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ABSTRACT

In the past few decales, Computer Aided Design (CAD) systems have evolved from 2D tods that assist in construction
design to the basis of software systems for a variety of applications, such as (re)design, manufaduring, quality control,
and fadlity management. The basic functions of a modern CAD system are storage and retrieval of 3D data, their
construction, manipulation, and visualisation. All these functions are needed in a photogrammetric measurement
system. Therefore, photogrammetry benefits from integration with CAD, and thereby from developments in this field.
There ae two main interpretations of the term CAD-based photogrammetry. The first interpretation is on a system
level: there is atrend towards integration of photogrammetric toolsin existing CAD systems. The second interpretation
is on an agorithmic level: developments in the field of CAD regarding objed modelling techniques are being
implemented in photogrammetric systems. In pradice the two interpretations overlap to a varying extent. The
integrated photogrammetric processng of geometry and topdogy is defined as a minimum requirement for CAD-based
photogrammetry.

The paper discusses the relation between CAD and photogrammetry with an emphasis on close-range photogrammetry.
Several approaches for the integration of CAD and photogrammetry are briefly reviewed, and trends in CAD-based
photogrammetry are outlined. First of al, the trend towards CAD-based photogrammetry is observed. The integration of
photogrammetry and CAD increases the efficiency of photogrammetric modelling. One of the reasons for this is the
improvement of the user-interface which allows better interadion with the data. A more fundamental improvement is
the use of advanced oljed modelling techniques such as Constructive Solid Geometry, and the incorporation of
geometric objed constraints. Furthermore, reseach emphasis is on CAD-based matching techniques for automatic
predse measurement of CAD-models. An overall conclusion remains: the integration of photogrammetry and CAD has
greda potential for widening the accetance of photogrammetry, espedally in industry. This is firstly becaise of the
improvement in efficiency, and secondly becaise of the established and well-known concept of CAD.

1 INTRODUCTION

Before trying to describe trendsin CAD-based photogrammetry, it is useful to first define the term. We ae deding with
two concepts: CAD and photogrammetry. The realer is expeded to be familiar with both terms and these will not be
explained here. An introduction to CAD and solid modelling can be found in (LaCourse, 1995 and (Mortenson, 1997).
Principles of state-of-the-art close-range photogrammetry are presented in (Atkinson, 1996 and (Luhmann, 1999.

In this paper several photogrammetric systems of commercial and reseach nature ae briefly discussed. It is gressed
that the dm is not to give a @mplete overview of existing approaches. The information on these systems is acquired
from the literature. Although recent publicaions are used, the information could be outdated. The dharaderistics of the
systems presented in this paper primarily serve the illustration of the different approaches in CAD-based
photogrammetry.

1.1 History

Although CAD stands for Computer Aided Design, it is applied for a wide range of applicaions other than product
design, such as manufaduring (CAD/CAM), fadlity management, planning, quality asaurance and selling (Peipe,
1999 Schirle, 199). CAD has bemme abroad concept, but CAD is, in the first place associated with software
padkages for storage, manipulation, and increasingly for visualisation of 3D data.
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Figure 1: Photogrammetry interfaced with CAD

Traditionally, close-range photogrammetry concentrates on the acurate measurement of 3D co-ordinates. In many
applicaion fields, such as industrial photogrammetry, the m-ordinates were cnsidered to be the end-product of the
photogrammetric process (Fraser, 1988. Nowadays, 3D co-ordinate measurement with close-range photogrammetry
can be done in (nea) red-time and with astonishing predsion in a variety of applicaions (Grin, 1994. This paper
concentrates on objed modelli ng rather than co-ordinate measurement alone. The nead for computer models of existing
objeds increased as a result of the developments in the fields of CAD, computer graphics, and virtual redity. In
particular the use of computer models for visualisation imposes the requirement of a valid bowndary description of the
objed, i.e. a geometric and topdogic description that is unambiguous. A CAD-system is a powerful tod for the
construction of such amodel. The aeaion of an interfacebetween photogrammetric and CAD-system was the first step
towards integration of photogrammetry and CAD (Figure 1). In the depicted approac, a set of 3D co-ordinates of
pointsisthe product of the photogrammetric process The function of the interface ca vary from atoad for reformatting
the 3D co-ordinates into a CAD-readable format, to a tod for adding the topdogy that enables the transfer of a
complete objed model to the CAD-system. In the latter case objed knowledge is required for the process which isthen
undervalued by use of the term “interfadng’. A human operator can introduce objed knowledge through interadion,
for instance by image interpretation, or objed knowledge can be stored in a knowledge-base and retrieved in a semi-
automatic way.

