. If detection of such narrow lines is
necessari; it is possible. ;hat techniques such..as sapot
widening or mishaping, or wusing alternative sampling
schemes, could be used to achieve detection, even though thg
detected position wounld be accurate only to the resolution

spacing.

Such methods invoive, some kind of <compromise; - rfor
example,. spot_widening causes a decrease in real resolution
and reduces the detectability of spaces between lines. In
order to be clear about the consequences of such methods on
resolugion aud.signal ineégrity,-and possibly to establish
some minimum specifications to be mef; more -quantitative
examninations of the effects of spot sizg,r ghreshold " level,
time quantization alternatives and amplifier bandﬁidth are

made in the following sections.



5.3.1 Fffects of spotrsize

It was stated earlier that the 1nten§1tyﬂpro£ile-of any
cross-sectiﬁn of a -1aser beam ‘normal to the axis of
propogation is approxinatei? Gaussian. Figure 5.2(a) shows
such a profile,r tngethet' wi:h Q view 1into the axis of
propogation of the resulting spot. The.rﬁashed circle
repreasents the locus of points at which the radiation
intensity is 1/e* or .135 of the maximum central value, and
has diameter d. koughly 86% of the total power in the beam
passes through this-circle. These l/e* points correspond to
a distaoece of two stanﬁard deviations from the mean of the

Gaussian’ distribution.
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Figure 5.2 Line-illuminated by a Gaussian bean
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‘Consider the detecfe&'aigngl amplitude resulting from
light 'transuissionl-tﬁtough a transparent line on an opaqu§
background, lying'in.the field ofi coverage of the 1light
spot, as shown in figu:e 5.2(b). 'It.can be assﬁmed_that the
detectéd signél aﬁplitude‘depends on the incident power on
the .détector, or in tﬁru on the power transmit:ed‘ehrOugh,
thé iine. In addition, the line can be assumed to be
atraight over a distance of at least three times the
"diameter of the spot. - Resoiving in the plané of the line in
directions X normal to thg line and Y parallel to it, we can
consider the power transmitted through a narrow glite
parallel ;o the Y axis at a position p along the X axis and
of width Sp. The power transmitted ghrough the slit 1is
then proportional to the area under the-GQussisn 1ntensity.
profile with peak value Ip, and to the slit width 'Sp. As
the ;staddard deviations of all pgrallel intensity profiles.
across the spot are equal, the area uqder' this profile 1is
proportional to Ip. Thus wé have:

o0

P(slit) = Ip x gp jrexp(-?ZIZJ*) dy , where & = d/4

~o0
Consequently for a line of finite width ¢, pl#ced with its
centre a distance p from the Y axis, the total power
transmitted through the line will be proportional te the
area under the X axis intensity proafile bé:ween_the iimits

p~(t/2) and p+(t/2). That 1is:

: p#t/2 e -
P(line) = Ip erxp(-y‘/262) dy dp
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It is‘convenient to congider the tfansmitted_power in terms
of the ratio between line width't‘and spot diameter d, in
order to keep the analysis-general. Normalising the total
cross-sectional beam 'power ;o  unicy, and using tabulated
values fotr areas under the standard Gaussian c;rve,- the
power tranamit:ed' through a line of width t at a
perpegdicular'distance'p from the‘céntre‘of thélspot, can be
expressed as a fraction of this maximum cransﬁissible power,
Figure 5.3 shows curves representing this powef_for Variﬁus
line width t0'7§pot. diameterr ratios. The distance p is
measured in terms of spot diame:ers. 'Thus, for example, for
a  line ‘of width half the spot diameter (that is, t=d/2),
lying with 1its edgé'on.tha spot centre(tha::is, p-dlﬁ),tﬁe
detected'Qignal amplitude level will theoretically be 48% of
the maximum level. If the same line lies with its éentre.on
the spot edge (that is, p=d/2), the detected signal
amplitude level will be 162 of - the maximum. When
‘considering-‘ spa§e  detection, interpretation ¢f these
'amplitudes'is'alsd direct; the signal amplitude  is  simply .
reflected about the 50% level. Thus a space qf'widch half
of the spot d1ameter, lying with dits edge on the. spot:
céntre, will generate a signal amplitude level of 52% of the
maximum, while the levél from the same-spgﬁe lyins with its
¢centre at the spot edge will be 84% of the maximum. Signai
amplitude levels for spaces are shown in parentheses on rthe‘

vertical axis scale.
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The pregeding analysis is independent of the angle of
the 1line with _raspecf to ﬁhe sveep and travel directions;
it réfers.to the signal detected at a specified sample
location frém',any lline of width ot - whose centre lies a
distance. p from ﬁhat location. If a gaweep runs .along a
line, the éurvgs of figure 5.3 indicate the steady specific
detected'signal‘amplitude-obcﬁinéd, as a ‘f:actibn of ‘the
maximum posaible, depending on the position of the line, the
line width and the spot size. If the sweep croSaeQrthe line
normal .to- its direction,'-a. detected signal pulse,rwhoée_
shapa-i# given exactly by the appropriate curve of figure
5.3 and. its reflection in the amplitude axis, will be
obtained. 1In this casé‘ also, tﬂe hortzontal axis 1is a
measure of distance from the spot centre in terms of spot
dianeter;, or in the real case whare the sponris moving, of
the distance of the spot from the line centre as it‘moves'

across the iine.

Having then established a . quantitative means of
predictingr-:he--detecned signal amplitude, based on line
#idﬁh,‘Spot-diameter' anﬁ iine position, . the effect§ of
:hfesholding and the consequent detectability of lines or

spaces can be examined.
5.3.2 Effects of thresholding

The curves of figure 5.3 can be used to "determine the
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threshold value‘ at which digitization should take place 1if
true line widths are to be reproduéed._ For ?ench plotted
curve, the 1§ve1 A;‘which thfesholding would return thg true
line width ig showﬁ encircled. As t/d becoﬁes gzeatef‘ than
1, fﬁis ‘level approaches 50% of the'maiimum. Thresholding
below the 507 level results in line widening, while
thresholding above if results 1n111né ngrfowing, or spa?e.
widening. Thé curves of figure 5.4 show these widening
effects over varying 1line or space width to spot size
ratios, for thréshold levels between 202 and 80Z. As' in
figure 5.3, percentages in parentheses refear to.threshold
levels to give space rather than line widening faétbrs. For
example, if a-line width were half the diameter of the spot,
detection at 50% would result in an effective line width of
922 of the true width, if the spot were centrally placed
over ihe line at the instant of sampling. Raferring to
figure 5.3, 1f the line were located a distance of half a
spot diameter from the ‘spot centre at the dinstant of
sampiing, a threshold level‘ of 16 would be re&uired to
" ensure detection; this would result‘in substantial widening
of‘l;nes, and hence narrowing of spaées,ras can be seen from’
figure 5.4. for a space half  the. spot diameter,
thresholding at any value lower than 323 will result in a

loss of space detection entirely.

In fact, thresholding'at a precise- low lgvel is not

practicable for several reasons. Firs:,'che power output
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from a simple helium=neon laser_is not a constant function
of time; rather it cam vary appreciably due to its random
_polariga:ion.. Secondly; there exist other unavoidable
nbndlinearities in the Opfieal'transmisSion and detection
systems, such as diffuser charﬁcteristics, orjthe'fACt that
the angle of incidence of light on the detgctor.vgries over
the sweep betwasen 0 and 130 degrees. This suggest§ that
there may be a substantial 1ndeterm1n§cy in correlation
between transmitted light powver and detected signal
amplitude. As a result of «this, fine adjustment of the
threshold level in terms of signal amplitude is ‘not
practicable, and hence abéolute'prediction of the detection

or otherwise of narrow lines is not really possible.

Consequently, while it is feasible to somewhat lower
the threshold 1level from 502 to enable detection of narrow
lines which are located fafrly close to the spot ce;:re at
the instant of.sampliﬂg, reducing f{¢ substantially to detect
lines-somg'distance from tﬁe spot centre isrneither feasible
in practice, nor desirable if a reasonable degree of data
1ﬁtegrity 1is to be ﬁaincained.' Thus 1if a narrow 1line 1lies
SeCVeén two sample péints, and is not sufficiently close to
either ﬁo generate a Qignal amplitude higher than the chosen
thréshold‘ level, it .will not be detected. - It is apparent
then, that the choice of a compromising nhreshéld' level
should not be made Qithout congidering the influence of

sample spacing on. the detection or otherwigse of narrow



lines. This is 1investigated further. 1p the .followiné
section, and in addition, the éffectivenéss of a method of
detecting narrow llines by sampling at more frequent
intérfais, as an alternative to low thresholding, is

examined.
5.3.3 PEffects of sampling

The signal stream generated as the spot sweeps the map
sheet represents the density profile across the sweep to a
degfee of accuracy determined by the spot size, the
performance of the detector and amplifier, and the threahbld
level for digitization. Time quantization i3 the process by
whiech the signal stream 1is sampled at fixed intervals to
generate a dig1tal'synchronous pulse stream. As a result of
the "quantization noise introduced by this sampling process,
sone.infOtmation about the true width and position of. 1lines
is lost. For'the_pcannet constructed the sampling interval

is 2 microseconds, corresponding to a spaciag of .004",

A digit;ied line in the reéonstruc:ed éaca .matrix of
scanned data should be connected throughéut its length;
that is, it must be posﬁible to follow chdl iine along its
length by joining set pixels (sample points_ﬁhere thélliﬁe‘
has been &etected) which are either éirectly adj#cent 'or
diagonally adjacent. Section 7.3.2 of chapter 7 looks at

adjacency and connectedness more exactly. Consequently, 1f -
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a line makes some angle & to one axial direction, assuming.
the line to be straight over. a distance of  several
resolution apacings, an effective widfﬁ of tlsin? ‘is
presented along that axis, and t/cos® aloug"the jortﬁoggnal
axis. Thus connectivity is most prome to break down when .
éhm(KVA),ffor integer m; that 1is, when the 1line 1lies
parallel to one,‘axié. in this case a minimum effective
width is presented in oue axial direction, and diagonal
adjacency cannot occur; this is then the case for which the
connectivity of narrow lines is most likely to be broken.
It 18 this worst case detectahility which will Be considered

in the following discussicn.

The curves of figure 5.4 show the effects of line
widening . or reducing as the-ratio of liné thickness to spot
size varies, for specified threshold level values. For any
line .thickness ‘to gspot diameter ratio, previded that the
spot diameter to sample spacing ratio. 4is known, - the
probability of worst case line detection (as definedrgbove)
can be obtained from the effective line width (true width X
wideﬁing factor) and the sample -sﬁacins. The curves of
figure 5.5 show detection probability.curves‘forllines-lying
parallel to one resolution direction for thteshold le§e1s
bétweeﬁ 202 and 80X insloz steps. The horizontal axis gives
liﬁe  thickn§ss to spot‘diameter ratios, while the vértic#l
axis is scaled in terms of the ‘spot diaﬁetet to sample

spacing vratie d/s. For a given ratio of d/s, the axial
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‘scale 1is defined, and between any péir of 1ntege;s (a=1) and
n for n=1,2..., 1f a value of 0 is assigned té (n=1), and a
valde of I assigned to‘ n, then the intermediate ‘valuesg
between Q and 1 give the probability of the n’th successive
recording of a line or space in the sampled dat# stream in a
direction perpendicular to the line or space orientation.
Thus 1if the-spot size ‘were equai to the sample apacing
(d/s=1) wusing a‘ 50Z“:hr¢sho1d level, a 1line of thickness
.002"  (t/d=1/2) oriﬁntatﬁd parallel to oune re?olution
diféction, _would have a detecﬁion probability of 0.46,  1If
d/s=2 for the same line width (t/d=1/2 :again), deteetion
prﬁbabili;y is .92, while if d/s=4, probability of detection
‘once is 1, and of detection in two successive samples taken
in a direﬁtion perpendicular to line orientation is 84, It
should be noted that for lines lying truly parallel to one
resolution direction, entire lines will either be detected
in full, or not at all. However, this is uniikely to oceur
often in practice; narroﬁ,lines are generally contbura, au&
hence noé' straight but rather have on average random

orientation at anyfpoint. -Thus such lines of'this'thickness
_ﬁill‘appear btoken‘at irregulat,intetvals, depending on the -
chosen threshold level. If_ghe threshold level is'chdsen 80
'tﬁat'the woraﬁ‘case prohability-of .detection -is--l for a.
given line thickness, all iines of this thickness will be

connected.

One poséible way to  improve  the probability of



detéctioﬁ of narrow lines douldﬁbe to decreasé the sample
Spécing.‘ Since a data matrix is._ required wﬁose elements
represent information only at the originailf specified
resolution spacing of .004", 1{f sample spacing is redyced,
some aspecé of the information <contained in the-mat:ix
rapfesenting the data at-the higher resolution wéuld-have.tO"
be contracted into the samples of the required matrix. For
example, if sémpling were to be performed at twice the
specified resolution, ' four samples would have to be
contracted 1nto,ong before entgring data to the computer.
1f a logical ‘OR° of the four samples were taken, narrow
lines would have a higher detectibn probahiliﬁy' Figure 5.6
shows how a line detectad_at any of a group of four points
would be recorded at a :single‘ sample, which ~would.  be
effectively placed at the centre of the four points. This
in fact corresponds to a situation in which sampling takes
place at only this point, but the spot size and 1n£ensi:y
profile are modified to those shown in figﬁte 5.6; the
profile 43 no longer a single Gaussian, Ddut ratﬁer a
non~additive combinatfon of four Gaussians. . For the

previous worst case lines of width .002" (ﬁhichlunder'
7 straightforwvard sappling at .004" would have a detection
pfoﬁahility of .46 when ﬁhreshoiding at 50%7), decreasing s
byfa facéor of tﬁo. while scill] -thre#holding ‘at .502 novw
results in a deteé:ion proﬁabiltty-of £92.° wOer'caée space
,detection‘proﬂability will be zero uﬁléss the effect?ve

space width 1s-gfeater than 2 sample spacings.
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Figure 5.6 Effective spat shape and profile under
alternative sampling scheme

" Although such sampling ;might be desirable for some
types df data,“ with the constructed scanner geometry and
motor speeds, sampling between lines 1is not ‘ditéctly
possible. ‘VSampling between successive_ﬁerial dats points
is, however, quite possible. By sampling every. 1
~microsecond, or .002", and petférmiﬁg‘ 2 logical fQR; on
successive palrs of samples, narrow line detection will be
improved. However, reéolution éroces;es in the sweep‘and
travel direction will now norlénget be 1{identical. A 1line

running parallel to the sweep axis will have a worst.case
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detection probabilicty given byrthe curves of figure 5.5,
vhile one lying pérpendicular'to it will have a higher ﬁo:at
cése-det&ction_p;obability. Tﬁis:suggestS‘:ha: it might be
" desirable to ‘petforﬁ the same sawpling operation in the
other resclution direction. Implemgntation of such a scheme
would mean swaaping - at half resolution 'spacing and .
temporarily-storing, say, each odd 1indexed line of dat#.
For each incoming even indexed line of data, a logical ‘OR’
operation. could be performed between ifdentically time.
co~ordinated positions in stored and incoming lines, aud the
resulting single stream would give the required information.
This sampling scheme could be implemented in the following

manmer.

1. Sweep at .002" intervals, and perform a logical
‘OR” operation on successive serial pairs of

" samples.
2. Temporarily atore each odd indexed line of data.

3. Perform logical ‘OR‘ on corresponding samples from
incoming even indexed 1line (in real time), and<

gstored 0dd indexed line.

The result would he a sampling process which would detect
information at .002" spacing, and would re-position it onto
a .004" spaced grid. It should be. noted that since the

final sample value derived from tﬁe_values at each of the
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four points is obtained by logically ;OR'ing " these values,
the order 1ia which pairs of the four are ‘OR’ed tﬁgether
does not gffect the result. If ‘OR‘ing is performed first
on successive pairs of samples froﬁ e#gh sweep, tﬁe size of
the temporary storaée buffer required is 8 kbits ra:héf than

the 16 kbits that would be reqﬁired‘ if pairs  of
corresponding samples from successive sweeps were first

‘OR’ed.

Step 1 could bhe achieved in aither of two wais. The
first would be to use the scanner and timing arvangements. as
they stand, but have a dual faced rotating mirror instead of
a single faced one. The generated data stream would simply
be éampled at 1 microsecond intervals, or af 1 MHEz, and ‘the
logicai ‘OR’ performed between sqccessive pairs directly oﬁ
clocking‘of the seéond sample of each pair. Storage of
alternate lines of data would require a synchronously
clockable buffer of size 8 kbits, or 1024 bftes, together
with some fairly simple control logiec. The third step cndld
be achiefed by connecting the tetiporary storage buffer as a
ring Dbuffer (or-_alcernativély using a first-in fifst-out
stack), and clocking it in synchronism with the sahpling of
the 1incoming data stream. The required logical ‘OR’ could
theﬂ be taken on the next clock c¢ycle, and the incoming
even-indexed liué of data,discarded. The'éignal wbuld‘then
represent‘the requiredfsample;-at .004" spacing. ‘The iﬁpnc

data rate to the computer would not be affected. The second
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way requires more additional bdﬁfer space than does tﬁe'
~ first, but does not require a dual faced mirror. fhe mirror
- rotation rate would be doubled, and lines time quantizéd at
2 MHz . to g?nerate the saﬁples a; 002" spacing along the
sweep. The stream at 1| MHz resulting from ’OR'ing of
successive serial pairs of samples would be stored
‘temporarily, and stored and incoming lines similarly °OR’ed.
This has the disadvantage that the final data stream would
be produced at I MHz for 8 milliseconds, rather than the
designed 500 kHz for 16 milliseconds. Continual input at
this rate is beyond the capabilities of the computer, so an
additionai bpffer of roughly half a line length (that is, 4

kbits, or 256 16~bit words) would be required.

