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Hybrid Stereo Restitution Systems
Analogue-digital systems-a new class of restitution instruments.

INTRODUCTION

T HE RECENT INTRODUCTION of electronic
digital computers for processing and con

trol in photogram metric stereo-resti tu tion
creates new reasons for optimising the rel
evant equipment and methods. The problems
fundamental to the conceptual stage of de
velopment and design of optimum equipment
and methods concern:

• The definition of objectives and functions of
the system and its components in given en
vironments;

• The assignment of the relevant tasks to the

paper is limited to the metric functions to be
realized by the analogue and/or digital com
ponents only. Thus, they concern the flow of
the metric information in a system. Problems
involved in the design and construction of the
automatic components replacing the human
operator, such as automatic image sensing
and tracking control, will not be treated here.
However, some consideration will be given to
the possibility of integration of such compo
nents in the hybrid systems.

The integration of digital components in
the stereo-resti tu tion systems has created a

ABSTRACT: Hybrid systems, comprising analogue and digital components, con
stitute a new class of the stereo-restitution equipment. Such systems may provide
a good balance between the capabilities and cost. They are appropriate where
high accuracy or great flexibility is demanded, and for operation with auto
matic correlators and corresponding control units. The potentials of the analogue
and digital components can be integrated into high-performing flexible systems.
Tracking of photographs is supposed to be divided into coarse (fast) and dif
ferential (fine) displacements, the former being controlled by analogue (e.g.,
mechanical) means while the latter by a digital (e.g., less powerful) computer.
This arrangement simplifies the real-time operation of the digital computer and
reduces the requirements on performance of th.e output servos. Th.e mechanical
components can be simple bu.t they should be stable. They need not be highly
precise as the corrections for any determinable errors can be implemented by the
digitally controlled differential tracking.

analogue and digital components, and to the
human operator;

• The design of an optimum system configura-
tion and of the components.

The usual objectives for an optimum system
design are: a high performance, great flexibil
ity, high reliability, and simple maintenance.
[n addi tion there should be a balance between
the work capability and the cost of equip
ment.

The operator's tasks are normally inspec
tion, interpretation and generation of motions
X, Y, Z-thus tracking. The scope of this
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new research area for the instrumen t de
signers. Some optimized systems will pre
sumably employ both analogue and digital
components. In 1957 Helava (1957, 1958)
devised the principle of the Analytical Plotter
AP-l. The instrument consists of a tracking
uni t wi th an observa tion system similar to a
stereocomparator, a computer (initially an
alogue, later digital) and a drawing table.
The tracking unit and the computer form a
feedback loop.

The operator generates x and y motions
common to both photographs on the tracking
unit, and Z changes which are fed directly to
the computer. The common xy-motions are
transmitted from the tracking unit to the
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computer which generates the differential dis
placemen ts of each photocarriage (0;,', oy'
and ox", oy"). Thus, in the AP-l thc common
motions x, yare controlled dircctly by the
operator, while the differential displacements
of each photo-carriage are generated by the
computer. Later the AP-C, se\'eral versions
of the AP-2 (AS-tlA, B, B-1, C) (Lorenz,
1967; Nowicki, 1968) and the UNAMACE

(Bertram, 1964, 1968) were designcd, whet"c
tracking of both photographs is con troll cd by
digital means.

At the Xl ISP Congress in Lausanne
Forrest, 1968, presented a paper on the Hy
brid Stereoplotter. The system consists of a
conven tional stereoplotter (0 MI- Photomap
per VI) and an analogue-digital (A -D) mod
ification kit, developed by the Bendix Co in
USA. The main components of the kit are the
input sensors for the locations X, Y, Z and
the V-parallaxes, a real-time digital computer
and the ou tpu t servos for the corrections.

