
fie;. 1. AP-2C analytical plotter system. The components are, from left to right: control
computer of the system. teletype unit, viewer, and plotting table.
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New Programs for the
Analytical Plotter
Programs for highway cross-sectioning, plotting from two-media photos
and generation of digital terrain model, demonstrate the
capabilities and limitations of the instrument.

INTRODUCTION

SEVERAL TYPES OF analytical plotters have
been developed. A summary of these is

given in Reference 1. Different models and
their capabilities are described in several
papers References 2 to 8. Very little. however,
can be found in literature about photogram
metric problems actually dealt with, tech
niques used on analytical plotters, and a
thorough demonstration of what can be done
on models already developed.

This may be due to the fact that not many
organizations have access to an analytical
plotter as yet, or because the majority of
computer models used with the analytical
plotters use for their programming a machine
language (or at best an assembly language)
wi th which not many program mers and pho
togrammetrists are familiar or wish to be
come involved. The reasons for not utilizing
a control computer with easier programming
facilities are mainly economical.

Extended programming experience must
therefore first be gained in order to treat new
photogrammetric problems on the analytical
plotters. In addition to that-and this is very
im portan t-Aow charts and detailed docu
men tation of basic programs developed wi th
the instrument (such as the real-time pro
gram) must be available. Only in this way can
many new photogrammetric problems be
treated; by modifying the original programs.
For example. a program developed for the
treatment of conventional photography on
the plotter can be modified for evaluation of
two-media photography. If this documenta
tion is not available, the user is left with one
of two choices: first, to analyze the basic pro
grams in order to obtain the necessary infor
mation, which is not an easy task for a machine
language; or, second, to re\Hite these pro
grams from the beginning, which obviously is
a duplication of effort and might take a
longer time. The first course was adopted in
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the case of the AP-2C plotter at the Univer
sity of New Brunswick.

Investigation of the capabilities of the dif
ferent models of analytical plotters is quite
important at this stage of their evolution. The
rapid development in the field of electronic
computers underlines this importance by
raising several questions; for example, the
question of time-sharing techniques which
are gradually becoming cstabliohed. In time
sharing, the photogrammetric operator has
at his finger-tips the power of a large com
puter with banks of data files and all the pro
grams developed in the field of photogram
metry as a resource. \"ould it then not be
economical and efficient to have the analyt
ical plotter controlled by a small computer in

second part deals with programs developed
to solve new photogrammetric problems
whereby emphasis is put on the method rather
that on programming. I nstruction lists of
some of these programs are given in Refer
ence 9.

AP-2C PROGRAMMING AND
BASIC PROGRAMS

The AP-2C analytical plotter system is
shown in Figure 1. The viewer and plotting
table were constructed by Ottico lVIeccanica
Italiana (m,u) and the control computer was
manufactured by the Bendix Corporation.
Information about the organization of the
components of the system can be found in
References 1 and 7.

ABSTRACT: A nalytical plotters are developing rapidly. Their capabilities,
limitations and future improvements can be determined only through their ex
tensive use. Consequently, the evolution of the analytical plotters can be directed
I.owards more economic and efficient systems. As a step in this direction, several
programs have been developed for the AP-2C plotter. The programs demonstrate
the capabilities of the instrument and the difficulties encountered. Some oj the
programs described allow semi-automatic scanning of the model, plotting jrom
two-media photography, and semi-automatic highway cross-sectioning.

If this instruction is executed, it transfers to
one of the accumulator registers the content
of word 150 in the long line 01.

The programmer writes his instructions in
this decimal format which is referred to as
machine language or absolute language. In
order to store these instructions in memory in

The computer is an AP/C model but it has
an extended memory. The memory consists
of 14 long delay lines (serial access) with 256
words each, one line with 16 one-word regis
ters, and three one-word register lines. The
computer word consists of 28 bits; 27 bits
represen t a binary number or an instruction;
and one bi t is a parity bi t (even pari ty is
used). For a number, the 27th bit represents
the sign: a 0 represents a positive number and
a 1 gives a negative number. For an instruc
tion the bits are divided into four groups as
shown in Figure 2.

The first six bits give the operation code
(two digits in octal); the second group of five
bits gives the line code (two digits in decimal);
the next group of eight bits gives the operand
code (three digits in decimal); and the last
group of eight bits gives the next instruction
code (three digits in decimal). A typical in
struction in decimal format is:

real-time and all other operations such as
relative orientation, absolute orientation,
strip and block computations, etc. carried out
on the larger computer?

