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VisuallntelligenceThe Series.

We have now exceededthe 100 mark with the number of reports maintained on our web site. While this might
be consideredan impressive gure it also preserts a daunting sight (not to say obstacle) to those trying to make
senseof the work. It is becauseof this that thesereports have now beenorganisedas volumes (or series),in order
to guide the interested reader through related work and concepts.

The material for these serieshave been accurulated over a number of yearswith the intention of developing an
understanding of how to approacd the problems of data analysisencourtered in imageinterpretation. Thesepapers
may be seento di er from much of the literature, in that we do not setout to apply algorithms to arbitrary data sets
in order to illustrate use. Indeed, asthere are asmany possiblepublications asthere are combinations of approach
and data, we considerthis to be a futile task. Neither have we beenvery interestedin performing algorithmic shoot-
outs!. We areinterestedin trying to develop an understanding of the performanceof the algorithms we develop. In
particular the issueswhich determine theoretical properties, validity and domains of applicability. Only by doing
this do we gain an understanding of when to apply a specic method to a particular data set. We believe this
issueto be at the heart of why we are doing algorithmic researd), and to do otherwise has no academicclosure.
We also believe that nding an answer to these issuesis important for the constuction of intergrated systems
which solve more sophistcatedtasks. Therefore, identi ed constraints should be applicable to our understanding
of ewolved biological solutions to equivalent tasks. Ultimately, we expect this work to help us formulate a better
understanding of human perception and therefore the nature of visual intelligence.

Although these volumes are intended to deal with particular areas of topical researt, they are not intended to
summarisethese elds as would a converntional book or review. In order to do justice to the breadth of these
topics and to cover them at any depth such a documert would be immense (seefor example 2005-009). Rather,
approacheswhich do not t with the identi ed principles which emergefrom our analysisof validity do not warrant
coverage. As you will seesomeof the principles go badk to what we believe to be the sciertic de nition of eath
task. Thesedocumerts are a careful selection of the topics which have demandedconsideration during the period
of what is now an ongoing researt program of 20 yearsstanding. They represern a subsetof the total volume of
work and somegood piecesof work have beenexcludedin the interest of brevity. The material has beenarranged
sothat the work introducesconceptsin the order in which they are needed.

Each selecteddocmert has an index on the cover page, as showvn below. This allows the reader to follow the
main argumerts, evidenceand conclusiong. There are currently three series, Statistics and Segmentation ,
Features and Measuremen t and Recognition and Intelligence . The secondtwo volumesbuild directly, and
are consistert with, the methods and principles establishedin the rst.

You may notice that the dates on these documerts are not in order. This is generally becausehaving published
a particular piece of work we found it necessaryto explain the unwritten principles which had been considered,
either to later PhD students or to people outside of the researt group. These later works are often unpublished,
as sometimeswe did not believe a selection of expert reviewers would want to seea documert published which
aimed to dismiss someideasand approades. In these casesthe best place for these documerts was our own web
pages.We can only expect a readerto appreciate the opinions expressedn thesedocumerts in the context of our
other work.

1Shoot-out have their uses,particulary with respect to commercial application, but good performance is always driv en by appropriate
assumptions regarding data generation. It can be considered as logically awed to invent an algorithm rst and only worry about how
it works on data later. Shoot-outs will only identify those algorithms which are based upon assumptions which are valid for the data
set selected.

21f you are only interested in one aspect of the work remember you can go back and look for other asscciated documents via the
web link ed cross-index.



Statistics and Segmentation.

The main documerts in this seriesare 2007-008,2004-005,2001-014,1999-004and 2005-008.The other documerts
(often published papers) are provided asintro ductory material.

This seriesbeginsby making a casefor the quartitativ e useof probability in scienceand engineering(2007-008). It
waswritten following obsenations regarding the practical analysisof data in many areas,and the consequencesf
adopting various approades. Evertually, the commondi culties obsenedin individual projects weretracked back
to the very de nition of probability itself and this documert summariseswhat | believe could already have been
concluded from a consideration of the philosophy of probability and its application to science. As this does not
require any referenceto practical examples,but is consistert with what is donein the remainder of the body of work,
it makessenseto put this at the start. The main argumert, that useful analysisof data is necessarilyquartitativ e,
recursthroughout the other documernts. You may not think this point is particularly cortentious until you seethe
conclusionswhich follow. Then you might begin to realise why we do not subscribe to somemethodologieswhich
are seenfrequertly in journals and at conferences.As we consideredthis work to be unpublishable in our area, the
documernt hasbeensert out for commerts to a large number of fellow academics.Someof the resulting commerts
were usedto re ne the text, others have beenincluded as appendices.