The Analytical Plotter AP-1 and the Hy
brid Stereoplotter represen t two opposi te
extreme examples in the class of the analogue
digi tal systems. Bet\\'een these extremes in
termediate solutions appear to be feasible.
The hybrid stereo-resti tu tion systems were
considered also at the lTC, Delft, in the
spring of 1968, thus before the development
at the Bendix Co. was known. The basic con
cept, developed in Delft independently, dif
fers significantly from that of the Bendix
Hybrid Stereoplotter.

A survey of properties of the hybrid sys
tems, conducted last year at the lTC, has
suggested important potentials and a diver
sity of possible solutions. Such systems ap
pear particularly convenient in the following
(alternative) applications:

• Where the requirements on performance are
high,

• Where the system has to be flexible,
• In the case of automatic image sensing and

tracking control, by means of correia tors and
associate units.

In the next section some general properties
of existing equipment are surveyed, whereas
the third section is devoted to the feasible
optimum hybrid systems. The conclusion will
be summarized in the last section.

Kl\"ow:-r SYSTE~IS

The existing instruments may be classified
according to the functions of the analogue
and digital components in the metric flow,
into:

Ana10gne systems (optical, mechanical, partly
optical-partly mechanical),

Digital systems-where tracking of photographs
is controlled digitally,

Hybrid systems-where tracking of photographs
is realized partly by analogue and partly by
digital means.

A:-IALOG E SYSTDIS

Conventional projection type instruments
and those employing other analogue com
puters belong to this class. The merits of such
instru men ts are:

Ease of controlling rapidly changing locational
parameters (tracking);

Conventional procedures can be used;

Cost of equipment is normally moderate.

Some disadvantages are:

Flexibility is rather restricted;

Number of parameters in the process is practi
cally limited (e.g., for various corrections);

Accuracy has physical limitations due to com
paratively long chains for the metric flow (ac
cumulation of errors, lower stability of analogue
components) ;

Performa nce degrades wi th ti me a nd use;

Maintenance may be time-consuming and costly.

DIGIT AL SYSTE~IS

-Instrument types belonging to this class
are the \'arious \'ersions of the Analytical
Plotter AP-2 (or AS-II) and AP-C, and the
!\A~IACE (Universal Automatic Ilap Com

pilation Equipment) of Bunker Ramo Co.
The meri ts of the digi tal systems are:

Flexibility regarding the mathematical models,
types of inputs and outputs, and the parameters
in the process. The flexibility is limited mainly
by the power of the computer.

N umber of the mechanical error sources is
rather low-hence good stability and high pre
cision can be achieved,

A least-squares fit can be realized automatically
in the presence of redundant data; hence, the
accuracy can be increased and estimated,

Relevant instrumentation can be packaged 111

compact modules suitable for transport.

:Vlaintenance of the analogue components IS

comparatively easy and inexpensive.

The disadvantages are the follo\\'ing:

If insufficiently powerful computers are em
ployed the computation speed for the control of
the rapidly changing parameters can be critical.

Dynamic performance (time response) of the
output servos in fast operation may be un
satisfactory.

Cost of a digital computer having sufficient
power and of high-performing output servos is
rather high.

13y a comparison of thc listcd properties of



1088 PHOTOGRAMMETRIC ENGI!\EERING

the analogue and digi tal systems it follows
that the poten tials of both approaches are
complementary, Consequently their compo
nents can be integrated into hybrid systems
such that the demerits will be eliminated to a
great extent.

HYBRID SYSTE:';[S

At present there is only one analogue
digital system kno\\"n, the Bendix Hybrid
Stereoplotter (Forrest, 1968), The objecti \'e
for the design of the A -D (analogue-digi tal)
modification kit \I'as to facilitate the correc
tions to model coordinates (X YZ) and to a
base component by (of the right-hand pro
jector), for various metric distortions. These
distortions may originate in the photographs,
projection system, relative and absolute ori
entation, and in the earth curvature and at
mospheric refraction. In the present program
the integral effect of all these distortions is
approximated by second-order polynomials
for the four parameters, X VZ and by. The
coefficients of these polynomials are com
puted from the coordinate discrepancies in
given control points and from the Y-paral
laxes in several orientation points. For this
purpose the method of least sq uares is used.
The corresponding corrections are accom
plished by means of a sen'o-positioning net
\I'ork.