In this instance, the capabilities of the sys
tem can be extended to practically all those of
the time-shared computer and any disadvan
tages due to the control computer being small
may be reduced hy an efficient software which
can be easily modified according to the prob
lem. Or, considering the reduction in com
puter cost with time, would it be better to use
a larger control computer than the ones
usually in use at present? For analytical
plotters with small control computers such as
the AP-2C, several photogrammetric prob
lems can be treated with only software
changes. Therefore, it is only through exten
sive use of analytical plotters that their capa
bilities, limitations and future improvements
can be determined. Consequently, the ques
tions posed can be answered in a way which
makes the evolution of the analytical plotters
more economic and efficient.

This paper describes first the AP-2C pro
gramming language and the basic programs
provided by the manufacturer. Two main
parts of the paper follow; the first part deals
with utility programs and routines developed
to facilitate the programming effort, and the
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FIG. 2. Structure of the AP-2C computer word
for an instruction. The word is divided into four
groups giving the Operation Code, the Line Code,
Operand Code, and Next Instruction Code.

binary form, the decimal instructions are
punched on a paper tape using a teletype. The
tape is then read into the computer, convert
ed into binary, and the teletype characters
represen ting each instruction in ASCII code
are determined. A tape containing these char
acters is then punched on the teletype. The
conversion of the decimal tape into an ASCII
tape is accomplished by a program prepara
tion routine provided with the instrument.
The ASCII tape can then be loaded into mem
ory using a tape input routine provided with
the instrument. This procedure makes debug
ging of new programs tedious and can be
avoided by loading the decimal instructions
directly into memory using a read routine
explained later.

The basic programs and routines provided
with the instrument can be divided into two
main groups: the real-time program, and pro
grams which are not time-dependent. The
latter are designated as service prognms.10

Examples of these are relative orientation,
absolute orientation, input and output rou
tines, etc. The real-time program and most of
the service programs and routines, including
the relative orientation program, are con
tained in one main tape. The absolute orien
tation program and some additional routines
are supplied in an overlay tape. If the main
tape is loaded into memory, relative orienta
tion can be performed and computed. Load
ing the overlay tape allows one to perform
absolute orientation, but the relative orienta
tion program is not available after the over
lay tape is loaded. In ei ther mode of opera
tion, only 10 long-memory lines are occupied.
(These form the standard AP/C model mem
ory).

The additional four long lines proved to be
advantageous for developing new programs
which utilize some of the basic programs. It
was possible to wri te most of the new pro
grams for these four lines without a need for
overwriting some of the basic programs not
utilized. This reduced greatly the effort of
planning memory allocation, and following
the minimum-access, serial-access computer

rules which are particularly important for
real-time programs. Because, in writing most
or all of a new program in the form of an over
lay, the programer's choice is limited to the
overwritten memory locations which may not
suit the planning or optimal timing of the new
program.

UTILITY ROUTINES AND
PROGRAMS DEVELOPED

Seven programs and routines were devel
oped at the University of New Brunswick.
Instruction lists for most of these are given in
Reference 9. Two routines are similar to those
provided by the manufacturer. They were,
however, rewritten for more convenient use
by the programer. The purpose of these pro
grams and routines is as follows:

A Loading Routine loads decimal tapes di
rectly into memory. No change of the pro
gram tapes to binary form using the program
preparation routine is necessary. This routine
loads instructions as well as positive and
negative constants into any memory location.
] t reduces greatly the effort and time in de
veloping new programs.

A Dump Program prints and punches on
the telet ype the con ten ts of long memory
lines. Because the program itself occupies one
line, two versions which occupy two different
lines were developed to dump the entire com
puter memory. The dump tapes are in the
format used by the read routine and the pro
gram-preparation routine. The output tapes
can, therefore, be easily incorporated in pro
gram tapes.

A Change Constants Program reads decimal
constants and converts them into the decimal
format of an instruction. The constants can
thus be included with instructions on one
decimal tape that is then converted to an
ASCII tape using the program prepara tion
routine. (This procedure is unnecessary if the
tapes are read using the Loading Routine.)

A Sine-cosine Routine calculates the sine
and cosine of an angle and returns back to the
program.

A Square-Root Routine calculates the square
root of a binary number and returns to the
program.

A Binary-to-Decimal Conversion-and-Punch
Routine converts the binary contents of any
memory location to a seven-digit decimal
number with its sign which are displayed on
the viewer panel and punched on the teletype.
The routine then returns back to the program.
A new line on the teletype can be started
after each output if the programmer so de
sires.
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PHOTOGRAM METRIC PROBLEMS

Programs have been developed which can
be incorporated into the basic programs pro
vided by the manufacturer to treat three
different photogrammetric problems on the
analytical plotter.