First, interfadng between photogrammetry and CAD through 3D co-ordinates of points is discussed. In the next sedion,
CAD-based photogrammetry is defined as a doser integration o photogrammetry and CAD.

Depending on the gplicaion, and thereby on the type of objed, two interfadng approacdes are posshle:

1. Transfer of a structured pdnt cloud, i.e. 3D co-ordinates of points that represent the geometry of a polyhedra
objed description. The topdogic information is added using a CAD-system; design functionality of the system is
used to construct edges and faces. This approach is suitable for polyhedral objeds such as buildings. An example of
this approad to architecural photogrammetry can be found in (Hanke & Ebrahim, 1996. An alternative to adding
the topdogy information with the help of a CAD-system isto perform this dep as a part of the interface A highly
automated (aeia photogrammetric) version of this approach for city modelling is cdled CyberCity Modeler (Griin
& Wang, 1998. This tod can be regarded as an advanced interface between photogrammetry and CAD that
requires objed knowledge (Figure 1).

2. Transfer of an unstructured pant cloud to the CAD-system or the interfaceis the second approach. In contrast to
the previous approach the points are & arbitrary locaion on the objed, or they cover the objed in aregular pattern
or grid. For automatic DEM extradion in aeia photogrammetry and in many 2%2D close-range (stereo)
applicaions this is a ammmon approach. Here the topdogy can be atomaticdly generated, for instance by the
well-known Delauney-triangulation. Adding (more) knowledge on the shape of the objed into this interfacing step
allows smultaneous gructuring of the point cloud and data reduction. A good example is presented in (Petran et
al., 1996) where paint clouds of car parts are mnverted in a semi-automatic way into a surfacedescription using
Bezer paygons. In (Luhmann, 1999 the mmputation of parameters, and the aljustment involved, of so-cdled
geometric dements (e.g. aline, plane, or cylinder) from 3D co-ordinates is discussd. In both cases it is not the 3D
co-ordinates that are transferred to the CAD-system, but the shape parameters derived from them.

The 3D point cloud aqquisition methods are not the topic of this paper, but it has to be emphasised that, as well as
photogrammetric techniques such as dructured light approaches (Maas, 1997 Malz, 1996), laser scanning is often
applied for automatic aquisition of unstructured pant clouds. Thisistrue for agial (Maas & Vos®lman, 1999 as well
as close-range gplications (El-Hakim et al., 1998 Sequeira @ al., 1999). However, the way in which the point cloud is
aqquired dees not affed the processdepicted in Figure 1.

1.2 A definition of CAD-based photogrammetry

The term CAD-based photogrammetry is not often used and as a mnsequence the term is not well defined. The term
was probably first used in (Li & Zhou, 1994 and later in (Luhmann, 1998. However, it was never widely acceted. In
the omputer vision community the term CAD-based computer vision is well known (Camps et a., 1998 Byne &
Anderson, 1998. Althoudh there is a grea ded of overlap between the two fields, two main differences can be noted.
First, the emphasis in computer vision reseach is on objed reagnition, rather than on objed recmnstruction or reverse



enginegingasit iscdled in the CAD-world. However, reseach in the aeaof objed recognition is also reported in the
photogrammetric literature (Huang & Trinder, 1999; Brenner et al., 1998 Zhou, 1997). In photogrammetric pradice,
where image cntent can be cmplex, an operator still performs the recognition (i.e. interpretation) step. The second
difference between photogrammetry and CAD-based computer vision is that the latter approach uses range data more
often than intensity images, seefor instance (Werghi et al., 1999.
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Figure 2: Integrated photogrammetry and CAD

CAD-based computer vision is loosely defined in (Byne & Anderson, 1998 as “using CAD models diredly in vision
programs’. Buil ding on this definition, and ac@urting for the fad that photogrammetry is more reconstruction oriented
than computer vision, CAD-based photogrammetry can be defined as photogrammetry in which the objed description
in the form of a CAD-model is integrated. In other words, in CAD-based photogrammetry the mathematicd model
contains the relations between the image measurements and the (parameters of the) CAD-model under construction. A
CAD-based photogrammetric system does not necessarily have the full functionality of a CAD-system, but the
photogrammetric processresultsin a mmplete CAD-model that contains geometry and topdogy (Figure 2).