The merits of the Hybrid Stereoplotter are
the follo\l'ing:

Higher flexibility than analogue systems.

One computer may serve several plotters simul
taneously.
For the computation of coefficients of the cor
rection model, redundant data can be used.

The overall accuracy of the system can be im
proved with respect to the pure a nalogue instru
ments.

The disad\'antages are;

For the determi nation of the coefficient of the
correction model, sufficient and accurate control
data must be available. Therefore this hybrid
approach is less suitable for restitutions with
little control data.
Combination of a conventional projection-type
plotter having rather limited performance and
stability, with a digital computer, appears to be
unbalanced. The digital computer cannot com
pensate for the high level of the stochastical
errors nor the instabilitv of the mechanical
components.
The expected cost of such systems is com
paratively high due to the full cost of the stereo
plotter, the additional interfaces between the
stereoplotter and the computer, and the share
of the computer itself.
Considerable maintenance may be required for

the stereoplotter, the interfaces and the com
puter.

The Bendix hybrid system is thus an ap
proxi ma te real iza tion of the metric transfor
mations by means of the projection system
of a stereoplotter, \\"here the rele\'ant correc
tions are generated and controlled according
to a simplified mathematical correction
model, by a digital computer. The computer
acts "ia the interfaces only as a "ersatile and
flexible correction unit. From the summary of
properties of the Bendix Hybrid system it
follows that the analogue and digi tal com
ponents have not been combined in full con
sideration of their potentials in order to pro
vide an optimum system configuration.

OPTIMUM HYBRID SYSTE~[S

GE:\ERAL COt\SIDERATlOKS

To optimize a hybrid system means to syn
thesize a configuration, consisting of analogue
and digital components and their interfaces,
so that their potentials are exploited and the
demerits are greatly eliminated, From the
summary of the properties of analogue and
digi tal systems presen ted earlier, it follo\\'s
that the analogue components are COl1\'enient
for manipulation of the rapid and con tin
uously changing control parameters, \\'hereas
the digital components are more suitable for
accurate control of the variables that change
slowly in a restitution process. Thus it seems
expedient that the analogue components pro
vide a high stability and consequently a good
dynamic performance, whereas the digital
components should facilitate a high accuracy
and sufficient flexibility.

As anatogue com ponen ts, stable si m pie
mechanical computers can be employed,
realizing approximately the metric relations
between the photographs (or other image
records) and the model space. These relations
must be accurately defined and should remain
unchanged over long periods of time. The
carriages for the coa'rse (fast) tracking of pho
tographs can be coupled mechanically to the
analogue computers in order to omit the
servos.

The di.fferential (fine) tracking can be gener
ated and con trolled by means of a digital
computer. It may be performed at a com
paratively slo\\' speed, depending on the de
sign of the analogue computers, This reduces
the demands on the sampling rate of the
digitizers, the computation speed and on the
ti me response of the ou tpu t sen'os. However,
a slow operation does not necessarily resul t
in a simplification of the mathematical models
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x YZ are coordinates of an arbitrary model

[

all a" al3J
A = O:H 022 a23 ,

a31 a32 033

ALGEBRAIC FOR~lliLATIO'\ OF THE PROBLE~l

The resoh'ing of motions on coarse and dif
ferentia� tracking can be formulated alge
braically by

(3)

(J' - 1'0')
'\'a' = (':. /,

V", a

(X - Xo')
:ra = £,""

(X - .\'0")
:'\"0" = {"

/,

+ corrcct ions in "v"

Z and e are the projection and principal dis
tances set in the analogue computers. By
subtracting the Equation 3 from 2, the alge
braic model for the differential tracking is
obtained:

ox' = >..'[o.ll'(X - X o') + al/(Jf - J"o')

