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EE6901 3D Vision

A PhD course in 3D Vision 

Course website: 
http://courses.nus.edu.sg/course/eleclf/ee6901

About the Course

• A mix of mathematical tools and latest research 
results in 3D computer vision. 

• Aimed both at understanding the theory and 
applications of computer vision, as well as some 
knowledge of biological vision. 

• Continuous assessment (50%) consists of 2 
take-home exams (25% ea). 

• Written exam (50%). Allow to bring in A-4 sheet.
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About the Course

• This course focuses on the mathematical/ 
geometrical aspects of Computer Vision. 

– Modeling cameras 

– Mathematical tools 

– Optical flow. Shape from motion.

– Multiple view geometry 

– Calibration of cameras

– Human visual system 

Course overview

• Introduction to computer vision and its applications. Marr’s paradigm. 
Shape from X. Depth perception.Various illusions.

• Visual sensors. Geometrical modeling of cameras. Mathematical tools 
and terminology. Projective geometry.

• Optical flow. Correspondence. Reconstruction from image streams.
Factorization methods. Tracking of image features. Motion Segmentation.

• Relative orientation with two images. Epipolar geometry. Fundamental 
matrix. Structure froom stereo. 

• Multiple view geometry. Applications in modeling, stitching, mosaicking
and image-based rendering.

• Camera calibration. Camera calibration in different situations. 

• Human visual pathway. Eye movements. Human Psychophysics.
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Achieved skills

On completion of this course, you should
• Understand the achievements and the goals of current computer 

vision research. 

• Understand the jargon in vision literature. 

– Be able to recover three-dimensional structure from known 
view-points. 

– Appreciate the difficulties in finding corresponding features in
different view-points. 

– Be able to calculate structure and motion using only the image 
motion of rigid feature configuration. 

– Be able to localize and track features, estimate their uncertainty.

– Understand how to calibrate a camera. 

• Appreciate the industrial potential of computer vision. 

What is Computer Vision?

• How to calculate the 3-D models from their 2-D 
images
– 3-D understanding of the scene.

• Most of us take completely for granted our ability to see 
the world around us. 
– More than half our brain is for processing of visual info.

• How can we determine whether an object is large and 
distant or small and close? How about their shape
– Distance and shape perception.

• How can we tell whether we are moving relative to 
objects in the environment or they are moving relative to 
us?
– Motion analysis. Navigation.
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Evolutionary View of Vision

• Vision evolved to aid in the survival and successful 
reproduction of organisms.

– Desirable objects and situations be sought out and 
approached. 

– Dangerous objects and situations must be avoided or fled 
from. 

• Motion leads to recognition?

– Horridge suggests that in the evolution of a visual system, 
objects are first separated by their motions, and with the 
evolution of a memory for shapes, form vision progressively 
evolves. 

• Eyes in nature have evolved no fewer than 40 times 
independently in diverse parts of animal kingdom.

• Eyes “landscape” show 9 basic types of eyes.

Evolutionary View of Vision
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Related Disciplines

• Answers to our visual ability come from a variety 
of different disciplines—biology, psychology, 
computer science, neuropsychology, linguistics, 
and cognitive anthropology

• Related disciplines among computer science:
– Image analysis: (low-level vision) 

• Two-dimensional signal processing, e.g. smoothing, edge 
detection, deblurring, histogram equalization etc. Extracting 
2D information from the retina. 

– Computer Vision: (mid-level vision) 
• Three-dimensional understanding of the scene. Geometry. 

Structure and motion estimation. Recognition. 

– Artificial Intelligence: (high-level vision) 
• Reasoning on a high level. 

Related disciplines among CS

• Photogrammetry:
– Precise three-dimensional measurements of point 

configurations using high-resolution images taken with 
calibrated cameras under controlled circumstances. The 
speed of computations is not important, since the 
computations are often made off-line. 

• Computer Vision: 
– Less precise estimates of structure and motion using fast, 

automatic methods that do not require precise calibration. 
Often speed is important since the vision system often 
interact with the environment. 
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• Computer Graphics: 
– How to generate images of known three-dimensional models. 