This definition of CAD-based photogrammetry is quite ageneral one and leaves room for a variety of photogrammetric
approaches and systems. In sedion 2 dfferent types of CAD-based photogrammetry are distinguished, ill ustrated by
existing approaches, of commercial as well as non-commercial nature. The trends in CAD-based photogrammetry are
presented in sedion 3, conclusionsin section 4.

Modeling by | Geometry Topdogy | B-rep | CSG
1 | Paints Point co-ordinates
2 | Wireframes Line parameters (curved / straight) Yes
3 | Surfaces Parametric surfaces (curved / planar) Yes Yes
4 | Solids Parametric objed model (curved / polyhedral) | Yes Yes Yes

Table 1 : Modelli ng techniques and parametrisation of geometry

2 APPROACHESTO CAD-BASED PHOTOGRAMMETRY

The gproaches to CAD-based photogrammetry are quite diverse. As a minimum requirement for the term CAD-based
photogrammetry to be gplicéble, the result of the photogrammetric processng must be a omplete CAD-model,
containing geometry and topdogy. Although this description includes wireframe models, most systems render a surface
or solid description. Table 1 supplies an overview of different levels of objed modelling tedhniques and pcossble
parametrisations. Note that in higher levels, the parametrisations of the lower levels can be gplied. For instance, point
co-ordinates and topdogic relations often define a polyhedral surface description. A discussion on the choice of
parameters for polyhedral objeds can be found in (van den Heuvel & Vosslman, 1997. Topdogic information is
present in levels 2, 3, and 4. A boundary representation (sedion 2.3) can be gplied for surfaces or for solids, while
Constructive Solid Geometry (CSG) is only applicable to solids (sedion 2.4).

Many systems use a onventional photogrammetric goproach (i.e. based on collineaity of image point, projedion
centre, and oljed point) to establish geometry. The topdogy is added within the system in a separate, often manual step
(sedion 2.1). Some systems are developed as photogrammetric tools within an off -the-shelf CAD-system (section 2.2).
Although the functionality and the geometric modelling techniques of the CAD-system are available to perform the
reconstruction (and thereby spedfy the topdogy), the mathematicd model is primarily conventional. The most common
type of CAD-models in photogrammetry is the polyhedral boundary representation (sedion 2.3). Applying geometric
objed constraints within this geometric modelling technique results in objed models that can have the same
charaderistics as parametric objed models (sedion 2.4). However, parametric models have the &ility to define a



complex (possbly curved) shape with only a few parameters. Which modelling technique is favoured depends on the
applicaion at hand. Figure 3 depicts an example of a parametric model of a house. The parameters |, w, h, and r define
the length, width, height, and roof height respedively, and thereby the shape of the building.

Figure 3: A parametric model of a house

Efficiency improvement is an incentive for CAD-based photogrammetry. However, automation in close-range
photogrammetric modelling is still Iimited, and this is not expeded to change in the short term. Reseach efforts in
agial photogrammetry are more mncentrated and, thus, automation is at a somewhat higher level. An overview of the
current status can be found in (Forstner, 1999. The most advanced CAD-based close-range systems aim at objed
recognition and fedure an automatic fine measurement by fitting the badk-projeded CAD-model to the images
(sedion 2.5).

2.1 Building topology

Photogrammetric systems that all ow the spedfication of topdogy can be cdled CAD-based. However, in many systems
topdogy is completely separated from geometry. Systems of this type have a onventional photogrammetric gpproach
for the establishment of 3D co-ordinates of objed points through the measurement of points in several images. Then,
points (or edges) that border an objed face ae seleded in the images, thereby building the topdogy of a payhedra
boundary representation. As long as only triangular faces are used, the topdogy has no geometric implications.
However, a facethat contains n points implies n — 3 geometric constraints to enforce the @mplanarity of these points.
There ae several commercial PC-based photogrammetric systems on the market that belong to this category.
(PhotoModeler, 2000; ShapeCapture, 2000, where faces are restricted to triangles. PhotoModeler alows fitting of
points to a plane in post-processng. ShapeCapture feaures tools for automatic point measurement and credion of a
triangular mesh.

The combination of point measurement and the restriction to triangular faces allows the use of a @nventiona
mathematicd model based on collineaity equations, without the need for objed constraints. These ae the
charaderistics of some of the photogrammetric systems developed as an integral part of a CAD-system described in the
next sedion. The main diff erence however, isthe spedfication of topdogy within the CAD-environment.