+ al!(Z - Zo')J - (e!z)(x - X o')

+ corrections in :r'

oy' = >..'[o.21'(X - Xo') + 0.2/( J" - Fo')
+ o.,!(Z - Zo')J - (e/Z)(V - ]'0')

+ corrections in 'y'

ox" = ;\"[all"(X - Xo") +0.1/'(1' - 1'0")

+ aI3"(Z - Zo")J .- (e!Z)(.1. - Xo")

+ corrections in .r"

ely" = >.."[o.2/'(X - X o") +a,/'(]' - Yo")

+ az!'(Z - Zo") J - (e;7) ( I' - 1'0")

point, and Xol'oZo are the coordinates of the
perspective center (Xo" = Xo'+bx, 1'0"= Yo'
+by, Zo"=Zo'+b:;).

Relations 2 are fulfilled to a large extent
in the conventional projection type instru
men ts. Howe\'er, there are practical limita
tions for the implementation of the correc
tions. Usually only facilities for correcting
lens distortion are provided. I n principle,
arbitrary corrections could be applied nu
merically to the model coordinates at a later
stage. This \\'ould result, however, in an oA"
line hybrid system.

An on-line digital computer facilitates cor
rections during operation for arbitrary de
terminable errors including those originating
in the analogue component of the system.
The analogue components can therefore be
simple constructions. The function of the
analogue computers (coarse tracking) can be
formulated in algebraic terms. e.g., by:

S,STEM CO,\FIGURATIO,\

A system operated manually (Figure 1),
consists of the tracking unit, analogue com-

f\ convenient solution is to make e=c' =c"
and Z=Z. The Equations 3, to be realized
(e.g., mechanically) can be chosen differently.
Each choice results in anot"her solution of the
system. If non-conventional (e.g. dynamic)
photography is used, both Equations 2 and 3
have to be replaced by appropriate algebraic
models.

(1 )
y' = )'a' + oy'
y" = ')la" + liy"

:r' = xa' + OX'

x" = ;I.·a" + OX,"

\\'here x, y al'e the correct (desired) locations
of the tracking de\·ices for the photographs,
xa, Ya. are the approximate locations pro
vided by the analogue (mechanical) com
puters, and ox, oy represent the digitally con
trolled differential displacements. For the
cOI1\'en tional cen tral perspective (f rame) pho
tography the correct locations of the tracki ng
devices are defi ned by:

and the corresponding computer program.
but it a\'oids the difficulties il1\'oh-ed in high
sampling rate, high-speed computation and
fast sen'o con trol. The Ii mi ts bet\\'een the
coarse and diA'erential tracking are flexible,
thus facilitating a wide range of solutions.
Depending on the complexity of the analogue
computers, the pO\\'er of the digital computer
and the dynamic performance of the inter
faces, diA'erent solutions can be implemented.
A simplified mechanical computer results in
less accurate coarse tracking-therefore more
and faster differential tracking \\·ill be re
quired. This introduces higher demands on
the digital computer and on the output ser
\"os. Conversely, a slow-operating digital
compu ter and/or low performing sen'os re
quire better approximations of the mechan
ical computers. In optimum solutions the an
alogue and digital components should be
appropriately balanced.

I n the following a conceptual approach to
the design of an opti mized hybrid system \\·ill
be made.

I ~:'l [X - Xo'l r l
L

:lJ =>"'/1' Y - l'o'J + Lcorrections J
c' Z-Zo' (1)r-" I X ":(" (2)

L>]=>.."A" L]I ="y:" lJ + [correctionslJ
c" Z - Zo" (2)

1n the above relations x, yare the photo
coordinates with the principal point as the
origin, c is the principal distance, A is the
scale factor (photo-to-model), A is the rota
tion matrix,
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FIG. 1. Configuration of a manually operated system.

puters, a digital computer, recording units
and the interfaces. The tracking unit and the
analogue com pu ters can be con nected by
simple mechanical links.