– Today advanced models (surfaces, texture, specularity, 
shading and different lighting conditions) are used for games 
and special effects in movies. 

– The three-dimensional models are mostly created manually, 
which is difficult and time-consuming. 

• Computer Vision: 
– How to calculate the three-dimensional models from their 

two-dimensional images. 

– These images could be virtual, but most applications of 
computer vision use a camera as a sensor for real world 
objects. 

Related disciplines among CS

Automated CAD-modeling

• Idea: Use video-films, old photographs, digital images. 

– Extract features from image. 

– Find correspondences between features in different images. 

– Calculate relative positions of cameras. 

– Calculate three-dimensional structure of features. 

– Build CAD-model of the scene. 

• This is the topic of intense research. Many problems remain to 
be solved. There is a lot of potential in the applications. 

– Reconstruction of buildings and artifacts from old photographs. 

– Augmented reality. 2d3, NUS, CMU, etc.

– Virtual reality. 

– Games. Movies. CMU’s virtualized reality.

– Industrial measurements and inspection. 
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Vision as an "Inverse" Problem

• Light reflected from the 3-D world produces 2-D 
images at the back of the eye where vision 
begins. 

– This process of image formation is completely 
determined by the laws of optics 

• But the inverse problem, which is what the early 
stages of visual perception are all about, is much 
more difficult:

– How to get from optical images of scenes back to  
knowledge of the objects that gave rise to them? 

Vision as an "Inverse" Problem

• The inverse mapping from image to environment 
goes from two dimensions to three dimensions.

• This is not a well-defined function.

• Usually, for every 2-D image on the back of our 
eyes, there are infinitely many distinct 3-D 
environments that could have given rise to it.

Illustration
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An illustration of inverse projection. 

A single line segment on the retina can be the projection of an 
infinite variety of lines in the environment.

B

A

BACK

Vision as an "Inverse" Problem

• Human visual system manages to do 
create 3-D perception with such 
remarkable accuracy under most 
circumstances. 

• We assume that 3-D perception results 
from the visual system making a lot of 
highly plausible assumptions about the 
nature of the environment – ecological 
constraints.

Wh ti i l t d

Illustration
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An orientation aftereffect. 

Run your eyes along the central bar between the gratings on the left for 30-
60 seconds. Then look at the square between the two identical gratings on 
the right. The upper grating should now appear tilted to the left of vertical 
(counter-clockwise) and the lower grating tilted to the right (clockwise) .

BACK

Marr’s Three Levels of Information 
Processing

• David Marr (1982) distinguished three different 
levels of description involved in understanding 
complex information processing systems: 

- The computational level 

- The algorithmic level

- The implementational level

• Important conceptual distinctions among these 
three levels

– First is an abstract description of constraints, laws.

– The next two are algorithms & realization.
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The Computational Level

• This level of theorizing specifies what 
computation needs to be performed and on 
what information it should be based, without 
specifying how it is accomplished.

• Why segmentation fails? 

– Attempt to segment in accordance to object entity, 
but goals not appropriate

The Algorithmic Level

• Algorithmic descriptions are more specific than 
computational descriptions in that they specify 
how a computation is executed in terms of 
information processing operations. 

• To construct an algorithm for a given 
computationally defined task, one must:

1. decide upon a representation for the input and output 
information. 

2. construct a set of processes that will transform the 
input representation into the output representation in 
a well-defined manner. 
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The Algorithmic Level

• There are, in principle, many different ways in 
which a given computational-level mapping of 
input to output might be accomplished. 

• Some of the many controversies about the 
nature of visual representations: 

1. Whether the representation of a given fact is 
localized in a particular representing element or 
distributed over many such elements. 

2. Whether a certain fact is represented explicitly or 
implicitly. 

3. Whether all visual representations can be reduced to 
a finite set of primitive atoms or constitute an open-
ended system. 

The Implementational Level

• The implementational level specifies how an 
algorithm actually is embodied as a physical 
process within a physical system. 