SCANNING PROGRAM

This program allows semi-automatic scan
ning of the model along lines parallel to the
X-direction (Fig 3). the measuring mark is
moved automatically in the X and Y direc
tions. The height setting of the measuring
mark is controlled using one of the hand
wheels of the viewer. The spacing between the
scan lines in V-direction and the area of the
model to be scanned can be easily changed.
The scanning speed can be varied to sui t
operation under different types of terrain.
The time taken to scan one model obviously
depends on the terrain and the experience of
the operator. In some experiments, a hilly
model was scanned in about 2.0 hours. Three
versions of this program have been developed
to serve different purposes:

• In the first version the scanning speed is con
trolled using the Veltropolo lever on the
viewer panel allowing 13 different speeds. The
X, Y and Z model coordinates are recorded
automatically at equal intervals in the X
direction and can be stored via a link to an
IBM-360/S0 computer on a disk. A digital
terrain model accessible to Fortran programs
can be obtained in this way. The magnitude of
the intervals can be changed by modifying one
constant in the program. And the program can
be used in the relative orientation or in the
absolute orientation modes.

• The second version is similar to the first
except that the model or ground coordinates
can be printed and punched on a tape using
the teletype unit.

• The third version is similar to the first version
except that the scanning speed is controlled by
a series of bu ttons on the viewer panel allowing
four different speeds. For each button, the
scanning speed is constan t. This may be of
advantage if the plotter is used in conjunction
with an orthophoto printer.
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FIG. 4. Geometry of two-media photography.

Another version of the program can be
written so thin model contours are plotted
simultaneously as the model is being scanned.
EVALUATIO:-i OF Two-MEDIA PHOTOGRAPHY

PROGRAM*

The two media-photography program al
lo\\'s plotting from photography taken with
the camera in one medium NIl and the object
or part of it is in a different medium 11ft, Such
a case is given if the camera is in air and the
object is partly under water.t

To evaluate a stereo-pair of photographs of
this type, the effect of refraction should be
taken into consideration for object points in
the medium M z (Figure 4), whereas object
points in the medium NIt can be dealt with in
the conventional manner. The effect of re
fraction for points in the medium 11-12 can be
derived from Figure 4. In this Figure, the
boundary between Aft and jl-12 is assumed to
be a plane 7T'; St and S2 are the two camera
stations; SlF1 and S2F2 are perpendicular to
7T' and intersect it in F1 and F2 ; X YZ is a co
ordinate system taken with the X -axis along
F1F2 ; point P is an object point in the me
dium i11"2; point 0 is along SlF1 and has the
same Z-cQordinate as P; i 1 and i 2 are the an
gles of. rer'raction and incidence, of the prin
cipal rayi Pp1St-!rom P to Sl; ND is the nor-

FIG. 3. The model is scanned in lines
parallel to the x-direction.

. * Progra~ming of the evaluation of two-media
photography commenced on the initiati\'e of Prof.
K. Schwidefsky of the University Karlsruhe, Ger
many. The original formulas used were those of
:V1 r. J. Hohle, Professor Schwidefsky's colla
borator. These formulas h;\\'e been modified and
analysed for treatment of the problem on the
analytical plotter. A test of this program was based
on photography and data supplied by Mr. Hohle.

t Additional work in this field is given in refer
ences 11 to 14

tIt may be interesting to note that the rays
PPI 51 and PP2 52 are not, except in special cases,
coplanar, and lie in two planes perpendicular to tr.
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(6)

(7)sin i2~ tan i 2 = (L - R)/Z.

andFIG. 5. Projection of points p, and P of
Figure 4 onto the X V-plane.

x Equation 4 become small relative to other
k----------...------.------- terms in the equation. This may cause com-

pu tational errors and difficul ties in the scal
ing of the quantities involved. In this event,
an approximate formula may be used directly
to calculate the ratio R/L of Equations 5.
From Figure 4, we have:

mal to 7r at Pl. The notation for distances are From 6 and 7,
as shown in the figure. From the laws of re- n = ZR/[It,(L - R)J
fraction we have:

sin it/sin i, = It
(1) and by rearranging,

(5)

where n is the refractive index between ill,
and Jl![z. From the two triangles 51 F,p, and
PIPD, sin i, and sin iz can be expressed as:

sin i, = R/v!(/tlz + ]<2) (2)

and

sin i z = (L - R)/v![Z2 + (I. - R)2] (3)

where Land R can be expressed in terms of
X and V-coordinates of points P and PI re
spectively. From Equations 1, 2 and 3 it
follows that

Rv![Z2 + (L - R)2]
(i~-R)~l(h,2 +-R2) = It

from which

R2[(n Z-1) (L- R)2-Z2J+n21t,2(L- R)2 = O. (4)

If the X, Y and Z coordinates of point P, and
ht are known, R can be determined from
Equation 4 using Newton's method of ap
proximating to the roots of an equation*. As
a first approximation, R can be taken as
Lhl/(ht+Z). Knowing R, the X and Y co
ordinates of point p, can then be determined
using:

X p \ = Xp·R/L

Y PI = Yp·R/L

where the Z-coordinate is equal to zero. Equa
tions 5 can be obtained from Figure 5 \I'hich
represents the normal projection of points
Pt and P onto the X Y-plane.