It was decided that in addition to straightforward
sampling at .004" spacing, partial provision for ﬁarfow line
deéection would be made by implementing ss‘ an alternative
saﬁpling scheme the logical “OR’ing of successive pairs of
samples éc .002" spacing in the ;ﬁeep .dirgction. "Section
5.5 of this chapter deécibes the-hardﬁare constructed for

this purpcse.
5.3.4 Bandwidth of detector and amplifier

1f either the detector, or the detector amplifier, has
a iimited bandwidth, a shaping effect will take place on the

detected pulses. PFor an ‘1n@ut step function, a limited
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bandwidth-will impose finite rise and,fali.times.. Depeﬁdiﬁg
on the rise and fall time relationships, and th§  threshold

level <chosen for detection, the output .aignal "will be
delaved with respect to the input, and may be either shorter
or laongey in duration. Although not ueceséarily the case,
irn general the rise and fall times §£ the detector and
amplifier will be roughly equal. . Conmsequently, 4f the
threshold level is chosen at about 502 of the signal
amplitude, only a delaying distortion occurs. However, it
has ﬁlready been noted that depending on spot size, line
width and other less quantifiable non-linearities in-tha
system, pulses may vary saubstantially | in amplitude.
Maintaining a constant low threshold level m;ans that a
pulse of smaller amplitude will be foreshortened due to the

rise time tail.

Sinc; it seems ,desirabler to avoid introducing yet
another non=-linearity into the‘ detection process, the
bandwidth of the detector and " amplifier should be
sufficiently large that the ﬁulse shaping éffect of rise and
fall times be minimal compareéd with the effects due to spot
gsize. As 1t is the difference between delays caused by the
rise and fall times which intro&uces the undesirable
distortion, it seems reasonable fo éﬁsure _thaﬁ this
differgnce is of an order of ﬁagnitude at least - less than
the aﬁmpling in:#rval of 2 microseconds. An .overall

detector and amplifier bandwidth of about 1 MHz. would
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satisfy these conditions, and hence seems a reasonable aim.
5.3.5 Conclusions

The pfeceding fouf sections. #uggest that in the
interests of  mainfainiﬁg both a fixed‘ degree of data
integrity, and éonsisﬁency of resoiuﬁion, the distorting
effects of any .techniquas-used‘to obtain information at a
higher spatial resolﬁtion than that specified be carefully

examined.

The detection probability curves of figures 5.5 can be
used to determine the gffectsfof spot widening on worst case
line and space detectién. ﬁowever,- 1nterpretation  is not

partieularly easy if spot diameter variations are to be
investigated. If the sample épacing 1s fixed (at .004"),
the detection probability of worat case lines of a specific
width can be plotted for varying spot diameter. This 1is
shbwn'in figure 5.7, where a line width of .002" was chosen,
this being the miﬁimum width for which detection is desired.
It caﬁ be seen  that ‘depending upon the threshold level,
there is a spot diameter which gives maxiﬁum widening of
.002™ 1lines. At a 40X threshold level, this maximum occurs
for a spot diameter of approximitely .004", ‘For: a spot
diameﬁef mych greater than .004", worst case sﬁace detection
isAvery poor. If the spot diaﬁeter 15 iess than .004", line

widening is not substantial, giving low &etection
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probability for worst case lines of this width. In . fact,

with the optical system used, .004" was about the minimum

spot diameter obtainable.
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Spot diameter d ‘(thousandths of an inch)-

Figure 5.7 Worst case detection probabilicy “for
lines/spaces of width .002" .

It seems that a reasonable compromise is to use a - gpot

diameter  of 004", and to thresheld che signal at

approximately 30X ﬁfrthe maximum level. This gives a .75
detection probahility for worat case lines of widthr.OOZ",
and, referring back to figure 5.5 withr'd/s-l, a ﬁeteétion
-prob#Sility of .72 for worst case spaces of .004". Worst
case lines of width -greater than .003%". will 'alwhys- be

detected. This ensures that randomly orientat@d lines of
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width .002" on the map will seldom have connectivity broken..

The possibility of saﬁpling at an inéreasgd :es?lution,
and thresholding nearer ,tb the 50%T level should not be’
overlooked. Sampling at half the final resoiution grid
spacing is the sweep direction does‘not‘posé problems; as
described in section 5.3.3, but to do so in the travel
direction rTequires addit;onal hardware. To avoid this, it
might be possgible to ellipticise'the spot, with minor axis
in the sweep direction so that resolution in this directién
1s maintained, but the same .afsuments . about thresholding
still apply, as the intensity distribuction along the major
axis of the ellipse would still be apprqximately AGaugsian.
It seéms that some techniqué, suchras spot wobbling along an
axis ‘perpendicular to the sweep direction, ~would be
required. This has the advantage that a small spot can be
used, and an intensi;y profile whieh is very much squarer in-
. naturé than a Gaussian is obtained along the axis of wobble;
Spot wobbling'could.be used in the sweep direction- also;
this would avoid the'peﬁky‘spot intensity profile resulting
from intermediate sawpling. Rawévnr,‘ providing that the
connected deteétion df. lines of width .002" i{s the only
eriterion not met by digitizatioun at 004", if this can -be
achieved by -electtical rather than mgchanicai means, this

3eems Mmore attractive.

Based on these considerations, and bearing in mind that



tﬁe system 13 a developmentall one and rhence avaiding
unnecessary mechﬁnical complexity, it was decided that
sampl;ug' at _half the origina;r resolutioﬁ spaétng in the
sweep direction, as an option to straigﬁcforwafd 'sgmpling,
should be..implemented; -This technique generatﬁs'digital
saﬁpies at tvice'_the spacified resolution, and any
particular logical gxtracti&n of 1nformation may be
obtained, depending on the characteristics of the map sheet,
to géﬁeratg the final samples pl;ced on a .004" grid.
Implewentation of this scheme in the sweép direction gives a
degree of ensurance of deﬁection of worst case naffow lines
without requiring & very low tﬁreshold ievel,” while under

nornal operation the intermediate samples would be 1gnoréd.

Having then establighed the requirements: of  each
section of the s8ignal processing hardware, the following

sections‘describe their design and construction in detail.-
5.4 Signal Detection

A‘PIN photodibde was chosén as a suitable optical to
electrical tran‘ducer{ Section 5.3 of this cﬁaptéf
‘determined that the bandwidth of the détactof{ﬁmplifief
combinétidn‘ be 'gréater than 1 MHz ;.'this correép;nds‘to a
deté&tor rise time of better thaﬁ‘about‘200-300 n@ﬁoaeconds,
The requifed sensitivity 1s less easy to d?termine, aé the

absorptivity of the plastic map bed —'and the transparent
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areas of thé map sheet, and the effect of the diffuser are
diffieult to quantify. A propérﬁion of the power in the
laser beam ‘wili be reflected froﬁ each surface,_and in
particular the po;leétion ~of the iﬁcident power on the
diffuser will &gpend npon the the detector positioﬁs within
the diffuser, and the nature of the diffusive‘ maﬁerial. The
large dynamic range of a PIN diode, coupled with its low
'.noisg thresho;d level detection performance, make it
electrically 'suitable for the purpose. Although a
photomultiplier tube would also be 'electrically _suitabie,
the small physical size of a PIN diode makes it very.much
more attractive in the lchosen geometry of wmwap trolley,

reflected'signal path and detector ﬁosftion.

In fact a combination Qf three diodes within the
diffuser was used. In order to obtain better linearity of
response over tﬁelentire width of thé swveep, in addition  to
a centrally placed dfode, diodes were mounted at each end of
the diffuser cylinder. Vémall bumps 1in the reflecting

_surface, and the tilt of the reflector to keep the detector
out of the path of the incoming beam, cause the refleétad
beam to st:ike.the diffuser non-centfalli; nulciple diodes
positioned as dQscribed improve the- 1inearity1 to w;thin'

acceptable 1imits.

In order to obtain a high speed of response from a PIN

diode, the diode muat have a small active surface area.
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Unfsrtunately such a diode is -uot the most 1ideal for
detection - of diffused 1ight,, and consequently siénal
amplitude levels will be low. The Hewlett=-Packard
HP 5082-4203 diode was chosen . for its wide directional
sensitivity tharacferistics, and also fﬁr its H;gh speed,

high sensifivity'and low noise properties.

A PIN diode can be operated either undér zero bias, or
under reverse bias. Under zero bias it behaves as a voltage
source and Opefates ‘in photovoltaic mode, while under
reverse bias it oper#tes in-pﬁococonductive.mdde'and acts as
a current sceurce. The characteristics of the HP 5083—4203'
PIN diode aré givenrin appendix B. Fast responée requi;es
that thé diode be operated under reverse bias at the
sacrifice of ppise performance. Specificaily, a lead
resistance of less than about 100 kohms with low caéaci:ance'
is necessary 1f the rise time |is toz-be_leas.than 200
nanogseconds. Consequently the photocondﬁctive mode  of
ope:aiion . was chosen. A traﬁsconduétins amplifier is
required tb render the genefated signal suitable for voltage

thrésholding, and this is treated in the following section.
5.5 35ignal Amplificatien
The ‘de;ector amplifier must have high gain, fast

response and low noise performance. In addition, since

steady d.c. signal levels may be encountered when the sweep



-70=

runs. along &a line. on the map,‘ a wideband amplifier is
necessary. The comﬁination of these requirements suggests
that the inpu;.stasé of the Qmplifier be discrete. Althdugh

hybrid opefaniénai #mplifiers with input offset and bias
cufreﬁts ‘of.the order of nanoamps are available, td achieve
a wide bandwidth and low noise ;erformance at high gain is
not feasible. In the constructed detector, gener#ted
eﬁrrents were of fhé ocrder of tens to hundreds of nanoamps,
. and  for a voitage output of several volfs,‘ a
transcénductance of the order of 10? is required. In this
gection, the design, construction. and performance of the
first stage of the amplifier, which converts the lﬁw lavel
input cﬁrrent intor #n cutput voltage of.reasqnable level,
are described._ The following section’ descr}bes
thresholding, and the amplification and &.c. level removal
necessary to make the-ﬁhreshold_levhl immune both to thermal
drift in the first stage, and to the density of the base

material of the map sheet.

The circult of the first stage of the ~amplifier is
shown inrrfisure 5.8. A low noise NP¥ transistor (2N 248&)7
was chosen for‘ its ability to ‘ampliff v§ry, low leval
currents. Following this {8 a voltage gain stage; a PNP‘
transistor (ZN 3251) is used so :hatl ehérmal effects will
cause oppésité dec. drifes in therfirat two‘stageﬁ, Ceﬁding
toe reduce overall drift. Finally‘ an emittér_,follower

buffers the amplified signél.



Th§ wideband noise vs. source resist#nce. aﬁd noise
figure vs. fr#quency curves- for theffnput tnansiStqrrare
shown 1in ap-pendi‘rxiB. In order to keep the noise figure
below 1 dB8, a soﬁr,ce rESisfa,nce of 10=-12 kohm was chosen,
and a colleﬁcor cﬁtreﬂf of 100 ﬁicroamps cbmpfbmises between
bandwidth and noise, siving a value for R3 of 100 kohm. R3
is thgrsource resistance for the second stage transistor;
the noise figure vs. collector current characteristics for
this transistor are also shown 1n appendix B; with
R3 = Rs = 100 kohm, the noise figure i3 less than 2 dB 1f:
Ic < 79 microamps ~and iesa than lidBV' - if
-2O microamps < Ic < 30 micr&amps. Again 1in order to ke?p
the: gain bandwidth product .high, the higher collgcéor
current.- was chosen at the slight expense of  noi§e
performance, since for this stage noise is less'critical‘_ A
collector current of appoximataly 70 microamps requires a
collector'resisfor of about 100 kohm. This value was also
chosen for the collector resistor of the emitter follower,
- giving a coilector current of approximately 100 microamps.’
Adjustment of R2 and the feedback resistor Rf allows the
ﬁampiqg of overshoot and provides fo;'finé‘offset‘balancing-
In fact; R3 was‘trimmed to 94 kohm to bring the d.c. output

offset to zero for no input current.

The ampliiier was built on a,grOuhd plane to minimise
noise pickup, and . careful power sﬁpply bypassing was

employed. The entire first stage was also shielded. Figure
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5.9 shows the performgpce of the amplifier for a square wave
test sigﬁal iaput through a‘-iO Mohm resistor, giving an.
iaput current of 50 nA. Oﬁershoot damping is dapeﬁdent on
the resistance and capacitance of the . 1nput gource.
Overdamping increases _the rise and fall times of ¢the
'amplifier, while unﬁerdamp;ng causes louger pulsg- settling
timqs.i The PIN diodes have a combined reverse bias
resigtance of gfeﬁterl than 10 Gohm, and a combinéd
capacitance of about 6 pF; ,these,condic;ons should be met
as closely as possible when adjusting for minimal overshoot.
ide#lly, ~final trimming 'sh0pld be performed ‘using -a
modulated light socurce to create a pulsed inpuc fér the
applifier under 1ts #ctual operating conditions, but in
practiée overshoot damping wasg set to give minimum sigﬁal
rise and fall times without wviaible distortion, using the
smallest achievable lﬁserfspot diameter ctoasing- opaque to.

transparent boundaries.

" The constrﬁcted Aﬁplifier has the following wmeasured
ch?raétéristicé. | | |
Iransconﬁnctance . 2x10°
Bandwidth = 2.3 MHz.
Hoise at output fgrounded input) = (.6 nV rus

Signal to noise ratio (for 25 nA rms input).- 30 d8



_ (a)

(b) -~ - — (o)

Figure 5.9 Detector amplifier test performance
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5.6 Threshold Detection

It was decided that the thresﬁold,' ievel for
digitization of the aﬁalogue signal should be tndépendenf‘of
the steady d.c. voltage signal level £for two Treasons.
Firste, ﬁne.problemrencoun:ered when a_disctete-fikst stage 1is
ysed for signal amﬁlificaticn is that the d.c. output level
varies ' with temperatﬁre. Because the transconductance gain
is so high, this d.c. shift .can be appreciable compared
with the signal level, and this makes mainfainiﬁg an exact
threshold level difficult if the -signal .13 d.c. coupled.
Secondly, the opaque density of map aheets can vary
§epending on the base material thickness and type. Since
the diodes are capable 65 de:ecti;g,extrémely léw light
levels, a less dense sheet introduces a sﬁall d.c. offset;

the threshold level should be independent of this.

Asr noted earlier, it 1is convenient to have a
d.c. signal availabie for static adjustments, _sut under
-normalr opefatiﬁg: ;oﬁdi:ions this is not recessary.
Therefore  the following method was wused - to- make the
threshold level independent of the d.c. cdmpoﬁent of thg
signal.  An intermediate gain siage is used to bring the
signal level to‘abOut'iv méximum,-following which' a buffef‘
amplifier 4isolates a ﬁassive‘ low~pass filter 'from‘ ghe
intermediate stage; This fiiter tracks the d.c. compoﬁent

of the signal, provided that no appreciable'-energy is



-7 5=

contéined in the signal pulses represenfing light
transmission through the map sheet. As the pulses occur on
average infrequently over the sweep, and not at gll for 3/4
of the sweep cycle time, this is in fact the case. This
d.c. voltage can then be subtracted from the d.c. gignal to
generate the required signal which can then be amplified to
a level suitable for thresholding. Keeping the signal
amplitude after the intermediate stage to about lv maximun
ensures that even for d.c. drifts of several times the
slgnal amplitude, no c¢lipping will occur. This allows the
possibilit§ of scanning map sheets of variable base
densities without hardware adjustment. LM 318 operational
amplifiers, with A unity gain-bandwidth éroduct of 15 MHz

were used, and trimming capacitors control overshoot.

Actual threshold detection can now be made with respect -
to a fixed reference.level. This level i3 significant as
far as signal integrity 4is  concerned, and is hence
adjustable. The amplified pulses represent a measure not
Just of the width of the line on the‘map, but also of the
laser spot charaﬁteristics as described in earlier sections
of this chapter. Hence the thre;hold level fepresents some
non-gimple measure of the inStantgneOus signal level at
which the system 1is to specify'a recorded mark on the map.
Due to the large number of {influencing factors involved,

adjustment of this level must be made -according to the

characteristics of the data being gscanned.
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An LM 311 comparator,was.used'fof threshold detection.
Hysteresis was -employed to-improve noise immunity, as the
comparétor is caggble of';changing output state for very
small input voltage changgsé The resulting digital signal
stream must be'tfansmittgd over coaxial cable to the time
quantizatiou_ circuitry mounted at the computerv 1nterfa¢e.
TTL drivers‘ were used for this purpbae,_rand a buffer
inverting gate isolates the comparator and low level signal
circuitry from the relatively high switching currents used
by the dfiéérs. In fact, 1t was found that even with
stringent power supply bypassing, the- switchiing tfansienes
due to the drivers caused power supply spikes, and
unnacceptabie dégradation of the analog signasl, and 4t was
necessary to use a separate power supply faor the drivers.

The driver chip was also mounted off the ground plane.