• E.g. thermostat can be implemented as 
thermister, thermocouple, platinum wire.
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Four Stages of Visual 
Perception

• Visual perception can be decomposed 
into four major stages beyond the retinal 
image itself:

1. The image-based stage of perception.

2. The surface-based stage of perception.

3. The object-based stage of perception.

4. The category-based stage of perception.

The Retinal Image

The input stimulus for 
vision is a single or a 
pair of 2-D images 
projected from the 
environment to the 
observer's eyes. 
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The Image-Based Stage

• The image-based stage includes image-
processing operations such as:

1. Detecting local edges and lines, 

2. Linking local edges and lines together more 
globally, 

3. Matching up corresponding images in the left 
and right eyes, 

4. Defining two-dimensional regions in the 
image, 

5. Detecting other image-based features, such 
as line terminations and "blobs." 

The Image-Based Stage

• Marr (1982) called the representations that 
resulted from such image-based processes 
primal sketches and suggested that there are
two of them.

– The raw primal sketch: includes just the results of 
elementary detection processes that locate edges, 
bars, blobs, and line terminations. 

– The full primal sketch: also includes global grouping 
and organization among the local image features 
present in the raw primal sketch.
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The Image-Based Stage

• These 2-D features of images characterize their 
2-D structure and organization (such as edges 
and lines).

• But not necessarily information about the 3-D 
world (such as surface edges or shadow 
edges). 

• See example

Edges in the cup image. 
Local intensity edges can be detected using computerized 

edge-finding algorithms, as illustrated in part A. 
The set of edges thus identified are not the same as those 

in a clean line drawing of the image (part B), BACK
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The Surface-Based Stage

• The 2nd stage of visual processing: concerned 
with recovering the intrinsic properties of visible 
surfaces in the 3-D world.

• E.g. surfaces may be regarded as being 
composed of many small, locally flat pieces. 

• Specify each flat piece completely by just 
information about the color, slant, tilt, and 
distance from the viewer.

• See example and flowchart

A surface-based representation of the cup scene. 

The surfaces visible are represented as a set of local estimates of surface orientation 
(slant and tilt) and depth with respect to the viewer. 

Surface orientation is depicted by a set of imaginary circles on the surface and 
"needles" pointing perpendicularly out of them at a sampling of image locations. BACK
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A flowchart showing how the surface-based 
representation might be derived from the image-based 

representation. 

BACK

The Surface-Based Stage

• Marr named his surface-based 
representation the 2.5-D sketch

• Because it lies somewhere between the 
true 2-D structure of image-based 
representations and the true 3-D 
structure of object-based 
representations.
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The Object-Based Stage

• Visual perception clearly does not end with a 
representation of just the surfaces that are visible.

• It is in this object-based stage that the visual 
representation includes truly 3-D information.

• See example.

• The fact that we complete the hidden surfaces 
suggests that we have true 3-D representation that 
includes occluded surfaces in the visual world. 

An example of an object-based representation. 
The cup shown with its occluded edges represented by dashed lines, indicating 
how people typically perceive this scene as being composed of 3-D volumes.

BACK
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The Object-Based Stage

• One way in which such an object-based 
representation might be constructed is 
known as the volumetric approach.

• conceive objects as intrinsically three-
dimensional entities, represented as 
arrangements of some set of primitive 3-
D shapes, like generalized cylinders, 
superquadrics or geons.

Example

Using shape primitives in an object-based representation. 

The shape of a person's body as a 3-D volume is roughly represented here as a set 
of cylinders of the appropriate size, shape, orientation, and connectedness. 

Each box shows a perceptual object at a coarse, global level as a single cylinder 
and at a finer, more local level as a configuration of several cylinders.

BACK
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An example: ACRONYM system

Range image of doll and its
resulting set of generalized cylinders

Intensity image of a coffee pot, and the 
automatically grouped and classified GC parts

Examples of GCs
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Abstraction of Shape (1980’s)

• 1980’s: 2 symmetry‐based, volumetric shape 
abstractions based on symmetry‐axis concept with 
different approach to restrict the complexity of the GC 
emerged.

• 1st method: Superquadric ellipsoids which provided a rich 
set of deformations with a small set of parameters. 