The changes of X, Y, and Z in the model
space, generated by a human operator, are
fed to the analogue computers and from them
they are transferred to the plotting de\'ice
(in Fugure 1 labelled by analogue recording
unit). The analogue computers control the
coarse tracking (xa',Ya' and xa",Ya") of both
photographs.

The digital computer receives instantan
eously the values of the model coordinates
X lZ from the analogue computers. Con
stants concerning the geometry of photo
graphs and the Eetti ngs of the analogue
computers can beintroduced (external inputs).
The outputs of the digital computer are sig
nals for the differential tracking Dx',DY' and
DX",oy" (the digitizers and the output servos
are not represented in the figure). The digital
computer may also serve for automatic con
trol of the coordinate recording. The stored
model coordinates can be further processed
if desired.

In the profiling mode of operation the digi
tal computer can control traversing and step
ping. Further it may control the optical
units for the corrections of image distortions
due to terrain slope and geometry of phot
graphs. For convergen t photography, the
digital computer can generate signals for the
con trol of the optical elemen ts to facili tate a
con\'enient stereoscopic observation.

Regarding the type of the digital computer
as a part of the hybrid system there are two
main possibilities:

• An existing or a commercially available com
puter is used .

• A specially designed computer is employed.

Tn the fi rst instance the po\\'er of the com pu ter
general considerably exceeds the need for

con troJ of the slow-changi ng parameters.
Due to the lower demands on the computer
capacity in differential tracking, than in full
con trol of the locational parameters, essen ti
ally more capacity for other computational
and control ta~ks is left. An economic solu
tion \\'ould be, e.g., the use of the computer
for the con trol of several hybrid systems
and/or automatic coordinatographs or ortho
photo prin ters simul taneously on a time
sharing basis.

Where a digital computer is being con
structed specially for the control of a hybrid
system its power can be matched wi th the
real needs for performing the intended func
tions. Employment of efficient electronic cir
cuits may result in a simple configuration and
a co mpac t co mpu ter.

The tracking unit of the suggested system
consists of the photo-carriers, carriages wi th
corresponding guiding ways and driving
agents, and the observation system. The
carriages and guiding ways can be arranged
differently. Tracking may be performed by
means of the photo-carriages, by the car
riages with optical units or combined, In
total there are eight motions to be realized,
four for each photograph (x"' y", ox, oy); there
fore many combinations are possible. A con
venient solution is to perform the coarse
tracki ng (x"' Yo) by the photo-carriages and
the differential tracking (ox, Dy) by the car
riages with optical units. This choice is re
lated to the functions of the mechanical and
digi tal com pu ters. Another sui table approach
is to apply coarse tracking partly to the
photo-carriages (e.g., in x) and partly to the
carriages with optics (in y). The differential
tracking would also be divided between the
photo-carriages (e.g., in y) and the carriages
with optics (in x).

If the photographs are not accurately
centered in the photo-carriers the digital
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computer can provide the corresponding cor
rections (as e.g., in the Analytical Plotters).
The guiding rails need not be precise and no
facili ties for mechanical adj ustmen tare
necessary. However, the tracking unit should
be stable. Corrections for all determinable
errors can be applied by differential tracking.
For observation a simple comparator-type
optical system is convenien t.

Simple mechanical constructions, pro\'id
ing a high stability, are convenient as
analogue computers. A simplified projection
system, preferably sol ved in horizon tal
planes, seems to be feasible. A solution
similar to that of the Zeiss-Orel Stereoauto
graph, with some simplification for better
stability, would be appropriate. Different
choices can be made regarding the analogue
orientation facilities, reflecting the mathe
matical models for the coarse tracking (e.g.,
Equations 3). Some values for the orientation
parameters can be introduced. The most
simple solution would use a constant principal
distance Cf>, zero til ts f =w = 0, and zero base
components by = bz =° (bars above symbols
refer to the instrumental settings). Another
solu tion may provide for variable principal
distances and zero values for other orien ta
tion parameters (except the base b). A
further solution, not represented by the
Equations 3, is: variable principal distance t
and variable Cf> (for convergent photography)
or variable w (for oblique photography).
Apart from these other solu tions can be
implemen ted.