The next documert, 2001-007,was published, and outlines the link between quartitativ e probability, statistics,
algorithm design and testing. After reading this documernt we expect many will have got the messagethat a
theory of data analysisshould be capableof predicting key performancemeasures.One can never truly understand
something which is treated as a black box*.

This is followed by two badkground documerts, which analysethe e ects of variance normalising transforms on
Binomial and Poissondistributions (2002-007and 2001-101). The reasonsfor these analysescome from the fre-
quertist interpretation of probability and do not becomeapparert until the \equal variance" paper 2004-005,the
next few documerts (2004-004,2002-002)also help to setthe scene.The aim of 2004-001was speci cally to show
that entropy basedalgorithms are not what they seem. We consider the equal variance work to be fundamen-
tally important to the sciertic useof probability in algorithm design. In particular it explainsthat the common
de nition of many methodologies, including Likelihood®, is ambiguous, and how this can be resolved in a way

3Paul Bromiley's comments add a new perspective to the original arguments, and are often more conscise.

4Patrick Courtney was a key motiv ator for getting this work into a public domain. Without him these ideas would not have got
beyond lectures and tutorials.

5Throughout these papers | break with convention and use upper caseto indicate that Lik elihood is the name of a specic design
methodology and therefore a real noun and not to be confused with conventional de nitions of the word.



which is consistert with quartitativ e useof probability. It alsoexplains how unambiguous measuresof probability
similarity can be constructed for frequertist probability. These are both potential sourcesof multiple (contradic-
tory) approachesto the analysis of data in pattern recognition and computer vision. Here these ambiguities are
eliminated by applying the conclusionsand general philosophy outlined in 2007-008. The approacd constitutes a
novel theory for the construction of algorithms, which is motivated by a more restricted view of probability than is
currently encourtered in the literature. To date our attempts to get this understood by reviewersin our preferred
journals have met with a lack of succes8. It sits on the web pagesas a major researt output while we reconsider
our strategy.

The next few documerts (2001-008,2001-005,2003-007and 2002-004)are all practical examplesof the use of
guantitativ e probability in segmemation. They set the scenefor the summary paper 2001-014,which arrivesat
conclusionsregarding the general utilit y of Bayes Theorem in algorithm design. We were lucky enoughto get
this published following a one day meeting of the BMV A which produced a special edition in Image and Vision
Computing”. One of the reviewers insisted that we could only claim that the theoretical points illustrated were
valid for medical image analysis, rather than computer vision in general. We did not feel it would help get the
paper published by starting an argument regarding the philosophy of science,sowe modi ed a few sertences. The
version on the web pagesis in the form we wanted to publish. We made sure that 2007-008contained enough
discussionof the philosophy of sciencesothat an interested reader will uderstand why we think this is valid.

The next three documerts (1997-001,1999-001,and 1999-004)follow the application of quartitativ e probability
to the problem of model selection. 1999-001was unpublished, but is a missing piecein the theory of probability
overlap comparison. Together these documerts explain why model selectionis the key problem in the construc-
tion of automatic analysis systems. The nal documert assesseshe perceived limitations of Likelihood based
methodologiesand possibleextensions. 2005-008is necessarilydismissive, and somewould say contentious, in its
attempt to reconcilephilosophical requiremerts of the sciertic method with the goalsof automated data analysis.
In particular it justi es using frequertist probability asthe basisfor quartitativ e optimisation of generalisation,
which is the main idea preseried in 1999-004. At the time this paper was novel, though as it represerted an
obvious extensionto the practices universally acceptedin the eld of neural networks, | would expect that similar
ideas have surfacedin this literature since. 2005-008 nishes with somerecommendationsregarding the valid use
of variations around Likelihood for data analysis. Currently these are the main conclusionsof this part of the
resear® programme. The ideasconstrain the work preseried in the following two series.