A similar procedure can be followed to de
termine the coordinates of point P2.

A point of practical consideration may be
mentioned here. For small values of L rela
tive to h, and h2 , the effect of refraction is
small. Consequently, the terms (L-R) of

In treating this problem on the analytical
plotter, the program determines from the
sign of the Z-coordinate of point P the me
dium in which it lies. Model points in medium
M, are treated in the same way as in conven
tional photography: the real-time program
calculates the positions of image points cor
responding to a model point using the col
linearity equations, and outputs to the photo
carriages, if any, are determined. On the other
hand, for a point Pin M2, two points p, and
P2 (Figure 4) must be determined; p, shall be
considered the model poin t when dealing wi th
the image point of station 51 and similarly,
pz corresponds to 52. (This way of treatment
is made possible through the mathematical
projection principle which the analytical plot
ter employs.)

In the above discussion, it was considered
that the coordinates of poin t P and the orien
tation parameters of the cameras are known.
As far as the coordinates are concerned, these
can be taken to be eq ual to the model co
ordinates due to the movements of the hand
wheels and foot-plate, and can be used di
rectly in the calculations provided that two
conditions are satisfied: (a) the system of
model coordinates is similar to the X YZ-sys
tem of Figure 4, and (b) the coordinates of the
camera stations, which are used by the pro
gram in calculating the effect of refraction
and image positions, should represent h" 1t2
and B of actual photography with the same
scale s (say), i.e., should be of the form (0, 0,
sh l ) and (B, 0, sh2) where s is a suitable scale
factor. t The model scale will in this case be
equal to s.

* This equation has four roots, two of which are
imaginary. One of the real roots has a value larger
than L and has, therefore, no physical meaning.

t This condition is necessary due to the presence
of refraction. If Ih, It, and B are not known, ap
proximate values can first be entered which results



1274 PHOTOGRAMMETRIC ENGINEERING

Consider now the orientation of the cam
eras. If the orien tation parameters are known,
their values can be entered using the viewer
data entry switches. The values entered
should, however, be referred to a sytsem of
coordinates similar to that of the plotter. In
the even t where the parameters are unknown,
relative orientation can be calculated using
the relative orientation program provided
with the instrument. In this instance, two
points must be noted. First, only points in the
medium NIl must be selected for relative
orien ta tion. Second, any changes in the co
ordinates of the camera stations due to rela
tive orientation, and which upset the scale
relationship explained above, should be sub
stituted for by common rotations of the cam
eras. The relative orientation program can be
modified so that points in the medium M 2 can
also be used in relative orientation.

If hI, h2 and B are known, absolute orienta
tion is established with respect to the X. Yand
Z system of Figure 4 by applying a common
w rotation. One control point in height is re
quired for the determination of w.

This program "'as tested and used in plott
ing from photography taken by a stereo
metric camera under laboratory conditions.
Accuracy comparable to that of conventional
photography was obtained.

HIGHWAY CROSS-SECTIONING PROGRAM.

The highway cross-sectioning program al
lows semi-automatic determination of cross
sections along the center line of a highway.

The operator slews to the first station A
(Figure 6) along the center-line, sets the num
ber of this station on the data entry switches
of the viewer panel, and enters the coordi
nates and the station number of this point
into the program by pressing one of the
viewer buttons. The operator then drives to
the second point B and enters the coordinates
of this point in the program in a similar
manner. He also defines for the program the
boundaries of the stero model, and three con
stants related to the magnitude of the inter
vals. The plotter is then ready for cross-sec
tioning.

Upon energizing one button, the plotter
will drive automatically to point A for the
determination of the cross-section at this
point. The plotter will drive automatically to
points of equal spacing, Pi to Pn along the

in approximate refraction calculations. Relative
and absolute orientations may have to be repeated
until correct coordinates of control points are ob
tained.