Figure‘ 5.10 shows the complete signal detection,
amplification and digitization circﬁitry, while figures
5.11(a) and (b) show its ground plane comstruction, complete
with detector diodes and diffuser. Screening was removed -
for the photographs. Performance of each stage ofl this"
circuitry in actual scanning is shown in the final section

of this chapter, and examined more carefully in chapter 8.
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(a)

(b))

Pigure 5.11 Signal detector/amplifier board
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3.7 Time Quantization

The base 300 kﬁ: sample rate‘is derived-frqm the 1 MHz
crystal coﬁtrolled. eloék which generates the time bése f;f
the entire system. The samples are taken by cloéking a
synchronous. flip/flop on the poasitive going edge of the
500 kHz clock signal, and the output is accepted into the
serial=-to-parallel converter and buffer {described in the
following chap:a:).on thé negative going edge of tﬁe same

signal to ensure a determinate state at the output.

Ineciuded as a switchable option is the time
quantization of successive serial pairs of samples taken at
1 microsecond intervals. Again inj order to avoid any
indeterminate states occurring due to sampling éhe output of
~a fliplfiop too c¢lose 4in time to a $tate change, the
inverged 1 MHz clock signal is used to generate two sampling
frequencies of 500 kHz which are then 90 degrees and 270
degrees respectively out of phase with the b#sg gampling
frequency of 500 kHz described above. The logical ‘OR’ of
‘the result of these sampling operations is directed to the
input of the base 500 kHz sampling flip/fiop. - This then
means that the resuiting - single samplé effgctively
represents the central point betweén succegsive serial

pairs.
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Figure 5.12 Legic to perform time guaatization

Figure 5.12 shows the logic ecircuitry coumnstructed to
perform time quantization. Figure 35.13(a) . demonstrates
straightforward sampling on a data stream, while figure
5.13(b) ‘shows the timingrseqﬁance for the‘sampling 1ogi§ to
implement sncteéﬁive serial pairs s#mple combining, and . the
result of this sampling on the same data stream. 1In the
following section, results of rboth' types of sampliﬁg om
actual scanned data atre shoén. " The time quantization logic
was constructed 6n the intérface-board, the layout of which

i3 given in appendix B.
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5.8 Summary

This chapter has described the hardware  signal
procassiné required for the generation Qf a syanchroaous
digital pulse stream that caﬁ be reconstructed into 2 matrix
to represent the _Scanned map sheet in a non-exact ﬁanner,
Thisz non-exactness has been examined, and the agignal
processing method _and circuitry designed to minimise {ts
undegirable aspects, while making use of some of 1?9
features, .have been ‘'described. Having obtained a serial
synchronous data stream, the next step is to pass this data
to the computer through the 16 bit parallel I/0 port
described in chapter 3. The hardware and software necessary

to do'fhis are described in the following chapter.
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6. INTERFACE BETWEEN SCANNER AND COMPUTER

6.1 Introduction

The iaterface hardware 'acceﬁts the time qﬁantized
serial puléé stream from the scanner and converts'iﬁ into
16 bit parallel form suitable for éncry to the computer. It
also handles all necessary control and Synchronising aigqa;s.
both to operate the acanher, and to pa#s the' data ‘to the
computer. :The iﬂterface software receives the incoming data
upon hardware generated rﬁquest, and transfefs it through
memory to a chosen storage medium (disk or magnetic tape).
In addition, further éoftware supervises and controls the
scanning procéess. The software structure 1s such that other
use can be made of the computer while scanning {is in

Progress.,

This chapter is dividéd into three main sections.  The
first examines the factors which govern the design of the
1nterface'hardware and software, while the second gives
detalls of the interface hardware; namely, the‘hufferiug
and control circuitry. The third section describes the
éoftwara';organisatiOn developed to control the scanner and

handle the incoming data.
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6.2 TFactors Governing Interface Design

Tbe interface hardwvare must be desighed to &pefate in
conjunction with the software #uch that data throughput ia
cpntinuoﬁs dhring ﬁhe scanningrprocess. _ Facility mrust be
provided, either " in hardware or sof tware, to ensure that
deiajs in computer response do not rvesuilt in a loss of data.
These delays can be of two types; first, the short delay in
response ffou an 1§put roufihe currently with cont;ol of the
processor; and secondly, longer delays caused by
interference from other processes taking place  in ghe

computer.

Facility for accomodating the first type of delay in
response time wmust be pfovided in che interface hardware;
specificailf. by the provision of lsome small buffering
capacity, -togéther' wi:h‘suitable control signaIS':o.handle
data transfer between the  interface and memdory 4in a
handshake ‘manuer. However, so accoﬁbdating the longer
response delays would‘fequire an excessively deap buffering
_capaeity. This would be unsatisfaczofy noé ¢nly on a cost
basis, but also in that delays in response causéd by
opaerating system -ov@rheads can often be of the ordé? of
several milliseconds, rather than microseconds, and it would
be 1mpract;cal to attempt to temporarily store the data
generated du;ing this 'timef-. Consequently i1t seems more

attractive to eliminate such delays by software means if
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possible, using both the routine runniﬁg-priofity structure
of the operating system, and aﬁy ofﬁe; necessary b1ocking of
interfefing procasses duringfthe data‘collection cycle., The
_fqliowing tvé- sﬁb-sections look moré-épecificﬁlly‘at;thé
hafdware and sof tware requirenents for .acéomodating or
preventingreach 6f‘the;tﬁo typeg of delays dgééribed above.

a

6.2.1 Accomodation of short computer response delays

Data samples aré generaﬁed serially at £h§ rate of one
every 2 microseconds. The most straightforward approach to
performing a serial-to-parallel conversion woﬁld b§ to. use a
set oﬁr shift régistérg, _and 'simply enter data to the
computer every 16 samples. Howéver;.chis requires that the
computer must be able to regspond to an input request within
two microseconds; it is not realistic to‘expéct this ffom a
program controllid input mechanism. Clearly some form of
temporary storage 1is neces#a;y,'at least to-store-_one- word
‘while the next is being generated. This would give‘the
computar 32 microsecnnds,fto' respond, whichr‘ is quite
feasible. (In fact Ateéts' éhowed thgt'with a minimum of
aof tware overhead, the ingﬁg routine could handle one word
in approximately 19-m1c;osec0nds,) Although 4 single word of
staorage {(such as a éet of 16 fegisters) would'be :su£fic1ent
tol" deal with _s'ho-rtj respouse .delays, 1t turﬁs out from
requirements described in the nexﬁ section that grbuffer 'ﬁt

least several words deep is necessary. Consequently it was
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decided that a 16 word deep firsf-in'firsevout (FIFO) stack
-shpuld - be used for thé; combined _purpose§ of
sérial-to-parallel,converQion and fnterface buffering. This
1s described 1in detail in section 6.3.1, and thé neCéssafy
control sisuai gengrating iogic to perform data fransfer in

section 6.3.2.
6.2.2 Accomodating and preventing operating system delays

As with most multi-user singl&"processor‘ oﬁe:ating
systems, RSX=-11lM use# a rdefined hardware and software
priority structure to determine where .cdntrol of -the:
proceééor is held at any time. ‘Hardware in:erruﬁcs have a
priority higher than any spftware pribrity.'lnnd thege
inﬁarrupts are proceésed by transferring conﬁtol to_in
interrupt service routine which executes at a high software
priori:yﬂ Consequently a Vrunning task can at any time bde
briefly 4duspended for the processing' of a hardware
intertﬁpt. 'By'-c0nvantiag,'servicé fbutine‘prOCEssing time
is usually-limited'to less than 100 microsecondss. ‘fﬁfthér
required processipg is perfﬁrﬁed at a iowar priorit} by a
subsidiary task set up fromr the service routinme. Providing
the guidélinesi for 1I/0O drive? _operation afe-gdhered‘to,
delays during the runﬁing of a high priority task should not
_bé loﬁger than about 100 microseconds, and usually would'be
shorter. Since ;tlis deéirasla " to opefa£e='within thease

guidelines, the interface buffer should be capable of
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accomodating dela}s of:up'to'100_microseconds,‘:_Thia means
temporary storage of 3 or & words (as a word is generated
.every  32 microseconds), with one- additional“.word - to
~accomodate the ‘shor:'softwaremféspohse delays deséribed in
the préviﬁus Sub-éectiOn.r A 16 word deep FIFO .stack meats

this‘requiiémgnt with a comfortable gsafety margin.

However, there is_another type of_'sy#fgm— delgy. which
can causerappreeiable breaks in the ruuﬁing of‘é task. This
is caused by the running‘of otherrfasks at.a-pribtity‘ above
that of the data input task. Ca?e can b§ taken that the
priority of the input task 1s set higher than that of any
other user tasks, but there ié still a problem with the
_operating syﬁtem ;asﬁ'which keeps track of task‘:prioritiea
and determines where control of the processor resides. This
scheduling‘task comes - in once ﬁ second,-#s detirmiﬁed by an
interrupt derived from the 60 Hz line frequency. . It scans
all issﬁed pask requests and‘priorities,-and:'estabiishes a
sch#duling ofder. if arlarge number of tasks are ﬁaiting to
fun, this-échedgliug can take up to severa;- millisecéﬁds;
this ~would be an dn#ec?ptably long'dﬁlay;in_the data input
process. Since data input oc#ﬁgs' for a period of 16

milliseconds over the 64 millisecond cycle time, on average

one such task scheduling would take place during each data

input sweep. It was decided that the easiest way to avoid
loss of data was to prevent the scheduling from taking place

during the data collection §eriod.' This.can be achieved by
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simply disabling the lgnefclock interrupt at the stért-of a
'sweep; _and‘-re-guabliﬁg' 1t after co11eétion is completed.
‘Since only ome scheduling.dp§ratiou~in‘ four 18 prevented,
disturbance 'tg' other computer useré is not seriocus. This
procedure, and the necess?ry support software to ‘make it

possible, are described in section 6.4 of this chapter.
6.3 Interface Hardware

The interface hardvare handles data throughput by
' proviﬁing a serial'data-sink'to the scanner, and a parallel
data source to the computer. Control logic¢ looks after the
timing of this operation, and in addition allows the proeéss
of §cann1§g a map sheet to-be:aﬁfomaficglly performed ﬁndet
program @ontrola The £following :wo'suh«sectioﬁs descfibe

the buffer and control logic in detail.
6.3.1 Interface bhuffer

 "A §irst-inlfirst-out-fleO) buffer allows asjnchrogous
data iaput  and ouﬁput. opetﬁtioqs; A ?airchild fTLr
macrologic 9403 16 words by foﬁr‘bifs‘xchip was chosen as.
being su;table for the 'pqrpose;‘ foar_.suqh chiﬁs are
required for a 16 Ab1t word.-. Data can  &19° be -reﬁoved
serially from - this chip, Ieaving open the possibilitﬁ of
using a high'spéed sari#lf‘éomﬁutef  input line- with only .

minor mo&ifications. One other feature of the buffer
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structure is that it can easily be changed ¢to make 'the
output 8 bits in parallel. This‘vould make it particularly
suiﬁable for use with a fast dedicated microprocessor

controlled magnetic tape drive.

Upon receivthg 16 bits of dat#, the FIPO generates a
data ready signal which can Be-used direétly as a request to
the computer.- Transfer of data to the outpuﬁ register of
the stack and output enabling are performed ﬁirec;ly by the
raturn acknowledge signal from the <computer, aéd data is
tﬁen available on the DRli«C 4input register lines.
Addiﬁional control signals required forrFIFO pperation are

ganerated by the control logic described in the following

section.
6.3.2 Control logic

. Control Qignals'of two types are required. - FPirst, the
proéess of ~data  transfer to thQ DR11-C I/0 port fequires-
standard flagging signals, and secondly, 1f“ thé. overall
scanney ‘opefation is to bé-autématic, facility for starting
and stopping the motors and the dété collection process must
be provided. It was mentioned in chapter 4 ‘that the DR11-C
interface consists of threglzlé “bit. regiscefs; Van input
reéister,- an . output regisugr, ‘&pd' a control and status
register (CSR). The CSR has two outgoing flag lines and-fvo

incoming request lines. . These request lines c¢an be ﬁsed as
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iﬁterfnpfs if reﬁuired, but néed, not be. = The. flﬁg' and
request lines are-fsﬁitable fﬁr.data transfer handshakiné,
while the output register can be used for the essentially
static overall control sigﬁals.' Figuré 6.1 sgshows the
schematic structure of the ﬁRLi-C_I/O'port, with réquest and

flag lines shown,

Figure 6.2 ghows the logic constructed to éerform the
control functions described hélow. Gate 1dentification.1§
consistent with board layouts given 4in abpandix B. .In
chapter &4 the start-of-sweep (S0S) and seart~of-line_(soi)
detectors were described. The S0S8 signal 41is used to
generate an 1nterru§t .reQuest to the computer, #ia bit 15
(REQ B) of ﬁhe CSR. The interrupt requesé flip/flop (D1) is
reset by. the interrupt a§know1edgementrsent under program
control via bic 0 of the CSR. The $0S signal i{s also wused
to reseﬁ the FIFO stack (MR).-lThe SOL signal gates the
system clock to start the data quantization (on the-pcsitite
going edge) and synchronéus filling'ofrthe stack (on the
neg;tivé‘goiﬁg edge). Clock gating is achieved by means - of
a mpnost#blé (M2) with a tiﬁe constant slightly longer tﬁan
the time taken to-input a‘line-of data.  This obviataes the
need fotfgn end-of-lige deta;tor; line length isdeterﬁined
by the number of word; acpepggd by the‘séftwara, ‘which ean
be an ~§hte:§d variaﬁle.uﬂ(ihis,means that maps of variable
size can be scanned wi:hdﬁt re;positipniug dnd -aligning an

end-of?line deteétor,'-as' would be necessary'uﬁless large
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qu#ntitiés of-off*map data wére cpllected-) As sudceséivg
words of 16 bits fall thrOugh-the_stack, the data ready (REQ
A) and acknowledging outﬁut‘cldcking (CSR1) signals control
data transfer to the Eomputer. At tﬁe end of a line (as
determined by the lirne length ;pecifi@d.when iniciating the.
scaun;ng},n the data ready signal i{s simply ignored ﬁy the
1nput‘rout1ne; ;nd at the end. of the monostable tiﬁing
period, c¢locking 1is gated out. Where neceséaty; buffera or
ménostahles &rg used to avoid passiblg uncertain st&ﬁes due
to splkes on the DR1l~C - lines. (Even with careful:
grounding, c¢ross—talk bétween lines was encountered.) Thé
logic 1is deéigned to prevent latch-up in aay particular
state caused by unsynchronised timihé conditions such as
'prosfam initiafion at some critical phase;éf the collection

sweep.

The operation of the input and the output sections of
the 1nterfac§ board ?an- be - tested separately, either by
running coupled to ‘:he scanner generated signals  but -
diséonuécted 'from the <computer, 6r by running with‘a test
-input program.- Appropriate ﬁest poinci'are-provided'on the
interfa;e board. In fact the time quantization cifcnitry,
therfreqdenéy dividing circuicry and TTL ‘drivets to send.
sigﬁals. to the gcanner over éoa;ial_ééblé ware built onte
the interface boards. Appendix B‘containg detﬁilé‘of board

layout and wiring.
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6.4 Software Design

The control and operationai sof tware 1s 'designed to
miniﬁise the gffec: of’the'entire'acanning process oun other
users oflﬁhe computer. To thié end, three separate programs
are :used. The scan input program SCAN is responsible fﬁr
accepciﬁg data from the DR11-C interface and wrifing it out
to disk or magnetic tape. As noted earlier, data coliection
on}y takes place during one quarter of - each - aweep period,
and the start of each data collection period 1s marked by an
1n£eriupt- The interrzupt s@rvicerprogram (INTRUP) detects
this interrupt, and allows SCAN to take contfol of the
processor for the data collection -1ntgrvaia-' The  control
prégram (CONTRL) co-ordinates the scanning oPeraiion. It 1s
written in Fortran, and can be user Vmodified as required.
CONTRL initiates the other prﬁgtams; necessary information

is passed to SCAR, and return information back‘tO'CONTRL;

' Support ‘software to allow SCAN and INTRUP to
coﬁmunicate with the DR11-C port is also réquired,‘butlit
can be installed'wi:hin the computer’s bperating s}s:gn and
hence be transParentr to the wuser. 'In. the following
gections, the schematic-loéicai flows of e#ch_ program afe
giveﬁ, aiong with morev'degailed- descriptions of  their

operations.
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6.4.1 Scan input program SCAN

SCAN performs two basic operations; £first to transfer
data from the DRl11-C interface to memory; and secondly, to
write this data from memory to some temporary storage

madium, such as disk or tape.

The process of receiving data from the DRll=C is-
initiated by an evenf flag set by INTRUP. ‘As described
earlier, the first action of SCAN is ‘to‘ di#able the 1line
eloek interrupt to keep control of the processor. The
program then waits until it receives a data ready signal
from the interface control lggic; and ‘upoﬁ doing so,
acknowledges it and reads 2 word of déca' from tha input
regiatar' into Qenory. This continues until it has agcepted
the required number of lines of data (passed to it initially
from CONTRL), after which 1t becdmes dormant unfil‘the next
setting of the event fl#g by INTRUP. During this  input
sequence, 1t is p&ssible that Va fault might occur (for
e#ample.aa connection break or hardware failure) that -would
leave the program contiuﬁally waiting for a data ready:
request. As the line clock is "at this stage disasbled,
recovary  0£ control of the'processor from SCAN would not be
poﬁsible, Tq-avoid-tﬁis, some form of check  must’ 5§- made
ﬁithiu -the wait loop, and an exit provided; incorporétiﬁg
re-enabling 6f the line clock interrupt. Thig check couid

be time ©based, or a counter could be 4incremented and exit
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‘'performed if a spécified éoﬁnt were exceeded. To ‘min1n1se
,softﬁare--overhead,_ a Simple check of the computer”s switch
register is mgde{.'if a value' of 1 1is loaded - into the
regisgé: by the operator, exit and ﬁence recoﬁery is

achievad.