2.2 Integration with a CAD-system

Although CAD-based photogrammetry is not defined as photogrammetry integrated with a CAD-system, the use of the
geometric modelli ng functionality offered by a CAD-system definitely makes these systems CAD-based. We have to
distinguish between of-the-shelf CAD-systems, like MicroStation and AutoCAD, to which a photogrammetric toolbox
is added, and photogrammetric systems that make use of a CAD-toolbox in the form of a geometric modelling kernel.
Examples of the first approach are the systems PHIDIAS (Benning, 1997 for an integration with MicroStation, and
DIPAD (Streilein, 1996 for a photogrammetric system based on AutoCAD. Both systems alow photogrammetric
modelling within the user-interface of the CAD-software and, thereby, the alvanced modelling functionality of the
CAD-system. This advantage holds for the second approach as well, athough the CAD-functionality has to be made
avail able to the photogrammetric system explicitly. An example of this approach is the system PIPER (Ermes & van
den Heuvel, 1998 that is based on the geometric modelling kernel ACIS that applies Constructive Solid Geometry
(CSG) (sedion 2.4).

The photogrammetric systems HAZMAP (Jones et al., 1996 and PHAUST (Hilgers et al., 1998 have functionality for
the measurement of geometric dements, such as cylinders. The mathematicd model is extended for image measurement
of contours of cylinders and estimation of the parameters of the dements. This approadch guarantees a smooth interface
to the CAD-padckages Plant Design & Management System (CadCentre Ltd) for HAZMAP, and MicroStation for
PHAUST. The PC-based photogrammetric packages PhotoModeler and ShapeCapture (sedion 2.1) have similar



functionality for measuring of, for instance, cylinders. Like the padage 3D-Builder (sedion 2.3.2), they suppart several
exchange formats, but do not interfaceto a particular CAD-padkage.

Theintegration of photogrammetric and CAD-software, and the adaptation of the photogrammetric mathematicd model
for the estimation of parameters of the CAD-model, other than co-ordinates of paints, are the main charaderistics of
CAD-based photogrammetric systems. In the following sedions the implications of the geometric modelling technique
for the photogrammetric part of such a system are discussed.
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Figure 4: The geometric (a) and topdogic (b) elements of a palyhedral boundary representation (LaCourse, 1995

2.3 Maodelling with a boundary representation

In CAD-based photogrammetry the mathematicad model depends on the type of geometric modelling chosen. Two main
types can be distinguished for use in CAD-based photogrammetry. First, the boundary representation or B-rep is the
most common one. An approach using a boundary representation for curved surfaces is presented in (Petran et al., 1996)
(see sedion 1.1). Currently, most CAD-based photogrammetric systems use apolyhedral boundary representation in
which the geometry is represented by the 3D co-ordinates of the objed points. Relations between the points define the
topdogy (Figure 4). Such an objed description is siitable for complex man-made structures with planar faces such as
buildings. The alvantage of a payhedral B-rep for CAD-based photogrammetry is the availability of projedions of
objed feaures (vertices and edges) in the images for measurement and, thus, the relation between objed parameters and
measurements is more dired than in the case of parametric objed models.

Cad-based approades for reaognition and measurement of industrial parts that use aboundary description are described
in (Huang & Trinder, 1999) and (Brenner et a., 1998). A system with the same charaderistics that uses CSG-modelling
is presented in (Zhou, 1998, see sedion 2.4. These systems aim at automated inspedion of parts for which a CAD-
model is available. For this applicaion, the CAD-models are usually not restricted to pdyhedra boundary
representations.

The doice of a modelli ng technique can be regarded as the gplication of a form of a priori objed information. Even
more apriori information is added with the use of objed constraints, such as parallelism or perpendicularity of objed
faces. In the next two sedions the integration of objed constraints distinguishes different approaces.

2.3.1 Polyhedral B-rep without object constraints

Modelling with a polyhedral B-rep without objed constraints all ows the use of a mnventional bundle aljustment based
on colli neaity equations, relating the points measured in the images to the 3D co-ordinates of the objed points. In
principle, this is only true when the B-rep consists of a triangular mesh (see section 2.1). Most of the systems that are
mentioned in sedion 2.2 are examples of this approadch. Some of these goproaches aim at industrial applicaions and are
extended for measurement of geometric dements, such as cylinders. Although parametric models (see sedion 2.4)
describe these dements, there ae no oljed constraints between parameters of different elements in the mathematicd
model. For instance, the annedion of two differently oriented straight pipes and the aeaion of a airved element in
between is usually a separate operation in the CAD-environment.