• But the recovery from 2‐D images was not that 
successful due to lack of abstraction mechanism to map 
observed image contours.

• 2nd method: Biederman’s geons ‐> Qualitative 
partitioning of the space of GC’s according to simple 
dichotomous and trichotomous properties that humans 
could distinguish effortlessly. 

Recognition by components (Biederman, 1987)

GEONS: geometric elements of which all objects are composed 
(cylinders, cones, etc).  On the order of 30 different shapes.

Skips 2 ½ D sketch: Geons are directly recognized from edges, 
based on their nonaccidental properties (i.e., 3D features that 
are usually preserved by the projective imaging process).
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Recognition by components (Biederman, 1987)

Geons are sufficiently different from each other to be  easily 
discriminated

Geons are view-invariant (look identical from most viewpoints)

Geons are robust to noise (can be identified even with parts of 
image missing)

Support for RBC:  We can recognize partially occluded
objects easily if the occlusions do not obscure the set
of geons which constitute the object.
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Summary of Object Recognition from 70‐80’s

• Main challenge: Representational gap existed between low‐
level features and abstract nature of model components.

• Geons provided a powerful set of regularizing constraints, but 
have not been used successfully for image abstraction in real 
images. 

• Note that the mid‐level shape prior of symmetry has been used, 
albeit with limited success, for image abstraction (in the form of 
blobs, ridge).

• D. Blostein and N. Ahuja. A multiscale region detector. CVGIP, 45:22–41, 1989.

• J. Crowley and A. Parker. A representation for shape based on peaks and ridges in the difference of low‐pass 
transform. PAMI 6(2):156–169, 1984.

• J. Crowley and A. C. Sanderson. Multiple Resolution Representation and Probabilistic Matching of 2–D Gray–
Scale Shape. PAMI, 9(1):113–121, 1987.

• T. Lindeberg. Detecting salient blob‐like image structures and their scales with a scale‐space primal sketch: A 
method for focus‐of‐attention. IJCV, 11:283–318, 1993.

• T. Lindeberg. Edge detection and ridge detection with automatic scale selection. IJCV, 30(2):117–154, 1998.

• A. Shokoufandeh, et al. The representation and matching of categorical shape. CVIU, 103(2):139–154, 2006.

• A. Shokoufandeh, et al. View‐based object recognition using saliency maps. IVC, 17(5‐6):445–460, 1999.

Summary of Object Recognition from 70‐80’s

• Often, abstraction problem is avoided artificially; e.g. 
gap was eliminated by bringing images closer to 
models (e.g. clean background in ACRONYM).

• However, contribution from 1970‐80’s was the laying 
down of 7 important principles.

NB: 

Subsequent 2 decades of object recognition research moves away 
from 3d geometry and it treatment belongs to another course.

Today’s appearance‐based recognition systems cannot recognize 
yesterday’s line drawing abstractions, and representational gap is 
NOT completely eliminated. 
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1. Importance of shape in defining object 
categories.

2. Importance of viewpoint‐invariant, 3‐D shape 
representations.

3. Importance of symmetry and other non‐
accidental relations in feature grouping.

4. The need for distributed representations 
composed of sharable parts and their 
relations.

5. The need for hierarchical representations.

6.   The need for scalability to large databases. 

7.   The need for variable structure.

The Category-Based Stage

• The ultimate goal of perception is to provide the 
perceiving organism with accurate information 
about the environment to aid in its survival and 
reproduction. 

• This implies that the final stage of perception 
must be concerned with recovering the 
functional properties of objects. 

• The visual system classifies an object as being 
a member of one of a large number of known 
categories according to its visible properties, 
such as its shape, size, color, and location. 
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The Category-Based Stage

• This allows access to a large body of stored 
information about this type of object, including 
function and expectations about its future behavior.

• We have listed them in the particular order in 
which they must logically be initiated, but that does 
not necessarily mean that each is completed 
before the next begins. Later processes may feed 
back to influence earlier ones. 

• In the later part of this course, we will only examine 
mainly stage 2 and stage 3, and mainly on the 
reconstruction aspect (again, this does not mean 
reconstruction and recognition are separated)