" The second operation performed by SCAN is to craﬁafer
data from memory to some temporary stbrase location on disk
or magnétic tape. it is not ﬁossible‘to write out each line
of data individually to disk or tape as it comes into
memory, a$ #isk access times and tape gstart wup times are
longer thgn the 48 milliiseconds available between sweeps.
Consequently larger amounts of data mﬂst'bé writteﬁ out in a
‘single continuous operation, and a dual buffering system -
used when-inputtiﬁg data to. memor?. A buffer size of.
8 kwords‘was chosen; such a buffer can be written to either
tapé or disk in less tha# half the time taken to fill up the
geéond buffer, leaving a substantial safety margin. Writing
'takeSQPIace under eontroirof the device driver about once a
second, and the proceséor‘néed-oﬁly transfer to the driver

the address in memory of the buffer to be written out.

Finally, SCAN also keeps a -record of data _transfer
oﬁeratichs.‘ This is- iq_-:he form of /0 'Qtafus codes
geherate& by the system softwvare after an I/0 operation has
taken: place,‘ describing' the success or otherwise of the

transfer, and the size of the data block transfefed. 1f a



-9 6=

Adata .transfer‘ error oCcurs; .its ﬁosiiion and detailes can
thus be determined. After writing tﬁigrinformation out to
disk, sCAN activates CONTRL andrsends thé disk address at
which the_I/O stﬁtns'buffgr is written, 36 that 1t can be
checked from CONTRL. Figure'6.3'givés the logical flow of
SCAN,  while"Che complete program listing is given in

appendix €.
6.4.2 Interrupt prncess'program INTRUP

The purpose of INTRUP is to recogn;se'the start of a
sweep‘ eycle, and indirectly allow coutrol of'the processor
to be taken bj SCAN. This is achieved by setting a systen
event flag and ﬁeclating a significant system event; the
effect ;f such a declaration 1s that the scheduler
determines which tasks, if any, are waiting tp become active
pending the setfing of the event flgg. SCAN leaves' itself
in such a state after a 16 millisecond data collection
tnterval, and can thus proceéd to take coatrol -of the
processor for‘ the»nextrlﬁ millisecﬁn& period. The minimal
size, and non*conaequeutialrfunction of INTRUP, meaﬁ that {t
can quite safély be permanantiy installed in the operating
sof tware 1if fequired. It can also be used 2s a manual or
autématigi.interrupt detector for stepping through hardware
or software development, testing or debugging rbutiﬁes.
Figure 6.4 shows the logic§l flow -of INTRUP, while the

program listingiis given in appendix C.
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6.4.3 Contrel program CONTRﬁ

The scanning operation is initiated by  CONTRL,
Information which‘ must be transfered to §CAN, such asrthe
size of thermap to be scanned (line length and naumber of
iines),- and the . storage medium (disk or tape},'is iﬁpu:
through CONTRL and passed to scaﬁ. While scanﬁina is takiﬁg
placé, CONTRL 1is dormanc, and can be checked out af Wemnory
onto disk teo al@ow fuller use of memory by Other-‘usgrs.
When scauning 1is gompleted,‘CONTRL is brought back by SCAN
and information concerning the running of the operation {is
returned to 1it, as described ip sectioq B.4.1. lFigure 6.5
shows the logical flow of CONTRL, and the prograim listing is

given in appendix C.
6.46.4 Support software

The éxtent' to which the d;sigu of the system ig
dependent on the computer’s softéare operating system was
poiﬁtedlou: in earlier sections. Because of this, 1t {is
worth brieflj deséribing.the eﬁpport software necessary to
run the process. In order that INTRUP and -SCAN can -
communicate directly with the DRI1~«C interface, the address
of the-DRli-C registers must be defined. This can lbe ~done -
within a program segment, but this imposes size and
stch:urg:limit#tionsian the program. Bettef is‘:to créate

" what 1is known as a device common area at the required
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loca;ion io mémory;' named ,reg;Sters with their physical
addresses‘;defingdr in this area are then accessable to any
ﬁrégram which 18 linked to the area. _The #ommon ‘area ‘19
butiit by the program DCOM. Another program, SCOM,-ﬁuiidg-a.
similar area to allow access to the line clock -intertupt
register and the computer’s switch register (used for a
sof tware trap in case of an error condition oc¢turring while

the line clock is disabled).

Purther support software includes programé' to display
scanned data on various types-of'display.syatems, and other
data handling programs. Becaﬁse'of the large volumes of
data 1involved, an 1mage.processbr,display.sys:em waa  found
particularly useful for visua1l§ examining'lacanned maps.
Data display routines, along with appropriate subroutines to

pack and unpack data, and other programs to transfer data

between disk and tape, are not included in this thesis.
6.5 Summary

Thé‘preceﬂing sections of this ‘chapter describe the
hardware - and software structure used. to transfer data
genarated.by the scanner onto _a. gemporary —storager medium
(disk or ‘tapé).‘ This data is in raw raster form; a bit‘

value of ‘1’ means that a line or. mark on the map was

encountered at this point; otherwise a 'Q’ 1s recorded. !

Successive words represent serial grohps of_16 hits.  Filgure
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6.6 summarises in  bloek form the overall interface
structure. The scanner hardware is also included for

completeness.

While the data could be stored directly in ies
genergted form, 1t turms out that for qut types of map
'shee; dafa, a direct raster format has a substantial degree
of reduﬁdancﬁ; " The following chapter locks at software
methods of reducing the total data volume to render it more

suitable for parmanant storage.
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7. SOFTWARE DATA PROCESSING -

7.1 Introduction

The scanning process desgribed in previous chaptefs
results in a digital description of a map sheet such that
every stored bit represents directly. information obtained
about small areas of - the map centred on tesolﬁtion'grid
points. Software processing is performed on this data for
one or both of two reasons. Firsf, storing the data in this
form is not particularly efficient; 1f a long rum of zeros
qcéurs; essentigl;y no. information takeé up considaerable
storage sééce. Some method of reducing d;ta redundancy is
required if raster data 1is to be stored directly..'Seconély,
as pointed out in chapter 1, the-daca may be r;quired in
vector form. For most types ‘of cartographic¢ data,
representation in vector fofm regults in a mofe compact data
set than _whén in raw rastef-‘form. In addition, {t is
possible that the first step of the Qéctorizétion process,
that of line thianing, might be performed on rastér data 1f

line widths are not to be retained.

In this chapter, the first of these processes,‘that ~of
data coding, is looked at in some detail, after whieh

vectorization processes are briefly outlined.
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7.2, Coding of Raster Data
7.2.1 Requirements of a coding scheme

.Although‘data.-éompaction,'13 the purpoée for which
codiﬁg -is performed, a suitable coding‘ scheme need-not
necéssarily optimally encode the data. - More 1mportant £s
that it be a fast process, and that the reverse process of
'deéqdins also be fast. 1In éddition,_it'is desirable that it
be -possible £6 perform‘coding and decoding in é'high level
language (specifically Fortran), to. make  the daca

univergally usable.

Scanned data consists of _a serial string of  b1ts,
arranged in words of 16 bits in size, whichjcan be segmented
at approl-:riate points to re-constitute individual sweeps
across a map-. Data 4{s.generally characterisged sy fairly
long strings of-'O' bits, representing spaces between lines,
folloﬁed by. short?r strings of ‘1° bits, representing the
crosiing of lines. Run length encoding is"particularly
suited to this type of data. Provided the avaerage length of '
a run of like,bit§ is greater than thé number of bits

required to describe that number, compaction is achieved.

This suggests that the statistics of map data in raster
form be investigated ian order first that a suitable run

length encoding scheme can bde chosen, and secondly that the'
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compaction .achiéved by applying such a schéme to,a'variety
of maé sheet data aeté can be égtimated.l The following
section makes ‘Such an:inVegtigation;'and in section 7.2.3,
.the limitactions imposed by the requirement that §odiﬁg be

performable in a high level langtage aré eva1uatqd.
7+2.2 Statistical basis for coding

If a‘suitable coding scheme 1s ‘to .be chosen, somé
'info;mttian gbdut the likely zero-run and one;rﬁn~1engths is
requiréd. These lengths willl depend wupon map sﬁéet
characteristics,. but to some extent have a measure of
predictability. More specifically, the léng:h of lzero-runs
Cwill depeﬁd on the type of nap (contOufs, culture, drainage
ete.), the nature of the lines oﬁ the mapf (for example,
contours are usually aligned to somé extent and spaced apart
in a non~random manner), and the angle at.which a sﬁeep tuts
the lines. Similarly, the lengthérof one-runs will depend
on thc above factors, but rather on the 1ine widthr than
spacing. If the map sheet atea- is sufficiently latge; the
angle at yhicﬁ lines are cut.can be agsumed‘to Se on average
random,  suggesting that,  for example, “the probabilicty
distribution for the occurrence of lengths;bf one=-runs couyld
*to somé'degree be pfedicted;. the fact that lines are often‘
nearly parallel for re;sonaﬁle proﬁortiona of'thgir. lengths
8Suggests that 1f the zero-ruﬁ leugths and the one=-run

lengths are represeated by disérete- variables, these
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variables will not be entirely indépgndenc.

A thorough approach to choosing a suitable. coding
scheme would dinvolve  using map shéets tepresenﬁative of
various - types of cartographic information to generate
histograms of the relative frequencies of oécutrgncerof
specified pairs of successive runs of zeros and aaea, - If a
distribution of known charactetistics could then be found to
well approximate the-frequency hiétdgramé for each type of
map -éheet‘ by varying only the. parameters of the
distribution, coding efficiencies under any specified qdding
scheme could be calculated for encountered ranges of these
parametric variétions. To get an indication of  the
feasibility of such an approach,rdaca sets from contour,
culture and drainage,map sheets weare examined. These data -
sets were obtained by scanning the three map éheets shown 1in
chafter 8, figures 8.8.1, 3;9.1 and 8.10.1; A two
dimensional set of bins was constructed, and run. length
‘pairs (a run leng:h'pair consists of a zerowruﬁ length and a
one=-run. length) werel binuéd accoxding to theif‘lengths.
Sinca the length of a tﬁn that can be rebresentﬁd' by uo-
binary bits 1; given by 2“-1; bin boupdaries were set ét
~ these values for n=1,15. Figure 7.1 shows thé-resulting‘twO'
dimensional relative ffeéuen;y :hiQfograms. in the form of
rprofiies along'fhe zgro-rﬁn lénéth-axis, for each one~run
lﬁngth bin numsef. Bin numbefs cﬁrresgond to the exponeht

of the upper limit of the bin, given by:Z"-l, and hence  the
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Figure 7.1 Raster Run lLength Statistics
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Tun iength ‘measure is 1ogarithmi§. The histégram profiles
~of figufe_?Ql(a) are for the contoﬁr map sheet, those of
7.1(b) fof the cultural sheet, and those of 7.1(c) for the
drainage sheet. Individual parametersrfﬁr zevo=run lengths
-and oue=run  lengths _werer also calcﬁlated,‘ as were
correlations between the two. These parametefs are

summarised in table 7.1.

Map sheet 'Ccntpuf Culture Drainage
Area of sheet (sq. inches),‘ 50 | - 50 50
Raw data volume (kwords) 16 16 | 16
Total no. of runm pairs 50231 55213 7152
Zero-runs :  Mean 59.3 53.2 436.5
St. Dev. 235 300 _ 634
One=runs @ Mean 3.3 3.8 | | 3.3
st. Dev. 2.9 4.1 | 3.1
Correlation coefficient 0.02 ‘-0.02 -0.08

Table 7.1 Summary of raster map data statistics

‘It can be seen that the data séts have far from uniform
charactgristics« The double peak in the culture sheet
profiles 1is due to ﬁhe fact that roads are ‘tepreéanted by
parallel bouﬁdary lines,  the spaﬁe‘ beﬁween gtheée lines
giving rise to the low zero-run- length peak. As  these
lengths are small, the average is not greatly affected, but

"the standard deviation 1is high. The drainage sheet 1is
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f&irly -sparse, and the total data volume 18 hence small.
The bronounced peak for m=12 reflects the fact that over
much of the sheet, a single group of lines ig the only data

encouyntered.

It was decided that to perform & comprehensive analysis
of th; statistics of raster rgptésented nap data‘was beyond
the scope of this werk. Rather a more practical approach to
coding :he- data- was :gken. .A simple method . largely
détermined by counvenience -for use with a high level
language, and with a wininum of caleculative overhead was
choser, and its compacting performance for each of the data
sets 111ustraﬁed ‘in this section was calculated. The
folléwing ;ection describes this coding scheme, . and the
method of appljing it to data froﬁ a full map sheet. In
gaddition, the storage penalties iﬂcurréé by making 1t usablé

entirely with a high level language are investigated.
7.2.3 Coding method

If coding and decoding afe to be performed in ; high
level language at high speed, run lengths must be
represented by‘¢ifect1y addressable volumes; that is, bytes
or words. ,‘Eéch coded entry consisfa of‘a pair of—ﬁumbers,
one fepresénting‘the zeto-fun léngth, and one ‘representing
the-o#e-run length. Since run lengths.ibnger than 255 occur

infrequently, it was decided that a 16 bit word should be
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used tq‘ represént each run pa;r. ff én_B bit byte ié used
to represent each run,.runs are then directly addressable.
An equally simple run length encoding scheme records a count
of'thé‘number:ofisuecegsive zeros occurring before eachrone;
this results in a total numhe:‘ofrentries edﬁal to the total
number of oneé. Preliminary investigation showed'fﬁat .fhis
method §1e1ds an eXpanaioﬁ rather than a compression of the
data representing map sheets, due to the freqﬁﬁnt ogcurrence
of mnultiple ones. Consequently i1t was not investigated

further.

To prevent the possibility tﬁat a single error (for
example, as might be encountered when reading data from
t;pe) should be,cumulative, it was decided that data should
be encoded {in chunks.r' A ‘0’ word, which would never be
generated under normal coding,lwas used to signify.the start
of a new chunk of data, and the following word was set aside
as an information word for specific uger applications. (For
example, a specific value could indicate that the data for
that line was'coded using a 16 bit word for each run length
if that chunk . had a predominaﬁce of‘long'runs-j A chunk
could be simply a linerof‘data, or 1f preferred, an area. .
Although rretrigval of data from disk  1s faster 1f done
sequentially,-as it is written quto - disk line by - 1line,
coding by ’aréas has tﬁe éﬁtraction that if seépidns of'the_
map are to be editéd of ﬁisplaye&, retrieval of that section

is simpler and faster. Areas 512 elements square are
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guitaﬁle since this is the size of most display screens.
The volume occupied by uncoded da;& fepresenting-an area 512
elements squaréiis.lﬁ kwords; this is asrlarge a vo1ume ‘as
c#n .comfortably be handled in memory Iif gome form‘of
proce?sing is*fo'be performed onrtﬁe data. The co=-ordinated
position of eéchrarea on the map sheeﬁ can be régistergd in
the word following the zero word. If a particular chunk
size and shape were dec;ded upon, data sﬁruccures on disk .
ﬁoﬁld be modified to oﬁtimise'daca'transfef times.

Line orientation has‘verj definite trends over localised
areas.:. This‘ éuggests that compacfions will Dbe highlyr
dependent on scanning directibn. This was found to, kK be the
case, but the added programming complexity. and time benalcy
incurred in first deteém;ning.the.direction for which most
efficient ' compaction occurs, and then - possiﬁly
re-manipulating large amounts of &ata, would make it
unattraetive to make use of this feature, uﬁl@ss storage

volyme were at a premium,

The coding scheme  is .ﬁot particulafly  efficiegt at
'deécribing runs of longer than 235 elements. ‘Since most
" such runs will be zero-runs, 1t-could be that using a larger
bit f£field to represent the zero-fun than . th#trfor-the
l-ongvrun wouid result in a mor§ efficient coding method.
VThis ﬁight‘ require an assembly'language.subroutine to code
and decode, thbugh ‘2 simpLe.magnitude test and subtfactiou

could be implemented in a high level language to add one
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extra bit to the zero-run field. le examine the possible
gain in eempaction‘effiéiency using such a scheme, storage
volumes and-hence'coding‘compacciohs obtained %hen- usiﬁg a
p=bit zero-run field, aﬁd‘ra q-~bit one-run field (where
p+q—16)‘were‘calcﬁla;ed‘for each of the threé data sets of
the previous éection, | Figure 7.2(a), (b)) -and (e¢) shows
curves of compaction f#ctots obtéinea for p=1,15 fop
congour, culture audidtginage map sheet§ respectively. It
can be seen that the péssible gain 1in compactign by
_incregsing the zero*rﬁn‘bit‘field is ahél; for each of the
contour And_culture sheets, though for the- drainase asheet
which has largﬁr areaé of no' information, .there is a
significant increase, However, oye;all'compaction for this
qhget is fairly high, and 1its  coded data Golume low;
overall Ehe increase 1ﬁ storage volume 15 small. Based on
these cémpaﬁtions, it was decided that the simple coding
scheme using one byte to represent each run length should be
implemented. One additional ‘advantage of having .equal
zavo-run and onéitun bit fielﬁs Sis_ that maps scanned 'in:
bositive form canrbe‘equallk,well co&éd without changing the

'scheﬁe, and further, sheets with large shaded“areas-can also

be fairly efficiently coded.