The mechanical computers need not be

manufactured precisely as corrections can be
applied for their imperfections by the differ
ential tracking. Hence, the facilities for
mechanical adj ustmen t need not be provided.
but the determinable errors should be cali
brated. The mechanical analogue computers
and the tracking unit can be packaged in a
common module.

.:"n automatically operated system is repre
sented in Figure 2. The configuration is
si milar to that of the man ually operated
systems (Figure 1) only the human operator
being replaced by the au tomatic correlators
and the servos being used as the actuators.
The tracking unit is supposed to be provided
wi th optical-electronic (or other) scanners
and photo-mul ti pliers, generating the video
signals e' , e" for the correlators. The digital
computer can control the adaption of scans
(v', v") such that the conjugate imagery will
be scanned. This control is based on the cor
relation signal e, the slope signals ex, tv
generated by the correia tors, and the geom
etry of photographs (external inputs).

The correlation e and the parallax signals
ex, ey, produced by the correlators, are fed
either to the digital computer for the digital
con trol of the ou tpu t sen'os (actuators),
or directly in analogue form to the servos.
I n the latter case the in terfaces between the
digital computer and actuators can be
omitted.

The actuators may generate alterations in
height (in parallax Px) and in the relevant
orientation parameters (Py-parallax, not
shown in Figure 2).
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If optical-electronic scanners are em
ployed, the diA'erential tracking can be
carried ou t electronically. The signals on
OX, oy, generated by the digital computer,
may be converted in to vol tages for the de
flection coils of the scanning cathode-ray
tubes. Consequently the scans would be
instantaneously displaced from the zero
positions over ox and oy. The actuators,
analogue computers and the tracking unit
can be packaged in one module, and the
correlators and the digital computer in
another.

CONCLUSION

A diversity of analogue-digital restitution
systems can be developed. Each system may
provide a good balance between the po
tentials and the cost of the equipment in
view of the intended applications. However,
such systems appear to be particularly
appropriate if high accuracy and/or great
flexibility are demanded. In addition opti
mized hybrid systems are suitable for opera
tion with automatic correlators and control
units due to the potentials of the digital
computer and the simple arrangement of the
tracking unit. The performance of the hybrid
systems can be high if the process for the
metric information is properly designed. This
may be achieved by dividing the tracking of
photographs into coarse and differential
fine-tracking.

The chain of the analogue (e.g., mechani
cal) components, through which the signals
for coarse tracking flow, should be short and
stable. The differential tracking is supposed
to be digitally controlled; hence, a high
accuracy and sufficient flexibility could be
provided. Such an arrangement simplifies the
real time operation of the digital computer
and red uces the performance req uiremen ts
on the output servos due to the lower de
mands on speed. However, the mechanical
componen ts of the system should be highly
stable.

The construction of the mechanical com-

pu tel's for the metric transformation of the
rapidly changing parameters can be simple.
The cost of the hybrid systems is expected to
be lower than the cost of the digital systems
as the mechanical components need not be
manufactured with high precision, and the
demands on performance of the digital
computer and the interfaces are compara
tively low. I n comparing the hybrid and
digi tal systems, one migh t expect the former
to be less accurate due to the higher prob
ability of unconsidered errors in the analogue
components. However, the slowly operating
servos of the hybrid systems will apparently
perform better than those used in the digital
systems. Thus the two systems will pre
su mably prod uce com parable accuracy.

Opti mum stereo-resti tu tion systems can be
achieved by a good balance between the
analogue and digital components and be
tween their potentials and the cost of pur
chase and mai n tenance.
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