2.3.2 Polyhedral B-rep with object constraints

In recent yeas reseach has been direded to the integration of objed constraints in the photogrammetric mathematica
model. An example is the inclusion of geometric constraints in the conventional bundle ajustment (McGlone, 1996).
Quite an amount of research was devoted to so-cdled line-photogrammetry, i.e. mathematicad models were developed
in which (points on) image lines, being the projedions of object edges, serve & observations. In these gproaces a
parametrisation for the 3D line, on which the objed edge resides, is often chosen (Zielinski, 1993 Schwermann, 1995,



An approach in which geometric constraints enforce polyhedrality and allow the inclusion of a variety of objed
congtraints such as coplanarity or parall elism of objed faces, was developed by the author (van den Heuvel, 1999. In
this line-photogrammetric gpproad, instead of parameters of objed lines, parameters for objed points and planes are
used. This parametrisation fadlit ates the formulation of geometric constraints and their weighting (Hrab&ek & van den
Heuvel, 2000.

The PC-based software package 3D-Builder (3D-Builder, 2000) supparts objed constraints on a payhedral B-rep. The
use of objed constraints reduces the number of images required for an accurate recnstruction. An extreme cae is the
(partial) objed remnstruction from a single image. A considerable amount of research is devoted to this topic (CIPA-
TG2, 2000)

2.4 Modelling with parametric object models

The choice of a geometric modelling tedhnique depends on the goplication. For 3D city modelling from aegial images
there is a trend towards the use of parametric objed models (Brenner, 1999 Forstner, 1999; Vossiman, 1999,
although reseach based on palyhedral B-reps continues (Baill ard et al., 1999; Faugeras et al., 1998. Looking at recent
reseach projeds, the same trend can be noticed in close-range photogrammetry for industrial applications (Ermes &
van den Heuvel, 1998 as well as for architedural applications (Debevec & al., 1996. In the latter field the choice of a
polyhedral B-rep description is made in some gproadies (Streilein, 1998 van den Heuvel, 1999. In industria
photogrammetry for the processng industry the trend towards the use of parametric CAD-models is emphasised by
developments in systems used in pradice as discussed in sedion 2.3.1. These systems alow the estimation of
parameters of objeds such as cylinders. However, in this ®dion only those gproadches are discussed that allow
geometric constraints between different parametric objed models.

Constructive Solid Geometry (CSG) is a geometric modelling technique based on parametric objed models of
primitives such as boxes and cylinders. Boolean operations with primitives of which the shape, position, and orientation
are known, are defined to build the final model. In Figure 5 Boolean gperations are shown with a box and a glinder.
The box is a padyhedral primitive (parameters: width, length, and height), and the cylinder a non-polyhedral primitive
(parameters: length and radius). Approacdhes that use polyhedral objeds are the subjea of the next sedion. Systems that
allow the use of non-payhedral parametric models are dl based on CSG (sedion 2.4.2).
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Figure 5: Boolean operations in Constructive Solid Geometry (c) — (f) (LaCourse, 1995.

2.4.1 Polyhedral parametric models

A separate dass of CAD-based photogrammetric systems uses polyhedral parametric models or primitives. The relative
position and arientation (pose) of different models can be wntrolled with constraints. A commercial system cdled
Canoma (Canoma, 2000, and the research system Facale (Debevecet al., 199%), are examples of close-range systems
in this category.

The low-cost PC-based software padkage Canoma dl ows the seledion of parametric objed models from a predefined
set of payhedral shapes and approximately pasitions them in 3D space It al ows the manual measurement of points on
the projedion of objed vertices and edges. The different shapes that constitute the cmplete model are digned and
“glued” together with the spedficaion of constraints. It has to be noted that the system does not allow weighting of
observations or constraints, and dces not supply information on the quality of the resulting model. Details on the
adopted mathematical model are not available. An attradive feaure of Canoma is that there is virtually no camera
information required. However, a distortion-free pinhole camera model with the principle point in the midde of the
imagesis assumed. Theinitial focd length can be alapted interadively.



In (Debevec et al., 19%) the photogrammetric modelling system Facale, that aims at architedural applications, is
described. From the user point of view, the gproac for interadive modelling is $Smilar to the one described above.
Building primitives, such as a box, are seleded and corresponding edges are measured in the images. In contrast to the
procedure @ove, fine measurement can be performed with a gradient-based tedhnique to align edges with sub-pixel
acairacy. Congtraints on the shape and pcse parameters of primitives, and constraints between primitives are spedfied
through a graphicd 3D interface The mnstraints are implemented in such a way that they reduce the number of
parameters to be estimated (sometimes cdled “hard constraints’ (Ermes, 2000). The parameters are estimated through
the minimisation of an objedive function being the sum of error functions, one for ead observed line. The eror
function is a non-linea relation containing bath the parameters and the image @-ordinates of the end pants of the
observed edge segment. The objedive function is minimised using a variant of the Newton-Raphson method. In this
approach, observations and constraints are not weighted. The acaracy of the resulting model is visually assessed using
the projedion of the model in the original images. Facale feaures an advanced view-dependent texture mapping
method that renders novel views from the scene from any desired location.