It was not intended that this coding scheme . should in
.~ any way optimally encode map sheet data; rather the intent
waa to tompaét the original raster data in such a way that

decoding 1s simple and ~rapid, while still achieving3a'
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reasonable degree of‘ compaétidn.i fher coding schene waé;
implemented in Foftran,_ and data was traﬁsfer:ed from
uncoded form on disk to codad form on maénetié ibpe.l Coding.
integrity was also checked by decoding and displaying the

_resulpihg data.
7.3 Raster to Vector Conﬁé:sion
"7.3.1 Line thinning

Line thinning is a process by whicﬁ ther directionalicy
aud'—length“of lines 1is maintained, while Eheir wideh is
redu;ed to a minimum. Thinning processes, and  their
operation on thg. elements of a map or picfﬁre (callad
pixels) can be degcribed in terms of- pixell ;dj&cencf and
line connectivity {11}. Figure 7.3(a) shows a pixel (i,3)
of a picture, with its 4-neighbours (1—1;5), (£,3=-1),
(1,35+1), (i+1,5). Each ﬁf ~these points is &-adj;ceut to
(1,1). 1If diagonal elements are-‘inéiﬁded,- as shown in
figﬁra. 7.3(b), the p§1n£s are Ssédjgcent to 7(1,1). A
sequence'of‘ distinet points. (io,j,);(i.;j,)...(ig,jn)‘ is
called a path from (1,,30) te (i,,3,) Lf (1,,3m) 1is adj;cent
to (i,,4s3mq) for l<mgn. 1If there is a path between two
points din 'a‘ picture, then 'thesé‘-poinﬁs are Qaid to ber

connected.
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Figure 7.3 Pixel adjacency

Thinning should not destroy the counnectivity of the end
points of a line; cthat is, it should be pa&sible te trace
the path of a line by'foildwing from one set pixei ‘to the
next in asateps of either one resolution element, or one
diagonal eiement; and at the same time, set pixels shouid
be - adjacent to oﬁly two other pixels;rwﬁich ﬁhemselves are
not adjacent, excapt"at_'éingular poin:sr such as line
Jjunetions br- line ends. - For describing lines on a map‘
sheet, B8-adjacency is normally used to give a smoother curve
representation (and also a- smaller &aca .volume)._'When
ithinning lines from-a maﬁ‘sﬁéet, genérally the central track
of the line is the required thinned_p&th. Given the above
cénditions then, it is po#éibie to constrﬁct' an ‘algorithm~

which néy'be applied to each pixel of a scanned map sheet to
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produce thinned lines. However, this cannot necessarily be

 achieved with a single‘ﬁass through the data,

fhinning processes can be either parallel or sequéntial
in nature. In a par#llel,p:qcess, aﬁ_&;gorithm gpﬁliedfco
each pixel deterﬁines 1f that pixel 18 required to mqintain‘
path conngctivity oo the basis of adjacent pixel values in
the original data. That is, the ﬁrevious state values of
adjacent pixels _are.uséd_to determine the n§xt state value
of éach pixel. Sequential thipning, on the 6ther hand, 1is a
process whiech 18 applied to pixels seqdéncialiy, and
determines 1if the »pixel i1is required to maint#in path
_connecgivi:y‘.from the previous state values of 'aa-yet
unp:dcessed pixels; and the current -gtate:' values "of
processed pixgls; Sequential thinaing is thus ditectional.
Because of'the-larée volumes of wnap data,-and.ﬁhe consequent_
long ptbceasing times, a single pass thinning process is.
attractive, even if some forﬁjof data pre-processing (such
as qiﬁﬁliﬁg) "13 ' necessa:y so. that chinﬁing.-can be -

satisfactorily performed..
'7.3.2 - Line vectorization

If raster data representing lines satisfies  the
conditions  for connectivity desétibed in the previous
seetionl(that is, it is thinned) it can  be converted into

. strings of vectors describing the lines.  This vectorization-r'
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consists essehtially of two procesgés} the first 1is that of -
following the path of a line, reﬁresgnting it as‘a ;eriesrof‘
succeséive vectors fromr one’ poiﬁt_-to its ‘nex; adjacent
point; and the secondris that of dgterminiag'if a gr@up of

:hese‘ guccessive_‘vegtors repfeéents a “étraighc"  line
segment, for some given definition of ;cféight, éhd 1f so,
of réplﬁcing the group with a single vector. These two
processes are ‘known as line following, and weeding

respectively., 
7.3,3 BSummary of vectorization procasses

The .implbmqnpacion of raster to vector conversion
processes - 1naorp0ratiﬁg thinning, line folloﬁing au
‘weeding; were the subject of work being done in .eonjunction
with this prbject [7}. An asymmetric'squential operator
[8] was chosen to perform thinning on the map data in a
one~pass process. Thia. operator imposes the requirement
that'uo line be wide; tﬁan«4 elements;' exéeeding this-Liﬁit
may result 1nH prominenées. qlong the thinned line. For
normal map data this is‘the case,lprovideﬁ that the scanning
process does not‘artifiéially widen lines. Liﬁe'following
- and weeding were also performed on the thinned data in ordér
.t§ ;c&mpére vector storage volumes with_thoée obt§ined ;sing

rastér.codiﬁg techniques.
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7.4 Raster/Vector Format Compaction Comparisons

The thteé'data sets  described éarlier were used to
rcempare ghe compac;ionja¢h1eved by raster coding.#ithrthose-
-achieved by line vectorization {7]}. Table 7.2 sh&ws' the
resulting storage volumes for each type of déta.‘ It can‘be
seen that on‘rthe Saais of storage ﬁolumea alone,

B

vectorization is not warranted.

Compaction factors
Line vector Coded raster

Map sheet . 8«bit zero=field | 12-bit zero-field

8-bit one~field 4-bit one-~field
Contour ' 3.9 C 3.7 - ' 3.9
Culture 1.4 _ 3.3 3.5
Drainage. | 9.5 : 10,3 27.0
Overall 2.8 4.5 |l s.2

"Table 7.2 Data compaction facéors
7.5 Summary

This'  chapter has looked at the probléms of data
reduction and conversion from a practical viewpoint. In its
rav'state, the large amount of raster data generated by a

scanning process could well poase serious storage and
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handlingrptbblems;,.perhﬁﬁs to the point that dealing with
such da£§ would be. impracticable.- The 1ﬁtent of this
chapter, and the work done. on d#ta' ching;‘ wasg to
demonstrate that it is quite‘feasihle to reduce the raw daﬁa
volume to gn amount -comparable to thﬁt' which  would - he
gener#tedi by a line following type of digitization process,
using only a simple, rapid codiag scheme which can be
implemented‘iﬁ a high level language. This isréonsidered in
chapter 9, along with tﬁe overall performance evaluation
made in chapter 8, {in Judging the suitability of. the
scanning system fof the large scale digitizing. of

cartographic information.



-120-

8. DIGITIZING SYSTEM PERFORMANCE EVALUATION

8.1 Introduction

The performanﬁe of the digitizing system can be Jjudged
to. some extent subjectively by visually examining scanned
map sheets, but a more specif;c-evsluatidn can be made by
scanning a2 test pattern. Since the mechgnisms governiﬁg the
digitizing process in thé sweep direction‘afe not entirely
the éame as those governing it in the travel direction,ré
test pattern which- allows fwo dimensional un;formity of
resolution  to be géuged is desirable. For this purpose a
test pattern consisting of a circlie of altétﬂate ﬁlack and
white sectors, each subtendingran angle of 3 degre;s at the
circle c¢entre, was drawvn up, reduced -.and repeatedly:
photographed onto a strip‘ of 35 mm. film. Pigure 8.1(a)
shows a true size section of this strip. This enabled
digitization along any strip gcrosé the swaep of'gravel to
be examined. A étraightforwafd test pattern with precise.
line and spacé widtﬁs, as shown in figure 8.1(b) was aléo

found useful while setting up the systemn.

In the course of previous chapters, specific componeﬁts
~of the digitiziong systcen 'were,cited for further testing:
section 8.2 describes procedures used to test the

paerformance of each of these components. Section 8.3 looks
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at the system performance in scanning various types of
actual map sheets, while in section 8.4 a summary of the

agpects of the system which could benefit from improvement,

and the suggested nature of these improvements, is made.

”Figure 8.1 Test pattern strips

8.2 Testing of Specific-Aapects‘af System Performance
8.2.1 Consistency of rotating mirror motor speed

Section 4.6 of chapter 4 pointed  out :the»‘need for
testing the conéisﬁency of = the mirfor motor rot#tiona;
'épaed. Sm#il vériatioﬁsrin motor speed will createredges to
lines or afeas-On the reconstructed-hap sheet; It was found

that over the sweep, fluctuations in speed .occurred in a
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non-repr&ducibie  manner.  VYery clese ‘to the triggering
detector, iittleror no fl&ﬁtuations vere apparent (that 1is,
lines were'barely-jagge&); but within.several inches on the
.map (one inch cdrfééponds to abdut 3 ‘degrees of angular
displacement of the motor -arﬁatute) of this ﬂefetfor{
variations of line position of one-bit either side,of a meén:
vere encountéred; These variatifons occurred apparently at
random throughéut thé sweep; bit offaset for any paftiéular
line was only consistent over several inches. More than one
hit offset ffom the aiergge position was seldom encountered.
A‘ tloge e;amination of fhe 61 Hz driving frequency for the
motor showed wminimal, if any, 4inconsistency in delay
distortion, rising edgés being reproducible'fo within the

measurement accuracy, and-certainly to within 50lnanoseconds
or so. It was concluded that friction in the motor beariﬁgs.
was responsible for the fluctations. Previodsly. the motor
had been run without a flywheel, and fluctuations were of an
order of magnitude greater. In facet flvywheel :size was
fairly arbitrary; the motor shaft prpﬁruded only at one end
of the motor, and- - hence tb prevent uﬁdue uﬁbalancing;_-
'flywheel mass rwasr kept te approximately that of the mofor
ttgelf. 1t is not insignifiéant that in commercial scanning
systems, motors are of- high 1quality‘ and'of:gn have air
beariﬁgsrfor reduced frictiounal dfag, Section 8Q4 looks
further at the limitatrions of the ﬁo;or used when discnssing

improvements.
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The effect of a present third harmonic - in the motor
driving £reduency was also 1investigated using the test
pattern strip of.-figure -8.1(bY. - 1f noticeable{ these
effects should be apparent as an exéanéidn or compression of
'.linear distanée in the feconstituted data, with expansion
and compressiqn"ﬁaxima 60 degrees épart. Ho d1scergi51e
periodic-fluctuations in linear spot-apeed were diacovered;
though 1t 1is possible that they might have been‘masked by
the fiuctuations due to frictional drag. However, it seems
that the combined effects of the'inductive properties of the
motor and the inertia of the £flyweel were sufficient to
smooth out any variations due to this residual third
harmonic at'leaat to within the‘resolufion accuracy of the

digitizing process.

8.2.2 Uniformity of digitizing processes in sweep and

travel directions

Figure 8.2 shows the result of scanning ‘the test
pattern of figure 8.1. The patterns:werﬁ replotted at a
resolution of 200 points per inch, rather than the 250
points per inch at whicﬁ they were scanned. The oval Shape
is due to the faet that the pulley wheel driving the trolley
had a diameter‘bf 1.25“?‘iathQr than the 1.14" specifiéd in
chapter 4. This'resultsliﬁ a ratio of major to ﬁinor‘ axis
lengthé equal go that measured from the patierns. All

scanning was performed with this oversized pulley, thdugh
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réplacing- it wicth Va cofreptly sized one would be a simple
task. The -resulﬁing resolution spacing in the travel
direction. is :hen .0044", meaning that narrow'line.de:edtiqn
probability along' a cross~section in this direction is
reduce& (referring to figure 35.5). This is most apparent
when the threshold level is above 50X, .and can—be“seen from
the oval shaped loss area in the centre of'figures 8.2(v)
.and (c), for which thresholding took place at about 602 and

70Z of the maximum level repectively.

(b)

Pigure 8.2 Plots of scanned test pattern

Figures 8.3(a) and (b) and (c) show enlarged plots of"
sections of figures 8.2(a), (b) and (e¢) reSpectivelyﬂ ‘A
horizontal fo Qertical scale factor of 4/5 1s introduced 1in
figufe 8.3 dve to the geometry of the output plotting
device. . These test patterns indicate that Qeither the
detector/amplifier bandwidth, nor the transmission of the
gsignal from the.scanngr to thé interface, causes appreciable

degradation of resolution in the sweep directioh.
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8.2.3 Spot diameter measdrement

If - the foéused‘ laser spot  moves across an
opague/transp#rent boﬁnda:?, a .detected signal ‘w;ll bhe
generated wiﬁh a rise time.dependént on the spot diameter,
provi'ding that the detector/amplifier bandwidth  is
sufficiently high. From the curves of figure 5.3, it can be
seen that for t>d, a spot moves through approximately «63 of
its own. diameter between the 102 and 90X detected signal
amplitude 1evels.‘ Thus measutrement of the 102 to 902 rise
time df‘thé generated signal will emable calculation of the
s#ot diameter. This measurement was madé for the smallest
obtainable spot size fbr.secogdary lenses of various focal
1enéths. Spof size. was minimized by adjusting fogus for
minimum rise time in each case, and the smallest aperture
which did not cause beam truncation was used. With a 50
am. secondary lens, a s?ot diameter of approximately .007"
was. obtained, and with a 100 mm. lems, the diameter was
approximately .004"., Lenses were of equivalent quality
{(Nikkor PC lenses). It can be seén’that tﬁe theoreticalr
limitations derived in appendix -A are substantiated, the
smallest spot size being obtgined with the lens of longeét

focal iength'(and hence maximum collimation factor).
8.2.4 Effects of finite spot size and threshold level

As described in the previous section, -a finite spot
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size results 1in finite detecﬁed'aignal rise-andffall times;
if a lin; is narrower than .the - spat diamete:; a signal
amplitude iess than 95% of the maximum will be obtained.
Figure 8.4 shows a small portion 6£ a sweep across a contour
map sheet. Lines producing pulses (c) and (h) have a Qidth
of approiimately-.éO?“,,those ﬁrodncing pulses (e), (f) and
(g) have a wi&th of between .002" and .003" along the line
" of sweep, and those producing éulses-(a), (), (d) and (1)
.héve a width of .002". Using figure 5.3, and extrapolating
batween curves wﬁgre necessary, the pulse'heights correspond
to those predicted for a spot diameter of .007" to within
10%Z {the map was scanned using the 50mm secéndaryr lensg).
Thus the effee:s 6£ a finite épot size can clearly he seen,
rand élose agreement with the géoc gize measured {in section

" 8.2.2 is obtained.

(@) () (c)(d) (e) (£) (=)  (h) ()

Figure 8.4 Analogue signal detected along a map sheet sweep
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The%effects of chénging the threshold level on lipe and
space wﬂdth can be seen from figure 8.5, in which a section

1

of Fhe tést pattern is scanned (shown in figure 8.5(a)). A
thresholé ‘level of approximately 30Z (figﬁre 8.5(b}) widens
lines aﬁd"imptoveﬁ- line detection probabilirey, while
thresholéingr at ‘approximatelf 70% (figure 8.5(c¢c)) widens
spaces aéd hence 1ﬁproves space detection. 1In each case the
upper téace éhows the amplified detected signal, énd the

lower fréce shows the result after thresholding. {These

traces élso show localised non~linearities in response over

the sweeq as described in the following sub-section.)
8.2.5 Nén—linearities in response over sweep
Noﬁ%linearities in respomnse along the sweep can be
separate@ into tﬁo types; first, the variatiom in signal
level ofélcng time constant, averagsad ovef a distance of an
inch or éo, over the iength of the swéep; and secondlf, the
localizeé var1ation§ of shorter time coenstant over localizéd
areas.‘ EIn. this ‘section, " the Vfitst of these 'types is
consideréd, while the following section deals ﬁith the

latter. §

With a diode placed at each end of the diffuser,
average ilinearity -over the sweep was within approximately

102, andéwaé dependent largelf on the exact alignment of the

feflecté% surface; amall irregularities and blemishes
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caused atéég.of slightly lower detected signal“amplitude.
With a Lhird diode centrally 'pla;gd in the detector for
increasedﬁsignalamplitude; response became peaked.rtowards
the cent;e of . the sweep. Al;hough this was emplpygd for
'testing a?d scanning small map shéets,: a more precisely
shaped r}flector would allow.a smaller detéatof diffuser,
and the gtwo end-p;aced diodes  would be sufficient,
Alternatigely, the use of a uide-angle‘lens to di;ect the‘
incoming ?ighf tor a small area would greatly increase
detected ;ignal ampiitude lavels. Hodification in reflector
position ?nd size would be required 1f such a lens were
used, a.s;. with the present system geometry, th:e lens would
hafe to c;vet an angle of 180 degrees. Figure 8.6 shows the
result o? scanning a strip of patterns lying acréss the
sweep fro? the centre (8.6(a)) progressively outwards to the

edge (8.6(e)).