FIG. 6. The highway cross-sectioning program
allows an automatic determination of the positions
of points along the cross-sections and stations along
the center line.

left-hand half of the cross-section. At each
point, there will be a pause for a few seconds
for the operator to set the measuring mark in
height at this point using one of the hand
wheels. The following data are then printed
and punched on the teletype: station number,
height at point P, difference between the
heights of A and P, and horizontal distance
between A and p. The plotter then proceeds
to the next point. The program is arranged in
such a way that output takes place a few
seconds after the height setting is completed
or the movement of the handwheel is too
small to have an appreciable effect on the
measurements.

After point Pn is reached the plotter drives
to A. Points PI' to Pn' on the other half of the
cross-section are then similarly determined.
The program then calculates the next station
C along the centre-line, the plotter drives to
C and similar procedure is followed, and so on
until point B is reached. Table 1 gives an ex
ample of the output obtained.

The number of points observed along the
cross-sections, the magnitude of intervals
along the cross-sections, and the length of
delay between the height setting and output
can be easily changed to suit a particular
problem.

The program checks for each cross-section
whether it extends outside the boundaries of
the stereo model. If so, the number of points
which will be observed along that cross-sec
tion is reduced by the program until all the
points lie within the model.

The program allows different speeds of
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TABLE 1. EXMIPLE OF OUTPUT FRmi HIGH\\'AY CROSS-SECTlO:>lING PROGRA~1

1275

(1 ) (2) (3) (4)

1023+315 0002645 0000000 0000000
1023+315 0002696 0000051 0000999

Cross-section at Station A 1023 +.31.5
-1023+315 0002754 0000109 0003995
-1023 +315 0002758 0000113 0004995

1024+000 0002684 0000000 0000000
1024+000 0002690 -0000006 0000999

Cross-sections at I ntermediate Stations

-1033+000 0002861 0000002 0003995
-1033 +000 0002878 0000018 0004995

1034+220 0002872 0000000 0000000
1034+220 0002826 -0000046 0000999

Cross-section '11' Station B 1034+22.0

-1034+220 0002898 0000026 0003996
-1034+220 0002915 0000043 0004995

Column (1): Station (neg-ative sig-n indicates right-hand half of cross-section).
Column (2): Ground height at cross-section points in 0.1 ft.
Column (3): Difference between heights at cross-section point and at station in 0.1 ft.
Column (4): Distance between cross-section point and station in 0.1 ft.

travelling between the cross-section points.
At the maximum speed it was possible to
observe 15 cross-sections wi th 12 poi n ts along
each cross-section in less than half an hour.

REMARKS ON REAL-Tn-IE REQUIRE~1ENTSFOR

THE PROGRA~IS DEVELOPED

I n the main part of the real-ti me program
for conventional photography, increments are
added to the model coordinates for any mo
tion of the handwheels and the footplate.
Using the newly formed model coordinates,
calculations are made for the positions of the
corresponding two photo-points, the outputs
to the two photo-carriages, and the ou tpu ts
to the plotting table. These calculations must
be performed about 30 times per second for a
smooth operation of the photocarriages. The
real-time program calculates also corrections
due to lens distortion, earth curvature, etc.
As the change in these corrections i:; usually
always at least one order of magnitude smaller
than changes in model coordinates, they need
not be calculated with the same rate of repe
tition. For example, if there are five types of
corrections to be applied, they can be ar
ranged in the form of five branch routines so
that each time the model coordinates are
processed one of these routines is operated on
in succession. In this way, all routines are
executed once for every five calculations of

the main part. This arrangement is quite
advantageous because all the correction rou
tines cannot be included at the same time in
the main part of the real-time program with
out reducing the repetition rate so that the
performance of the carriages is affected. (The
problem may be dealt with by using a com
puter with two computation sections which
perform sim ul taneously: one for the real
time req uiremen ts with high repeti tion rate,
and the other for lower rate requirements.
This arrangement is used in the AS-llA
system.10)

In treating new photogrammetric problems
on the analytical plotter system, usually real
time requirements additional to those of con
ventional photography are created. The new
requirements contribute to an increase in the
execution time of the real-time program and
consequently reduce its repetition rate. The
reduction must not exceed the limit at which
the perforn13.nce of the photo-carriages is
affected. This consequently limits the length
of the new programs that may be executed in
real-time. The length of the scan program, for
example, nearly reaches this limit and it is
not possible to include into the program com
plicated functions to be performed during
scanning, e.g., lengthy manipulation of model
coordinates.

It may be possible in some instances to
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overcome this problem partly by arranging
part of the new real-time requirements as an
additional branch routine (calculated eYery
sixth time). This technique \I'as followed for
two-media photography. Even then, the
smooth performance limit was reached.

I t can, therefore, be concluded that for
more gophisticated programs hardware modi
fications are necessary.
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