2.4.2 Constructive Solid Geometry

City modelling is an applicaion of photogrammetry for which Constructive Solid Geometry is applied in several
approaches (Forstner, 1999 Brenner, 1999). In the field of close-range photogrammetry not many systems are being
developed on the basis of CSG. Two systems are briefly discussed here. The first one is a dedicated vision system
designed for a robatics applicaion in space cled SIVE (Zhou, 1998. The seaond system, cdled PIPER, is designed
for modelli ng industrial install ations (Ermes et al., 1999.

The vision system SIVE uses s$x (three pairs of) high-speed cameras, each pair in stereo configuration, two pairs
mounted on aroba arm. The system aims at reaognition, aided by a structured light approach, and shape measurement
of industrial objeds. Objed models are cnstructed from CSG-primitives with the CAD-system GEMS. Complete
CSG-models are input to the vision system that feaures an interadive & well as an automatic mode for objed
recognition. Parametric equations are derived for ead edge or contour of a primitive. Using the collineaity equations,
the image measurement of a point on an edge is related to the parameters of the related primitive. All parametric
primitives are spedfied in the same objed co-ordinate system. Parameters for relative position and orientation of two
primitives are introduced in the model when required. Therefore, no constraints on the paose of primitives are needed.
Parameters of the CSG-primitives are estimated from the image observations by a least-squares adjustment.

PIPER is a photogrammetric modelling system based on CSG that is primarily designed for efficient modelling of
industrial plants. Modelli ng with this system can be summarised as follows. The operator seleds a primitive or CSG-
model (i.e. a predefined CSG-set of primitives) from the database, changes its shape parameters, and pasitions it in
spaceby manipulating its projedion superimpased on the images. Manipulation is done by seleding an edge or contour
and dragging it - or rather a point on it - to the desired location in the image. In order to oltain approximate values of
exterior orientation parameters, they can be manipulated to oktain a good djed-to-image match while objed
parameters are kept fixed. In contrast to the system described above, PIPER introduces $x pose parameters and the
shape parameters of each primitive into the ajustment. Furthermore, it allows the introduction of so-cdled soft-
congtraints (weighted constraints) on these parameters and on the relative pose of two primitives (Ermes, 2000. For
instance, in the measurement of connected (curved) piping elements, these mnstraints play a major role. This is a
general and flexible gpproad, with the number of parameters to be estimated as a minor disadvantage. Furthermore, the
system supparts Bodean operations with primitives (Figure 5). The edges that result from these operations (in fad, a
conversion from CSG to B-rep is performed) are avail able for measurement. The same holds for the objed contours that
result from the so-cdled hidden-line projedion performed for ead image in the projed. For al these operations with
CSG-primitives the geometric modelling kernel ACISisintegrated in the system. Manually the objed models need only
be gproximately aligned to the image content, becaise an automatic matching procedure is part of the system
(Tangelder et al., 1999). This procedure gplies a smoothed step-edge model that allows error propagation. All
information is gathered in a weighted least-squares bundle adjustment in which, next to the solution of the parameters,
their standard deviations are mmputed. Furthermore, statisticd testing (so-cdled data snoopng) of the observationsis
performed in order to deted errors in the measurements or constraints gedfied. Currently, variance @mponent
estimation isimplemented in order to improve the weighting of the different types of observations.

2.5 Matching object modelsto image data

The major benefit of CAD-based photogrammetry is an improvement in modelling efficiency due to the use of
advanced modelling techniques and CAD-functionality for model construction. Automation of the measurement task
through matching techniques further improves the dficiency. Two approaches can be distinguished. The first approach
starts with image feaure extradion, followed by a matching step in which image feaures are related to feaures of the
CAD-model, and finally objed parameters are estimated. This approach is encountered in systems that aim at objed



recognition as well as pase measurement and fine measurement of shape (Huang & Trinder, 1999; Brenner et al., 1998
El-Hakim & Westmore, 1992).