(a) . ) (e) (d) ()

Fiﬁurezﬁ.G Response fall-off towards sheet edge
It ﬂecame apparent - in the course  of testing that
linearitﬁ over . the sweep was quite highly dependent on the

i
positions of the optical compouents of the scanner, and {in
o ! .
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particular, of the reflector énd the dgtgctor. For optimunm
linearity, some form of micrometer adjustment of. detector
position wOuld-be ﬂeceésary. One method of linearising the
‘response over the‘sweép would be to use an automatice lg#in
confrol stage 1in the detector gmplifier_and set the time
constant to Be'of the-ﬁfder of the time taken to sweep an
inch or 80 onr the map; . this could be implemented quite

easily in the intermediate stage of amplification.
8.2.6 Localized non-linsarities in response

The second type of non~linearity, that over localized
areas, was more responsible for gignal degradatioh on Fhe‘
pixel scale. Several factors were responsible for this
degradation. First, the clear plastic from which the map
tray was constructed was found te affect the passage of the
laser beam in é ﬁon—uniform manner; driviﬁg the trolley
with no map in the tray gave a signal amplitude level which
varied by about 103 Eﬁnsistently, and by a substantial
amount more occasionally. Thi§ seems to be causgsed by
1n£erference with the transnitted beam, due partly to fine
score marks on the surfaqé_of th§ plastie, andrparcly to the
.na:ura'of the stru;ture of the mntérial itself, and stregses
within 1t frqn the beﬁding; As - a -Cesi, the ﬁrolley 'wgs
removed and a sheét of clear perspex was positioned in its
place; moving thé perspex caused no  variation in steady

signal level (with the exception of fluctuations in laser



-132-
power output-deScribed'belou)a However, the perspex was not
stressed by bending. Consequently, if improved localized
linearity in response 1is required, further investigation
into 'a ~sultable ‘materiélr from which to construct the map

tray should be ﬁade,

The second factor isclated as partly responsible for
1ocalized signal ﬁegradétion is the powaer output
fluctuations of the laser. With no part of the scamner
moving, and taking a measurenment from the d.c¢., toupled (lst)‘
stage of the amplifier, variations in detected signal level
of around 32X, ahd up to 102, were encountered.  These
variations were not periodic in any way; fafher they
occurred at random, with .timé‘ constants of the order of
seconds, and in a lesgs deterﬁinable way, with sh;rfet time
consgtants. This amount of variation is greater th&n that
wﬁich would be axpected duer to reflection of a raﬁﬂomly
polarised beam, the polarisation ell;pse ~orientation of

which is varying.

-Finally, general localized signal degradation was
caused by.mechanicai‘vibrations from extarnal sources. The
scanner was located in a non~ideal position, on an wupper
bu;lding level <close to an air cenditioning,unit which
exhibited resonances with a period of the order of a  second‘
or so. In addition, treading;in the vicinity of the scanner

produced small vibractionsg, which when transmitted through
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“the frgme te the optical components, and in particular to
the laﬁer, caugsed visible jumpé-in the location of the line
produced by ﬁhe flying‘spot. These vibrations also affected
the start*of-line dete#tor pulse; 4dlthough it could be mader
less sensitive to variatiom in spot alignment by using a
detector with a larger surface area, this would reduce the
precision with which the start of each line was registered.
It became rclear, as various signal degradations wvere
isclated as being causéd by mechanical vibrations, th#t more
careful méunting of the entire structure would ' be required
to obtain consistent performance. It was also suspected
that a parcep;ible play in ;he bearings of the mirror; motor

was responaible for slight variations in spot positioning.

It should be noted that althdugh localfsed signal 1evél
fluctuations cansed by any df the factors mentioned above
could be gquite substantial, this does not necessarily imply
that the data collected at these points will be affecfea'
seriously. . If a fluctuation occurs while the signal level
ié ~high, there will bé a noise immunity equal to the
difference-betweén the high level of thé siguall and . the‘-
threshold level. If it occurs on the rising or falling edge
of the pulse, some immunity is provided by the‘hystereéis Qf
the cémpat;tor used for thresholding} Ia both cases, fhe
sampled signal will only be affecﬁed if a change 'in the
digitized-‘level occurs at ihe sampling instﬁnt, and this in

Lurn dependé,on the time extent of the irfegularity. Thus
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the extent of the effects of these localised non-linearities
in response on the final signal integrity 1is -dependent on
both their magnitude and time extent, and i3 consequently

difficult to-predict-
8.2.7 Alternative sampling scheme

Due to other non~linearities in the system, ﬁ- carefui
evaluation of the affecﬁs of the alternative sampling could
not be made. TFigure 8.7 shows a series of sweeps made
repeatedly aloag ﬁ single 1l1ine across a map sheet. The
.alternative sampling scheme‘was gwitched im at the instant
indicated by tﬁe arrow. The effect of the scheme should be

to increase the width of a line by on average half a gpixel,

or .002".
x - o - o =
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Figure 8.7 Effects of alternative sampling on line widths
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Counting the to:ai number of seﬁ pixéls in the 25 sweeps
before .switching it in gives an average of 25.68 set pixels
per sweep; . and for the 25 linés after switching it 'in, of
30;08~ set  pixels pér #weep.r This is a difference of 4.4
pixels;.and since-9-11nes were swept, this corresponds to an
aﬁerage increase in width of 0.49 pixels, which is very
close to tha predicted 0.5. Hence it can be deduced that
the logic of the alternatiVe:sampiingrscheme was functioning

as designed.
8.3 Performance Scanning Map Sheets

 This section looks'at the performance of the systen
whiie actually ascanning map ‘sheets. Three sheets were
chosen for scanning; a contour sheet with minpr contour
lines of thickness ;002" (a majority of the lines on the
sheati, and major contour lines of :hickness L007"; a
_cultqre . sheet with varjous 1line widths, and in addition
narrow space widths between road boundaries; and a drainage
sheet. -  Actual. size positives of the scanned-negatives are
shown in figures 8.8.1, 8.9.1 and 8.10}1 .reSpecti§e1y.
Pigures 8.8.2, 8.9.2 and 8.10.2 show full size plots of the‘
scanned d;ta; plotting was p'erfofm-ad- on a raster plotter
(Versatec 311~8222)  at 200 points pér . inch, giving a
| magnification from.tﬁe original of 1.25. It should be notéd
that‘ due to the mis?éized,tfolley dtive‘pulley, there 1s

also a compression of data in the travel direction by a
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factor of 1.1, Figures 8;8;3. 8.9.3 and  £.10.3 show
enlargeménts of sé;ected sections of each ,sheet such that
individual pixels . can be seen. Each‘af these enlargements
'reﬁtesents-an area of 128 x 128 pixels, 'or aéproximately

1/2"™ x 1/2", on the original sheet.

Following the analysis éad discussion 4in chapter 35,
thrésholding at 307 of the maximum signal level was decided
upon for the contour sheat, in ordey to pick up thé,lines of
width .002" as connected lines. Judging from the results,
this level appears to be about the beét' compromise, 1t
cannot be further lowered {f contour separation 1is to bg
maintaivied, while isolated breaks in narrow line continuity
do _still occur occasionally. However, these.bfeaks only
occur at the edges of the sheet (figure 8.8.3 13 at the edge
of the sheet’ and was selected for enlargement for this
reason) where signal amplitudes are lower.._ In fact, the
edge mean threshold level was just over 40X of the original. .
ﬁreaks in continuity occur .1arge1y in sections of lines
parallel to the gweep. Tﬁis7is-1n keeping Qith fhe fact
that resolution spacing 15 L0044" {n ' the ﬁfavel axial
direction, rather than the designed .004"™, due  to the
over~sized trolley drive pulley. '-Otherwise, positionallyr
the‘breaks qcéﬁr a2t random, éuggesting-that a combination of
laser power.fluctuations and ifregular map traj transmisgsion
characteriétics as descriﬁed in séctiop'ﬁ.z are causing the

signal levels to occasionally dip below the threshold level.
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Thresholding was élso performed at 30Z when scanning
the culture shéet; However, this sheet does not contain
narrow lihes, and looking at figure 8.9.3'(ehoéen. from the
centre of the .sheet where detected signal levels are
highest), it is apparent that Iines.haie been overwidened;
there is a small number of ﬁoints where connectivity exists
across a space. meagurement of the line and space widths on
the -original showed space widths to befmarginélly larger;
since space detection'is‘equally'as 1mporﬁant in this case,
threshblding should have Yheen madernearer; if not at, the

50% level.

On the drainage sheet, thresholding wa; made
approximately at the 50% level, as again no narrow lines are
encountaredr Results were satisfactory, as Shown in figure
8.10.3; even at the edge only one break in continuity
occurred, which could well have been ;aused by a dirt fleck

or signal level fluctuation bf longer than average duration.

Unfortunately; the sﬁanner'had to be dismantled.due to
bﬁilding construction, and large scale plotting and
examination of the scanned data was not performed wuntil
after dismantling. Hance sheets could not bae re~scanned at
different ;hreshold levels on  the basis of closer
examination. However,. . iit doesl seem appérenc thaﬁ
thresholding at around 50% of thermaximum gignal levei for

sheets not containing rlines narrower than .004", and at
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around 307 of the maximum level for sheets containing narrow
lines (of down to .002") génerates results which
substantiaste the theoretical expectations derived in chapter
3, and appear safisfaétory in a visual sense. Further

generQI performance concluSioﬁé are drawn in chapter 9.
8.4 System Shortcomings and Areas for Improvement

In the course of evaluating the performance of the
scanning ' system, - various .shortcomings in design and
construction were uncovered, and in addition, some‘_possiblé
improvements becgme apparent. This section looks at the
machanical, o;tical, electronic and computational #sﬁects of

the sysatem; isolating problemsgs 1in each and discussing

methods to reduce or eradicate them.
8.4.1 Mechanical

It became c¢lear during  testing that m@st of the
-probléms encountered while’ operatiﬁg the system were of

mechanical cause. These problems are summarised as follows:

i, "Vibrations transmitted through the frame of the
scanner caused minor defiections of the baam from
its fntended path, resulting 1in localised signal
degr#daticn, 'aﬁd cauaing occasional mis—triggering

of the gstart-of-sweep and start«of~line signals. .
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: 2. Frictional drag in the bearings of the mirror motor
caugsed minor localised variations. in motor speed,

and hence localised signal degradation. :

3. Perceptible play in the bearings‘ of the mirror
mofor' caused a slight variation in beam deflection
aﬁgle, and hence again localigsed = gignal

- degradation. This was markedly more noticeable
after the motor had been running for soﬁe times
increasing tolerances due to thermal expansion are

probably responsible for the increased slop.

4. The three detectors wefe physically positioned by
bqlting them to portions of the scanner frame.
This made fine positional adjustment difficult, aund
methodical adjustment almest impossible. It became
apparent tﬁat the detectors require a‘ preciﬁe
micrometer positioning device; in the case of the
start-of=-line and start-of-sweep detectors,
adjustmgﬁt in a single dimension is sufficient, but
the data detector must be positioned accurately in

three dimensions.

The vibrational problems indicate that the scanner fust
be located on ‘some -sort of vibration free platform if
improved  localised signal integrity is required.

"Alternatively, a compromise might involve the wuse of
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vibration damping'feet, and more careful mounting of the
moving components of'thg'scannef on the frame. The flywheei

on the mif:ot motor should also be more precisely balanced.

It mig&t be possible to‘feducé problems caused divectly
by ':hgumirfbr motor (2 and 3 Listed‘abové),by adjusting the
- bearings to reduce play, agd by using a larger flywheel.. In
fact flywheel size was fgiriy arﬁi;rary: since the motor

shaft extended onlé on one side of che motor, a Dbalanced
flywhéelr arrangement could‘ noﬁrbe used, and a flywheel of
apprﬁximatelf the samé mass-as the motor, but of a I#rge
diameter, was used. However, a mote sétisfactnx&.solution
would be to replace the motor with one of higher qualicty,
perhaps with air bearings, designed for use in a scanning

system. Such motors are commercially available.
8.4.2 Optical

Limitations in the optiéalrsystem'were encountered as

follows:

1. The ninimum spot size that could be obtained vith
the optical 3ystemf u#ed- w#s  between .004"™ and
.005"; it was found desirnble that a spot ﬁize‘ of
approximately .002"‘sﬁould be at le;st obtainable,

evenn 1f not often used.
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Opticgl alignment was performed visually, using the
laser  beam as a tra;e. Conseguently, it is
nﬁlikelyrﬁhat the résulting spot size was actually
the“smallaat- that ¢§gld: be produced with the .
componenfs used.,. 'Iﬁ addition, it was difficult to
dezgrmihe if the spot shape was distorted due to

lens mis-alignment.

Variations in laser power output were encounéered,
adding to uncertainty fin the level at which the

detected signal is thresholded.

Imperfections in the 1light localising reflector
surface 1in the form ‘of‘buMps;‘depressionﬁ and a
slight overall skew meant that although over most

of the length of the-sweep the beam was focused to

a small volume around the intended . point  of
detection, deviations were caused by these
irregularities.. In order  to prevent data

collection ."Holés“,fa relatively large cylindrical
diffuser was necessary (approximatelyrl" in lénsth
and 3/4"™ 4n diameter). This meant that detected

signal amplitude was low, making a high amplifier.

- gain nécessary,‘and hence reducing signal to noise

ratio. As the beam occasionally hit the edges of
the diffuser linearity over the sweep was not

particularly good.
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S. The map fray-was.fbund to affect the péssage -of
light through l it- in a muou<uniform manner.
Interference (due to fine scouring and . ﬁhe - nature
of the structure of the plastic) caused localised

"signal degradation.

Althougﬁ using a microscope oblective as a,prim#ry_leng
and a camerﬁ‘lené as a secondary‘lens achiéveé collimation
aﬁd beam f0cusing; such lenses ére designed for compromiaing
compensation for the various major optical aﬁerra:ioné.- In
pafticulat, in a camera lens, éffort is made. to correct for
chrom;;ic abefrationl' Rowever, a laser is a monéch:omatic
source, and hence lenses may,bg deéigned'for use at a single
‘wavelength, and c¢amn be corrected primarily for sphgrica;
aberration which 1is largely fgsponsiblé for image
degradation in laser Optics; .Hence‘an optical‘colliuator
deaigned for use with a lasgf light source is likely to have
an improved performance over that of the lens system uséd.
bringing ,ther Spot  size ‘closgf- to ghatr thebretically '
obtainable with an 4deal optical sttem witﬁ‘aisﬁecified

degree of collimation.

v-The light localising reflector surface ;as-made from  a
‘strip of ppli#hed stainless steel, attached te the hane_cuc
rfrom ﬁer;pex. problems were caused by impetféctions in ihe'
: steei atrip, vrather - than in‘the curve shape. It §6q14 be

possible to have the curve cut from solid steel, and have an
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exact surface'groﬁndland polisﬁed directly; since the curve
need not be very wide tﬁis would :be quite feésiﬁle.
prevé:,. the fact that performaﬁce-was sati#fattory apart
ftOm-fhe smﬁll imperfections sﬁggésts that thé__designé&
teflec:6r wou1d be qﬁi:e-adequa:e,if'mdre care were'taken to
ensyre that the strip had oo such blemishes.’  Slight
problems were encountered with the steel rising élightly off
the curve; a thinner stfip would hévg léas fenﬂancy to do

S0

Signal degradation due to the map sheet tray shouyld" bé
entirely eliminated by choosing a material which neither
scuffs eaéily, nor noticeably affects the passage of the
laser beam. Glass would be ideal, but‘due-;o'its.weight,
and the comparative difficulty of forniﬁg ;t int0 .a curve,
it is less attractive than a plastic. Preliminary
investigacionﬁ'showed perspex to-.be suitable, though the
effects on transmission of s;tessidue to bending should be

invescigaﬁed.
8.4.3 Electronic

Performance of the electfonic compdnents-ofrthal system

' was as designed, with the fﬁilowing-provisbs:

‘1. 1t'dis foasiblé that*the'lcw—pass filter which picks

out the fundamental compbnent from the 61 Hz square
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wave to drive the mofars gshould have a steeper

. roil-off than 12 dB per octave. However, as

_meationed earlier, periodic mirror speed variations

vere entirély- masked, if at all present, by speed

_fluctudtionsudue to'frittionalrfofcgsul If a motor

of,highgr.quality, possibly with air bearings, were

installed, the effects of the residusl  third

harmoniec should be investigated wmore carefully;

this could be dome by scanning a fine grid at

varieus points over. the sweep and checking for
¢onsistency in spacing. If necessary, the rell-off
of the £filter could be increased by cascading an

identical stage. {Amplifier gain would have to be

marginaglly increased.)

1t became apparent that the ase of an autom;tic 
gain control (with a sgeveral millisecond time
éonstant) to make detected signal response oVerltEe
sweep more - linear would héve been-a simple way to.

compensate for these non=linearities. Al:hOUgH

‘this would result in a variable éignaluto'noise_'

ratioe, maingaining a consistent maximum signal

levél, and hence threshold level, would result in a
more consistent degree of data 1ntégrity "over the
area of the map sheet. .Thi_s would not be difficule

to insert in the - intermediate stage of the

'aﬁplifier (an ‘integrated circuit A.G.C. such as
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the LM 370 would be suitable) as a switchable

optiong time comnstant adjustability would also be

desirable.

8.4.& Sof tware

The interface software performed data  input  as

designed, thbggh several points should be mgntioﬂéd.

First, the softﬁare-using the 1ﬁterfup£-'to iniﬁiate,
data collection for reéchrline éas operative uunder RSX~11M
#ersion 3.1. With the installation of version 3.2,‘an&'50me.
new. hardware in the-cémputer system, the interrupt vector
address asgigngd to'fha DR11-C was moved out 'ofr'thel range
recognized hyr the opéraﬁing, system. Recognition of this
vector address required that a software syéﬁem generation be
paerformed _on the computer to re-define the addressing'areg;r
this was not done before tﬁg dismantliﬁg ‘cr'f- the scanner.
COnQequeutly- most  data input was performed with alslightly‘
modified ‘vefsion Tof SCAN' which " simply walted for the
1nterrupt:fequ§st line. to be set after each sweep. This.has
the disadv#ntagg fhat other use of the CPU of -th§ computer .-

is blocked throughout scanning.