In the second approach the operator performs the image interpretation and CAD-model reagnition. The operator
seleds a primitive or model from a database, and modifies the shape and pcse parameters to oltain an approximate fit
of the projeded model and the image content. This fit is then refined using an automatic matching procedure. This
approach is found in the systems DIPAD (Streilein, 1998, HAZMAP (Jones et a., 1996), and PIPER (Ermes et a.,
1999). In DIPAD the operator seleds and pasitions the model with the 3D user-interfaceof the CAD-system, while in
HAZMAP and PIPER the images supply the views on the 3D model world and the interfacefor model construction.

In DIPAD a straight-line extradion procedure is guided by the projedion of the CAD-model in the images. Thelinesin
the images are interseded, based on the topdogy of the poyhedral objed model. Co-ordinates of objed points are
computed with abundle aljustment and the improved model is projeded in the images again. This procedure is applied
iteratively.

A similar approach for cylindricd objedsis encountered in HAZMAP. Edge detedion is guided by the projedion of the
cylinder, and extraded edge points are fitted to image lines that define the tangent planes of the cylinder. Finaly, the
parameters of the cylinder are determined from the tangent planes using a primitive-fitting program.

In PIPER two matching methods are cmmbined. In the first one the pose and shape of the CSG-model is improved by
fitting the projedions of its edges and contours to maximum grey value gradients in the neighbourhood d the initial
projedion. This method is applied first, and supplies an improved initial match for the seaond method. The second
method applies amodel for the grey value changes on a profil e perpendicular to the edge (a smoothed step edge model).
This model is fitted to the image data using a template matching technique. Both approaches are integrated in the
bundle ajustment that can contain constraints on the shape ad (relative) pose of the CSG-models. In contrast to the
first method, the seaond one dlows the aror propagation from grey values to oljed parameters. The two methods are
presented in (Tangelder et a., 2000).

3 TRENDSIN CAD-BASED PHOTOGRAMMETRY

In recent yeas the integration of photogrammetry and CAD has continued. More CAD-based photogrammetric systems
are being developed and, thus, there is a dea trend towards CAD-based photogrammetry. However, there is ome
diversity in the diredion of these developments. Threediredions can be distinguished:

1 Systems integrating photogrammetric todls in a CAD-environment. These systems are build upon existing
CAD-systems, such as MicroStation and AutoCAD, the data structures of which are gplied.

2 Photogrammetric systems extended with CAD-functionality. These systems add topdogic information to the
geometric data and can often produce parametric descriptions of geometric primitives, such as cylinders.

3 Systems that apply advanced geometric modelling techniques (CSG or B-rep, both with geometric constraints)
that integrate the information gathered during model construction in the photogrammetric mathematica model.

With the use of CAD-models and geometric constraints we, in fad, see atrend towards the use of domain spedfic a
priori objed information and, thereby, atrend towards datafusion. A similar trend is observed in agial photogrammetry
with the use of a priori knowledge in the form of house models and available digital maps (Brenner, 1999.

CAD-based photogrammetry shows a trend towards image line measurement and, thus, towards line-photogrammetry.
Lines can be extraded automaticaly from the images or points on lines can be measured manually. As a result, not only
the projedions of objed edges are available for measurement, but also its passibly curved contours. Furthermore, the
use of lines fadlitates automatic fine measurement. Systems that feaure such as model-to-image matching procedure
allow more efficient modelling because the operator only is required to align the projedion of the objed model and the
image data goproximately.

Although the doice of a geometric modelling technique depends on the gplicaion, CSG is gaining in popularity.
Particularly for industrial modelling appli cations the use of parametric primitives is advantageous, simply becaise they
are often used for the design of industrial parts and plants. The same holds for CSG as a solid modelling technique for
the @nstruction of models from parametric primitives. It is expeded that parametric models and CSG will have amore
prominent role in the future. Furthermore, it is quite likely that, as photogrammetry benefits from the integration with
CAD, geodetic and photogrammetric expertisein the field of adjustment theory can be beneficial to CAD.