The éecond'—poiﬁt* is that ‘initially,‘ unsynchronised
lihes appeared occasionally in the scanned data.. This loss

" of synchronism was.found to'be.cauéed when the 1line clock
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interrupt. - bringing rin-.:he operating éysteq‘ scﬁeduler"
occurfed 1mmgdiate1y before the line cloek: iqterrupt was
disaﬁleﬁ by 'SCANg' the interface buffe: was. then
insufficient to hold the data generated while thé- scheduler
held:cdnﬁful of the.proéeésof, and‘data'coliection cﬁnmgnced
after the sﬁart of the line.r.There are a nﬁmber of péssible
solutioﬁs. to. thiq problem, but rather fhan inerease :he'
depth of the hardware interface buffér, or interfere too
deeply withltha operation of the s?gtem, it was_decidg& that
thé distance between the étart~of~sweep and Start-of;linef
detqctors- should be iuncreased so that sufficient wait time
(between disabling the iine clock dinterrupt and receiviﬁg
‘the firsé wvord of data) be'prﬁvided that the scﬁeduiar can
complete its-t#sk-ﬁithOut'1nter£ering-with-da;a‘ collact;on{
Althoﬁgh' this 4increases slightly the time for which the
‘-scannihg softwvare blocks other usars"from'the.procasso;. i;
has - the advaqtagerthat it solves the-problem for datq‘input

under either the interrﬁpt mode, or that described above.

Thirdlf, a .situation ‘migﬁt‘ exist in' . which the'.
sta:t-onSWeepr rdétector " generates a - signal;' but 5ther
.start-ofﬁline detector does not, due pérﬁaps ‘to' physical
vibrafion or intermittent electfical fault. In this case, a
line of d#t; woﬁld be lost, and_the map compre#sed . in the
travel dirgction. - The simplesﬁ-wgy qfrpiupointing if ﬁhis
shbuld occur would be to increment a édﬁﬁcer at each 5start-

of sweep signal detection, and place the count .into a common
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area of'mgmory-accgsﬁihlé-to gll tﬁe prﬁgrams; SCAYM could
then .chéck this céunt agaiﬁstgrits liﬁé count, aﬁd if a
-&iscrepancf shbﬁld occﬁr, either exit with a.messageto-that
effect, .ot ,continuelbgt recofd the line number, p#séing it

to CONTRL at the end of scanning.

The points mentioned above demoustrate that althdqgh
the sofcwané was not deﬁeloped to the extent that wquld Ba
dasifable for a continuﬁusly operating systgﬁ (due partly to
thg disﬁ#ntling of the scanner and the:unévai;ébility of the
1nterrupt‘vector éddfesa); the flexibiiity @ainﬁ#in;d was
advantageous in the deVelopmental'systemf H;ving variOus.
possible modes of operation was found useful not only_ for
testing, - but also ih dealing'“wigh‘the losgs 6£ interrupt
facility. There {s another reaseﬁ why software complexity
should be kept to & minimum: in a computer operating system
guch as the one usgd; task priorities, modesiof rﬁnpigg “and
general system procedures‘must ﬁe tailored to ensure smooth
sysﬁem usage; making any one task or sgt of tasks highly
depéndent on certain =@ system cﬁndicious limité“ the
-c#pabiliﬁies of the system. Hence keepiﬁg -mo&es of‘
Operatiouj' as 'straightforward‘ as possiBle,f #nd keeping -
software cpmglexi:§ to a minimum, is highly desirable. . The
priorities. ﬁt' which the data‘inﬁut praé:ﬁﬁé were rum, and
the event flags used for ¢ommunication, ﬁight well have ‘td
be changed ‘for satisfactory data' 1nput"unde£ different

eperating‘system_conditions.
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8.5 . Sumﬁnry

This'ch&pter has'evalﬁated aé‘objectively as pogsible7
the-pérformgnce-of the scanning System; Spéciﬁic tesf# have
been perforwmed, and the-tesults §f scanning fest pattérns
and ﬁép sheefs have been presented. Departurés in
performanqe from original design, and drawbacks iIn design
discovered -as a result of opéfation, hawé been described;
their_céuses h#ve.beén Lsolated and suitable remedies ‘have

been discussed.

The following chapter uses this evaluation, together
. with the conclusions reached in chapter 7, to consider the
extent to which the secanning sjstem as designad and

constructed meets the originally stated requirements for a

rrapid'automatic cartographic digitizing system.
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8.8.3 Enlarsed

" Figure
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Figure 8.10.1 True size positive of drainage sheet
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-Figuté 8;10-2'_¥atrix-plot of scanned drainace sheet
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9.. CONCLUSIONS

Ihe demand'for'caftog:apﬁic data in 'digitai form has
highlightaed the 1lack bf systems cap#ble of digitizing an
area the size of a map sheet rapidly; and at low'coét. This
thesis has proposed such a system, consisting of a flg; bed
flying spot laser scanhgr interfaced to, and countrelled by,
#' mini~computer. -Map sheets can be digitizedrin a rﬁster
scanﬁing ﬁrocess at a resolution of .004"™ (%.1 ‘mm.),r with
added facility for en;uring detection of lines as narrow as
7.002“. écanning a full sized map sheet takes approximately
IQ' minutes, and the data is temporarily stored on disk or

magnetic tape prior to processing.

From the results presented in chapter 8 it can be seen
that the system performs largely as designed. .Sqme
features, mainly mechanical, were isb}ated as _being- the
cause of ,unsatigfactory' or 1ncon§istent performance, and
design or ¢onstructional  modifications to oiercome these
ﬁroblems were diséussedg Rone of these modificétiona would
involve any major changes or cost a great deal. For a fully
opefacional. system,"fufther‘ software development migﬁt be
necessary er'desifable. 'Any specific operating environment
will have its own chéraﬁteristics within‘which software muét o

operate, but the flexible structure of the design should
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allqﬁ room foér any reguired élterations ﬁithout.éffecting
the overall operation of the system. Consequently it can be
conﬁluded that with the minor improvements cited, the
developed system should more than adequately meet the stated

_requirements for digitizing cartographic data.

As was diécugeed {n chapters L and 7, such a system
would enly be of usé if the generated data can be
comfortably bandled'and stored. The system was designed
around a mini-computer, as this 1is the type of machine most
likely to be found in an automated cartographic processing
environment, and consequently it should be feasible for such
a compufer to handle and-process the large volumes of data
geﬁerated. This was found to be so; chapter 7 shows that
sitiple fun langth encoding can reduce the data volumes to .a
level comparable with- tﬁat required for véctor
representation, and vectoriéation processed can reander the
data compatible with existing, or manually digitized, line

vactor data sets.

Consequently the concept of a raster based geographic
information system appears attractive. Given that map
shegta can be rapidly digitized to generate“rgster data,
large rﬁpid access magnetic disks andrpowerful image display
and proceséing sys;eﬁs make handling  and proceésing the
large volume§ of data'genetﬁted a viable proposition. With

data in raster form, re-plofting either on matrix plottars,
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or with a modulated scanning device, then becomes a feasible.

meéns.of reproducing or re-drawing updated map sheets.

Fiﬁaily. it should be pointed out that applic;tion of
the proposed system i3 not limiced ‘to cartographic
digitizing; rather it would be suitable for any'cype of two
level large area digitiiing, such as of engineering

drawings.
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APPENDIX A

A.l Requirements and design of beam focusing system

When a para11§1 beam of light is focused to a point,-
the intensity distribution in the plane perpendiCular to the
optic axis at the focal point (the focal plane) can be
obtained, and hence a meésure of épot size (defined as the
diameter of a circle within which some fraction of the total
.energy in thg beam lies) can be determined. In simple'
optical systems, where rays are paraxial,,spot.size‘ in the
focal plane is directly proporticenal to the f number of the
optical system,:and depth of focus is proportional to the

square of the f number.

A system can be an#lysed 1ﬁ terms of nuqnormalised
dimensionless co-ordinates u and v, in the direction of the.
optic  axis, and in the plane perpendicular to it,
respectively. Analysis . is theﬁ_indepeﬁdeﬁt of f number. If
z and v are the ractugl "physical dimensiens parallel -and
Vpétpendiculat ‘ta the optic axis respectively, then u and v

can be expressed in termS'of z and r3
u = kz2/4f v = kr/2f vhere &k = 27/ A

1f we consider the focusing of'#n ideal G&ussian beam to a

point O on the optic axis, the intensity in the vicinicy.of
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O can be given approximately by [16]:

I(u,v) = lo expr _vz]
: T(l+u?) (1+u?)]

where Io is the total energy of the beam.
In the focal plane u=0, and hence I(v) = rofﬁ)exP(ﬁvzi.
Along the optic axis v=0, and hence I(u) = Io/[T(l+u*)].

In the focal'plane,'a circle of radins v=l contains 632 of
the total energy, while one of radiﬁs val,5 contains 78% of
the totgl_energy. This forﬁs a useful approximation to spot
diameter (as defined by the 1/e* points on the.innensi:y
di{tribution, where a circle of this radius contains B86% of

the total energy).

Hence if we require a spot diameter < .004", or a

radius of < .002" (or < 50 microns):

v = kr/2f, or £ = kr/2v

hence £ < 166 for r < 50 microms, v = 1.5

For the given scaaner geometry, z = 100 em, and ffom“the
specifications of ‘the laser used, - beam radius’ is
approximhtely 0.5 mm. Thus, f ~ 2000, and the beam must .b§'
widened by- a féc:or of 2000/166 = 12 to achieve a spot
diameter of approximately .004"™.  Beam widening, or

collimation, can be achieved by using a pair of lenses, the

ratio of their focal lengths being the beam widening factor.
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A high quality microscope objective lens of noﬁinal
focal lengtﬁ 4 mm (and effective focal length 4.4 mm) was
used as a primary lens. A sééondary leps of focal 'lengﬁh'
greater than 50 mm is then required to be able theoretically
to obca1n a 787 épot diameter of '.50&“;- Using‘ a 100 mm
sacdndary‘ iens, a minimum 78%Z apot diameter ﬁf .002" 19
theoretically obtainable. These correspond to 1/e* spot
diameters (86%) of approximately .005" and .0025" for the 50
mm amd 100 mnm 1enses réspeétively, . However, the presence of
spherical and other aberrations, and posﬁible non-a}ignmen:
of the optical system csmponents, mean that actual spot
diameters will be somewhat larger.

In the presence Qf spherical aberration the §roportion
of :hé total energy which 1lies within a circle of given'
radius in the focal pl#neg decreases as beam truncation
increases. Increasing the f number of a photographic lens
reduces spherical aberration, but may alse cause, or {f
already. presentﬁincrease,‘bgam truncation. Ideally, design
should comproumise betweem‘:ﬁe spot expanding effects of beanm
truncation and. the spot contracting effects of reducing
spherical aberration. In practice, the aperture of the
seéondaryl lens was reduéed"untilya.redﬁctioh.in detected
signal amplitude was obtained, indicating that discernible

truncation was taking place.
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A.2 Derivation of ray transfer matrix and lens positions

Following Kogelnik and L% .[Al, ‘the propagation - of
paraxial fays tﬁrough' simple oﬁfical structure; - ¢an bg-
:de3cr1§gd by ray transfer matrices. These matrices relate
the &isplacement i with respect to the optic axis of thé
. incoming ray,-and its slope x° at the point of entry, to the
-corresPOnding displacement and slope of the outgoing rey, 3

and v°, respectively, by:

where A, B, C and D can be related to the focal 1length of
the elements and principal, input and output plane

separations of the optical system.

The matrices for ray transfer over a distance d, and
through a thin lens of focal length £, are given in table
A.l. The matrix for a combination of a lens of focal length

£, followed by a distance d, can be obtained by matrix

‘multiplication:
1 4l 1 0l f(1-a/¢y d]

0 i ~1/f 1 -1/f 1

Hence ray passage through two successive lens/distance

combinations of focal lengths and distances fl and di, and
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£2 and d2 respectively,'can'be obtained as follows:

[y
)
[« X
[\ ]
=9
)]
-
{
R
-
[+ ¥
Punst

42 dl 1-d2-dl+dld2~d2 dl-dld2+d2
£2 3 £2 1 f1£2 £1 £2 |
Y et L B e

£2 £l £2 £1€2 €1 S

For a parallel beam entering the primary lens, x“=0 for
‘all‘x. A condition for the lens system to‘focus the beam to
a spot is th#t for the composite systeﬁ, 'y=0 for all x.
Hence j = 0 = Ax must be satisfied. Equating the A term of

the matrix for the composite lens system to zero results in:

1-d2-d1+d1d2-42 = O0..
2 FI f1£2 f
"For the chosen scanner geometry, dl+d2=D 1is a fixed value.
Substitutiﬁg D-dl for d2, we get a quadratic equdation for a1
in terms of £l1, £2 and D:
2 : _ ‘ .
dl ~ d1(D+fl) + (Dfl1+DFf2-f1£f2) =0
Substituting fbr D = 112 ¢m, £f1 = .44 cm, £2 = 5 ¢cm,
and solving for dl, we obtain dl = 5.7 cm,
and so  d2 = 106.3 cm.
Figure"A.l shows the resulting optical system, and table A.2

summarises'its,specificationg.
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Table A.l Ray transfer matrices for simple dp:ical,btructuraé

D2yt
Sﬁo.l"'

26.9“ I
53 (m

RoTATI NG MIRROK,

— g i

N
LASER PRIMARY  SECONDARY
LENS AEAS
ar"
53.3cm-
Figure A.l Beam focusing optiés
Lens Primary Secondéry(l) "Secondary(2)
Type Ealing microscope " Nikkor Rikkor
objective ~photographic | photographic
focal length 4.4 wm o 50 mm 100 wm
aperture NeA.=0.65 Max: £ 1.4 Max: £ 2.5
' : Used: £ 4 Used: f 4

Table A.2 Optical system léns specifications
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A.3 Derivation of reflecting curve for light localization

Consider the curve given by the locus of ©points such
that an {nctdent light beam from the rotating mirror, point
A, will Bbe feflected to a single detection point D below the

map bed, as shown by figure A.2.

Figure A.2 Reflécting curve for light localization

The gradient of the normal at any point on the curve is

given by:

‘gradient normal -'tan(5+g) = tand+ tanb
o ' l-tandtanp

and hence the  grad1ent of the tangent at ani point on the
curve is given by:

shm;) = -1
- tan(3+p)
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As tané = y/x, g(x,y) = x -'ytane‘ _ -(1)
y +'xtanp
and thus p is required to.evaluatérg(x,y);' Using the sine
rule in triangle ABD:

8in2s = sinc = X i
P (x+y DT (xE4yR )R [x24(yHp)e 12

-(2)

whenceg g = (1[2)sin"[. _ DX . .‘.]

- |FFy I +(y+p) o 1
Equations (1) and (2) can be used to obtain a set of curves
Vsatisfying the required conditiohs for reflaction.
Inserting the boundary condition that x=q for y«0 determines
a single curve, whose locus may be obtained by numerical

integration as follows:

x=q, y=0 => fp= (1/2)sin”|__ p

‘ (p*+q*)"
“and 8o(Xe,¥,) = =1/tang .

whence given p and q, g, can be éalculated.

Then =x;, = x,+4x, and y, = y,+4y, where 4y = godx.

Hence g can be evaluated at (x,,y,), and thereafter,

8o = Yo tang-x. where 'P- (1/2)sin”[ X ']
: Yo tx tang . lfx’:"'Y:)&[x:"'(Yn*'P)‘ 'lﬁ.l

and V., = Ya+g,4x

A Fortran program was written to perform the numerical
integration, using values of p and q'ﬁeasured_from the
scanner. (p=23.873", q=16.125".) A true ‘scale plot was

produced, and used as a template for cutting the curve.
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APPENDIX B
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Fin diode characteristics'

Tewmgm.-ba

RIL 1178

Features -

o HIGH SENSITIVITY (NEP <-168 dBm)

e WIDE DYNAMIC RANGE (1% LINEARITY
OVER 100 dB) ‘

« BROAD SPECTRAL RESPONSE

+ HIGH SPEED (Tr, Ti,<Ins)

RADIOMETRY
* HIGH RELIABILITY
* FLOATING, SHIELDED CONSTRUCTION
o LOW CAPACITANCE
* LOW NOISE

Description

The HP silicon planar PIN photodiodes ara uitra-fast light
detectors for visible and near infrared radistion. Their
resporise to blue and violet is unusually good for low dark
current silicon photodiodes.

Tnc:o davices.are suitable for applicaﬂom such as high
speed tachomatry, optical distance maeasurement, star

tarmination.

nenosecond. Laser pulses shorter than 0.1 nangsecond
may be obssrved. ‘fhomqummponnoxtmdﬁm
dée o 1 GHz.

Tholuwdarkcummotthmplmrdlodncnm
detection of very iow tight leveis. The quantum detection
stticiancy is consiant over ten decadea of light intansity,

» STABIITY SUITABLE FOR PHOTOMETRY/

tracking, densitometry, radiomelry, and ﬂber-opuc "

The spead of response dmmdnmninmmanm'

Active arsx: Tmm Diam -42:17]_,‘“,,25
' -4204

Wmlmﬂhd 2.51 5082-4205 smuumm

The 5082-4203, -4204, and ~4207 are packeged on a

" standard TO-18 header with a flat gisss window cap. For
veraatiiity of circuit connaction, they are electricaily
insulated from thie header. The light sensitve area of the
5082-4203 and ~4204 is 0.508mm (0.020 inch) in diamater
-and is located 1.805mm (0.075 inch) hehind the window.
The lig sensitive arex of the 5082-4207 is 1.018mm {0.040
inch) in diameter and is aiso located 1.905mm to.WSincm

- behind the window.

The 5082-4205 is in alowcamiunaol(mande«mic

package of very small ammm,m:mww

glass lens. )

The 5082-4220 is packaged onaTMMd«wlmtho
. 0.508mm{0.020 inch) diameter sensitiv area located

2.540mm (0.100 inch) behind a tlat glass window,

providing a wide dynamic range. X
Package Dimensions SR ——
ARl i -
qLASS E
LENS, 1= ]
£, an
o
o 2
Y
10y _ ecarwooe.
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Absolute Maximum Ratings

1.

:
i
4
5

bl

. 8
9

Pesic-Puive Power

When exposing she diode w high level incidencs the W‘“
following photdourrent fimits must b observed: : _mammmmmum
Ip tevg MAX) 4—1:-'-2""“"“""”"  Ig-shotacurrent (A} f- pulse repetion rate {MHz)

£, - ubty voitage (V] Py - power inpuz vis phoron flux
t- pubm dorarion sl Piga - mex dissipetion (W)

Powesr dissigation fiervits spply 10 the susm of ot the opTical pOwer DU & the device sid the shecirical Sawee ingut from fiov
of photocurrent when reveres voitage is applied. -

Excesding the Pesk RmVommlm-mmmmdm Forvard current is farondess 1o the diode, within - -
the power dissipetion Himit. For optimum performance, the diods shivald be reveraed bissed with B, between 5 and 20 voits.

Excasting the Sty Revers Voitage may impeir the lovwncis progirties of mmmmmummm
if operstion is diodewnoise limited (ses Figure 8).

The 50824205 hes a leivt with spproximansly 28x megnification; the sctusl junction srma 1505 x 10°3 om?, correspanding s
dismeter of 0.2%nm {.030"), Specification includes lans effect.

At any piietitulse wivelgth snd for the flux in o smell spot falling sntirety. within the active are, reaniivity is the ratio of lncremencet
mmmmmmmﬂmmh. 1t is reiatad to quanmum officiancy, ng in slectrons per photan by:

Re= "“1240
witgre A is the vevelength in nenomaters. Thus, at 770nm, QMWQfO.SAMMMCMMMOtOSI {or 81%) -
slettrons per photon.

At-m'wmm‘m-‘m m«mrn-m#&m.WMInd-‘m

For (A, t, Af) = (770nm, tmﬂ:.eﬂzl whwre f ummlwamtmmmnmuhmm-hm‘ NEP i3 the
optical Hux raquired for unity signal/ nale ratio normalized for bandwideh. Thu

In//3t

NEP o NS ers (n/A/3T is the bendwidth ~ normalized naise current computed from tha shot noise formuts:

Re IaT= JEG = 17.9x 10°18 /ip (AA/RE) where Ig isin nA. "
en-notrilized signe to nolss ratio, it is computed: o°-£—cﬂ&l forAmcmz

Detactivity, D*ig tha aativerar
toria, 1, af) = (770m. 100My, GHz). ] NEP

At «10V for S082.4204, -4208, -4207, ~4220; at -25V for 5082-4203,

10, Between diode cathode iead end case — does not apply 1o S082-406, 4720, ) :
11, With 500 toad, } ‘ ’ -
12 With SO0 1aad and 20V biss. - ’ '
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Pin diode characteristics (cont.)

i
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2
E
AS vouiht ANODE TO CATHOOR VOLTAGH
A = WAVELENGTN = nm
Figure 1. Spectral Resporas:  Figurs 2. Aslative Oivectinast Seneitivity | Figure 3. Typlost Output Gharscteristies

of the PIN Photadiodes, t i = pOOnm,
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Figure 7. Phatodiods Cut-Off Fruquancy - Figure 8, Nolss Equivalsist Power vs, Losd Résistancs.
.S mamtc-m;. 7
R Ip=Signal curant & O.5uA/WW x fiux iput st 770 nm
v gy = Shot neisa ourrent Co
<€1.2 % 10~ ¥4 ynpe/Ha 1721508292040
‘ C | <4 % 10~14 spw/H2 172{5082-4207)
N - o L 14 10 Dark eurvent ‘ .
<000 x 10-12 4mpa at +10 V do (50824204}
<2500 10-12 ampe ot ~ 10 V de (5082. 4207

' ] Ap=103103 ) oo
Figure 5. Phetadieds Equiveient Cirgult. Ry = <BOG ' :




-178-
- APPENDIX €
C.1 Listing of CONTRL '
-w*xx*xxxxxxxxxxxxxxxxxtxxxxxxxx*xxxx*x*xxxx*xxxx***xx*xxxxx***xw**xxx

& CONTRL.FTN - PROGRAM TO CONTROL DATA SCANNING SYSTEM aPERnTION

c _ INITIATES SCAN.MAC AND INTRUF.HAC

c  P.K.ROBERTSON 1980 : jq'”-'“” ;
gxxxxxxxx*xx*xxxxxxxxxx*xxxx*xx**xxx****xxxxxxxxxxxxxxiéxx*xxixxix***
g INITIALISE |

INTEGER - BUF(13)!RBUF(1J)fIOUT(3)’PRL(6)rIDST( 12)Y v ISR(2)
DATA A/S6RINTRUF/
DATA B/SRSCAN 7/
" Cabl CLREF(S2) .
WRITE (5:400) ' '
400 FORMAT(‘ ON WHAT DISK IS DATA TO RE WRITTEN?s/» E
+ 7/ NOTE § IF NOT DISK 2» DISK # MUST RE CHANGELD . IN SCAN’)
ACCEPT X»IDK o :
CALL ASNLUN (1s'DK’»IIK)
WRITE (S5,500)
500 FORMAT(’ HOW MANY CHUNKS ? (1 CHUNK = 32 SWEEFS)‘)
‘ " ACCEPT X%,IC
WRITE (Z,501)
S01 FORMAT(’ HOW MANY NORES/LINE7’
ACCEFT *sIW .
BUF(1)=IC
RUF(2)=1W
1 WRITE (3.510)
510 FORMAT(’ READY TO START - TYPE O IF S0s -1 TO EXIT’)
" ACCEPT %+IR
IF {IR) 9?!2!1

c

C DECLARE SIGNIFICANT EVENT AND QUEUE BUF FOR SCAN

c

2 CALL SEND(B,BUF s 1DS)

, IF (IDS) 7713+3

Eall .

C ACTIVATE SCAN

c .

3 ' CALL REQUES(EysIDS)
IFt.=1
IF (IDS) 77,444

c

C ACTIVATE INTRUF

C

CALL KUN (Q!!ivlyv!IBS)
IFL=
iF (IDS) 77255

-SUSFEND

CALL SUSPND

OHO o0



o0 aon

000

NGO

100
540
c

C
77

590 .

?9

C
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Listing of CONTRL (cont.)

RESUMED BY SCAN '

IFL=3

ABORT INTRUP

CALL ABORT (AvIBS)
IFL=4
IF (IDS) 774444

RECEIVE DATA FROM SCAN

CALL RECEIV (BsRBUF» IDS)
IFL=4
IF CILS)Y 77:7:37

UNFACK SENDING TASK NAME AND OUTFUT

CALL RSOASC(&sRRUF,IQUT)

WRITE {(35.,320) I0UT, (RBUF(K)sK=3s13)

FORMAT(’ RECEIVED FROM ‘+3A2,/,1Xy131I4)

WRITE (5,530) ’
FORMAT(’ DO YOU WISH TO SEE I/0 STATUS COﬁES?! i FOR YES’)
ACCEFT %,I0C .

IF (IOC .NE. 1) GO TO 99

FRL(2)=1024

PRL(S)=RBUF (4) :

CaLL GETADR (PRL(1),I0ST)

Catl WTQIO(* 001000r1rgrvISB:PEL,IHS)
D0 100 I=1,64

WRITE (5:540) (IDST((I-I)*S+J);J’1:B)
FORMAT(’ ‘»B(1IS5:3X))

G8 TGO 92

WRITE (S,390) IFL,IDS '

FORMAT(’ STAGE ‘»13,’ DR ERROR IDS = “»I3)
STOF

END

2 2000003 3800 20 000K 00 3 0 000008 0 300 3000 00 00 3K o 00 2 3k 6 N K 00 8 00 0K K 8 0K 030 0K 0 K 0K K K K
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C.2 Listing of INTRUP

-
H
-
H
]
A~
]
-
H
-
¥
3
]
Ll
)
¥
3
§

-

INVEC?

INTRUP?

WAIT?

REREKKKKEKKAOKIKK K KKK KKRKAK KKK KKK KKKEE KKK RKK K KKK KK KKK
INTRUP.MAC @

P.K.ROBERTSON 1980

INTERRUPT,DETEEf AND SERVICE -
BUILD WITH TKEB

+TITLE

'TKB>INTRUP/FR S=INTRUP
TKB>/
ENTER OFTIONS
TKB>RESCOM=DCOM/RW
TKB>//

***#****X********#*************i***********************
; _ _ ‘

INTRUP

+MCALL CINTS$S,SETF$SsDECL$S,EXITSS

ISR
414

BIS

CINTSS.

WAIT
ER

SETF$S
DECL$S
RTS

BIC
EXITSS

- +BLKW

+ENL

$40, $LICSR

#INUEC9#190000r#ISR!¢FINrFRq

WALIT
$352.,

FC

$#40,$DCSR

4.

“INTRUF

!*******X********************************#**************
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C.3 Listing of SCAN ' .

A ——— —

:xx*xxxx*xx**xxxxx#*x*x*x*x***xx*x******x*xx***xx***x*x**x*****x*xxxx

; SCQN MAC BUILD WITH P K RDBERTSON 1980

; SCQN/PR O=SCAN: IOF - ‘

’ /

; Corm e e RESCDHHﬂCDH/RH' T T e

H RESCOM=8SCOM/RUW

; 77 :

; : : :

¥ SCAN INPUTS DATA FROM DR11-C, WRITES TO DISK OR TAPE

H INITIATED BY CONTRL.FTN

; OPERATES WITH INTRUP OR DIRECTLY USING REQUEST LINE

¥ USES IOP.MAC» A SET OF I/0 ROUTINES

§ 3K RIRAK KKK KA AR KK KKK AR KKK K KK KK K HOK K K KKK KK KKK KKK KKK KKK KKK A KK
+MACRO ARRAYrADDR:SIZE,ROWS

MOV RO+ ~(SF)
MOV R1s-(SP)
MOV R2r-(SP)
MOV  #ADDRsRO
MOV #¥SIZE»sR1
MoV #ROWSR2
JSR PCsPRTARR
MOV (SF)+sR2
MOV (SF)+sR1
MOV (SF)++RO

» ENDM ARRAY

b 1

+MACRO PRINT,RUFFER

MoV RO»=(SF)
MoV FRUFFER RO
JSR ~ FC+FRTSUE
MoV (SPY+sRO

+ ENDM PRINT
R 2320232822205 30 3820080080002 0 838203228333 2280223 222228580229
14 - .

" +TITLE SCAN

MESS1: - .a48CIZ <13><12>/STAGE ONE/
MESS2: .aSCIZ <13><12:/STAGE TWO/
MESS3!  JASCIZ <15><12>/STAGE THREE/

+FSECT

+MCALL - ALUN$C:910$S:EXIT$S’HRKT$SwaSE$S:QIBNiS

+MCALL RCUX$S;RSUH$C;SUAT$C

INITIALIZE SHEET

(5w -

CAN? ALUNSC  1.:MM»0
ALUNSC 4.rDK»2
RLVUX$S CON»#RDAT

LUN 1 = MMO
LUN 4 = DK2
RECEIVE DATA FROM CONTRL

e s ab

MOV $RDAT RO

ADD $4 RO | :

MOV (RO)+ 1 NUM - : i # LINES = RDAT(3)
MOV (RO)++WORDS 3

$ WORDS/LINE = RDAT(4)
MREKT$S #3.+%#5.,4#2 -
WTSE$S #3.
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Listing of SCAN (cont.)

. CMP

BNE
‘ MOV
COM1:  CMP
MoV
CoM2: MOV
. MOV

PRINT
MOV
RIS

PRINT
BIC

LU

MOV
| MQU
INIT1: MOV
INIT2! MOV

BIC

SWP: MOV

0y NUM
COM1L
$16. ' NUM
20+ WORDS

coMa - -

$200. +WORDS
2I08T+R4

. #3I777750L0UT

MESS1
$140377800UT
$2»$0CSKR
MESS2
#2»$DCSR

INITIIALIZE LINE

#N1,R3
#0sR1
0 FLAG.

. ¥BUF»RO -
$1+$DCSKR

WORDS s COUNT

R 0823223823883 08 940

# MODIFICATION TO OPERATE DIRECTLY DR WITH INTRUF

FRREKKKKERERRKKAKKAK KK

R 1

P WTSE$S 52,

3 REHRRKILIERTKKRKRKAK
BIT $100000, $1CSK
BEQ SWF

# RARARKRAKIRAKRKKIKK

| CLR $LKSR

BIS $2,$DCSR

s

'3 COLLECTION LOOF

y

LOOF:  CMF #11 $SWRG
BEQ 7%
BIT $200» $DCSR
BER LOOF |
BIS #15$ICSRK
MOV $DINs (RO 4+
BIC  #1s$LCSR
DEC COUNT
BINE LOOF

; .

; ‘

783 MOV #3005 $LKSK |
BIC #21 $ICSR
INC FLAG

M

- e o we e

-

- an

~u»

-y

LT T T D T TR T L )

s e ‘e

"CHECK SWITCH REG FOR 1

GET DATA

CHECK FOR ZERO LINES

DEFAULT OF 16 LINES

CHECK FOR 0 woans

DEFAULT OF 200. WORNS/LINE

K4 POINTS TO 1/0 STATUS HKUFFEF

'DROUTBUF - 00111111,11111111

DROUTRUF -> 11000000,11111111
INITIALISE LINE F/F

R3 POINTS TO RUFFER D11
SET DNSK LOCATION FOINTER

RO FOINTS TO INFUT RUFFER
ENABLE STACK TRANSFER

RESET WORD COUNT

WALT FOR INTERRUFT

IS SWEEP REQUEST B SET

DISABLE LINE CLOCK INTERRUFT
CLEAR SWEEF REGQUEST F/F

IF S0y EXIT

IS REQ A SET?

NG

YES, SET CSRO TO 1

CLEAR CSRO
ENOUGH WORDS ?
NOs INFUT NEXT

RE-ENABLE LINE CLOCK INTERRUF
RESET CSR1
INCREMENT BUFFER FLAG



LINES

—f -
[N
{8 ]

- .

T [ TS

s

COUNT
FLAG?
NUM?
BUFS

I0ST:

o1
ci:
RIATY
SDAT?
CON:
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Listing of SCAN (cont.)

MoV
MoV
MOV
soR -
CMF
BNE
QIOSS
ADD
ADD
MoV
JHF

CMF
BNE
QRI0$S
ADD
ADD

- MOV
DEC
BEQ
JMF

PRINT
MRKT$S
WTSESS
MOV
MOV
MoV
RIDsS
ARRAY
MRKT$S
ShAaTsC
ARRAY
MRKT$S
WTSES$S
RSUM$C
EXIT$S

+UWORD
+WORD
- +WORD
+ BLKW
+ BLKW
+BLKW
+«BLKW
+ BLKUW

$EUF » RO 4 RESET RO :

$512.,R2 - - SR
 (RO)+r (R3)+ i LINE TO TEHF HUFFER

CR2ILINE o e

$16. sFLAG i TEMP BUFFER FULL 7

732 5 NOs CHECK OTHER ONE

¥10. ULB!#4.viiop9R4v9\#D17#16394.;!!R1}

£32, 7K1 ~- -3 ADVANCE DISK POINTER |
£4.:R4 i ADVANCE I/0 STATUS RUF POINTEF
#C1,R3 i R3 NOW FOINTS TO BUF Ci

INIT2 i RETURN TO FILL €1

$32. 9 FLAG 3 IS C1 FULL ?

INITR i NOy RETURN FOR MORE DATA

310, ULB!*4‘v#1-y!R4!!~#CI:¥16384.!:!R1\

#32,R1 3 ADVANCE DISK FOINTER
#4.:R4 } ADVANCE 1/0 STATUS EUF FOINTEF
#D1sR3 # R3 NOW FOINTS YO BUFFER Di
NUM 3 ENOUGH LINES ?
EXIT # YES, THEN EXIT
INIT1 i NO» BRACK FOR MORE
MESS3
"’30 !*20 !#2
$3. o |
"#SDATYRO - 3 ADIRESS OF SEND RUFFER
¥1.:(RO)+ y 1 -+ SDAT(L)

¥

(R1)s (RO + ‘ I0ST ADDRESS ON DISK -~ SDAT(Z
#10, ULB!#4;,#1‘;vR4,rJ#IUST!¢10°4ovrtRIr

: SDﬂTy13. 180

£3.2%5.2 %2,

CON»SDAT»S2,
IOST’QOO.QB. ‘ :

$3.+%10.,,%2 - i DERUGGING alIlS
3.

CON 7 i RESUME CONTRL

SEND DATA TO CONTRL

-

0
0

-0

512,
512,

8192,
8192,

15,

13.

+RADSO /CONTRL/
+END SCAN
$ ORI KKK KK KKK A KKK KKK AR AR K KA KA K KKK H KKK AR KKK KK F K KA AR AR KK
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