The integration of photogrammetry and CAD is an ongoing development that will continue to the point where
efficiency improvement as a result of better integration becomes insignificant. Therefore, the final level of integration
will depend on the task at hand and the demand for it. Seamless integration of CAD and photogrammetry can be
expeded for applicaions in which the objeds are designed with the help of a 3D CAD-system and only when thereisa



substantial need for reverse engineaing. In close-range photogrammetry as-built modelli ng of industrial plants is one
such application. Benefits of photogrammetry over alternative aquisition techniques, such as tacheometry, are
numerous. Thisis espedally true for hazadous environments (Chapman et al., 199). In architedural photogrammetry
the nead for models for monument preservation and cultural heritage in general is apparent (Streilein, 1998. However,
funding for this type of projed is often limited. Therefore, the development of CAD-based photogrammetric systems, or
CAAD-based systems (Computer Aided Architedural Design), for this applicdion is expeded to be less rapid.
Furthermore, parametric objed modelling is not expeded to become adominant modelling technique in this field.
Although city models aso contain models of buildings, parametric models play an important role because of the
considerably smaller scde of the agial images (all owing buildingsto be imaged in full) and the need for a high level of
generalisation of the house models. Furthermore, development of CAD-based photogrammetric goproachesis rapid due
to alarge demand for city models and, consequently, the considerable reseach efforts (Forstner, 1999.

The aquisition and storage of non-geometric or semantic information, partly integrated with the modelling task, is
another reason for integrating photogrammetry and CAD. This information can be quite diverse, such as information on
the materials used, contents or purpose of vessels and pipes, or information on the mnstruction of a building. All types
of information can be gathered in a Computer Aided Fadlity Management (CAFM) system; a management toal of
growing importance (Schirle, 1999.

In recent yeas we have seen low-cost PC-based photogrammetric modelling tools coming onto the market. They are
designed to be used by a broad public, putting spedalised photogrammetric knowledge in a “black box”. This
development allows photogrammetric modelling by non-photogrammetrists. However, modelli ng large constructions or
install ations acording to pre-set quality requirements gill necessitates photogrammetric knowledge. A cost-effedive
approach, in which a large image set is triangulated by photogrammetric experts and delivered to the dient for
modelling, is propased in (Chapman & Dea®n, 1998. This approach limits (labour-intensive) modelling to the parts of
the nstruction for which geometric information is needed, at the time it is needed (“just in time”). Furthermore, in
contrast to the photogrammetrist, the operator is likely to have the domain-spedfic knowledge required for efficient
modelling. The use of panoramic image mosaics from a mlledion of images aaquired at the same locaion can be
regarded as arelated trend (Haggrén et a., 1999. An approach that uses a “panoramic” fish-eye camera can be found in
(FrankData, 2000.

For many applications, espedally when complex (curved) shapes are involved or texture is lacking, laser scanning can
be an efficient, diread way to oltain 3D information. For these goplications, it is expeded that range images will be used
more frequently in the future dthough, for obvious reasons, photogrammetrists tend to restrict themselves to the use of
intensity images. A combination of intensity and range data is presented in (El-Hakim et al., 1998 Sequira ¢ a., 1999).
Reseach in CAD-based computer vision is mainly based on the use of point clouds acquired by laser scanning
(sedion 1.2).

Reseach is driven by the neea for efficiency improvement and is thus directed towards automation. Many CAD-based
systems feaure a matching technique for automatic fine measurement (sedion 2.5). Successful approaches for
recognition of objeds of which CAD-models with fixed shape, but arbitrary pose, are reported (sedion 1.2). Future
reseach will be direded towards automatic recognition of CAD-models or primitives, of which shape and pose
parameters are to be determined, and on recognition of constraints on shape and pose. For a boundary representation
approadh, this means recognition of points and lines that relate to vertices and edges of the objed and automatic
establishment of topdogic relations between them. Aerial photogrammetric research on the latter approach is reported
in (Baillard et al., 1999).

4 CONCLUSIONS

Photogrammetric goproacdes that result in a CAD-model are defined to be CAD-based. The model is avalid surfaceor
solid description of the objed that contains geometry and topdogy. More alvanced CAD-based approaches integrate
domain spedfic knowledge, in the form of CAD-models or primitives and their geometric constraints, in the
measurement process and in the photogrammetric mathematicd model. Furthermore, model-to-image matching or
fitting is applied.

The paper gives an overview of different approaches in CAD-based photogrammetry and their state-of-the-art,
illustrated by existing systems of commercial and reseach nature. The emphasis is on the geometric modelling
tedhniques applied and their consequences for the photogrammetric measurement.

Trends in CAD-based photogrammetry are reviewed. Reseach continues in the diredion of further integration with
CAD and automation through reaognition of CAD-models and constraints. Seamless integration is envisaged for
applicaions of photogrammetry where dficiency improvement, and thereby cost-reduction, will bocst the demand.
Furthermore, the integration of photogrammetry and CAD is expeded to easse accetance of photogrammetry in all
fields where CAD was accepted many yea's ago.
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