6Manuel Trucco was pulled in as a co-author, specically to help presert the ideasin a way that a computer vision researcher might
appreciate.

“Tim Cootes usefully provided a one page appendix for us which replaced a 15 page derivation, this got him onto the author list.



Features and Measuremen t

This seriesbuilds directly upon the principles outlined in Series1 and their application in the area of structural
analysis of images. As well astrying to cover the basic problemsin this eld, feature detection and \shape from",
most of the material is intended to show the link that exists betweenpopular algorithms and Lik elihood. Oncethis
assaiation has beenestablished,and the assumptionswhich would generatethe chosenalgorithm from Lik elihood
are known, we are facedwith somestark questions:

Is Likelihood the true origin of the algorithm, or have we just invented a new principle for data analysis?

If (asis nearly always the case)it is the former, are the required assumptionsrealistic?

These questions provide a platform for the assessmetnof novel algorithms, and provide an avenue for academic
closurewithin ead topic.

The rst documen, 2002-005,is basedupon tutorial material which hasnow beengiven at machine vision summer
schools (and international conferences)for over a decade. It outlines methods for the quantitativ e testing and
developmert of computer vision systems. This includesa ow chart which explains the key issueswhich must be
addressedduring various stagesof algorithm developmert.

The next set of papers and tutorials cover a quartitativ e approach to the detection and location of features. The
neural network material (1997-003,1992-001)is included as an illustration in learning non-linear classi cation
systems. Theseideasresurfacein Series3. Here they are usedto solve the problem of data fusion, which occurs
frequertly in the construction of image interpretation systems. 2005-006is written to illustrate the link between
Likelihood and popular methods for shape extraction from features, which make use of non-statistical algorithmic
methods sudh asimage potentials and \snakes".

The two documerts 1996-002and 1994-003illustrate the useof Kalman Filter basedtechniquesin object tracking.
While the rst showsthe links of this Iter to statistical estimation, the secondusesthe results for model selection
outlined in Seriesl in order to choosethe most appropriate predictive model. The temporal theme is continued in
2004-012,with an assessmenof mature approaciesto the extraction of shape from optical o w8,

Many approachesto structural estimation in the computer vision literature are based more upon geometry than
statistics. You might say that they are, at best, approximately statistical. In 2005-011° we had the chanceto

8This document is based directly upon the experience of John Barron, and exists only becauseof his enthusiasm and e ort.
9Again in collaboration with Manuel Trucco.



collaborate on a paper which illustrates the theoretical limitations of theseapproachesand potential consequences.
We show how the \linearise and invert" approac to parameter estimation rarely embodies appropriate statistical
measuredor the data. This should be heededasa warning to researdersin this area. Mathematical sophistication,
and closed form mathematical algebraic solutions, may make for quick algorithms but are not a guarantees of
validity. Conversely any algorithm which can be seento make appropriate statistical assumptionsand apply a
valid methodology must be taken asthe \correct" solution, evenif it is mathematically trivial (such as optimising
the correct robust cost function with your favourite numerical method)*°.

The nal setof papersand tutorials (1994-001,1992-002,1995-002,2000-009)assesghe problems assaiated with
the construction of quantitativ e stereovision systems. A tutorial is provided simply to setthe scene the following
work is done once again in the context of applying quartitativ e statistical approachesin a way which makes
appropriate assumptions regarding the data. In particular we wish to take appropriate accourt of the relative
errors on input data and compute error covarianceson the result.

The remaining papers (2001-011and 2007-011)explain the architecture for the TINA stereovision system. They
revolve about the calibration of working systemsand the quartitativ e useof data in object modelling!*. It provides
one nal justication for taking this approacd to vision. Understanding the characteristics of input and output
data not only aid system construction, they are fundamentally necessaryfor it. The information available in
an image is xed at the time it is acquired, and some information (such as densedepth estimates on smooth
surfaces)is not presen. We should therefore not ask \How do we estimate X?", on the assumption that X can
be usefully computed, but rather \What is an appropriate X which provides a quartitativ e (therefore practically
useful) summary of image content?".

10This observation appearsto run counter to the reviewing practices found for conferencesand journals. Mathematically sophisticated
papers often being preferred as though complexity is, in itself, a measure of theoretical rigor.

11 This approach, pioneered by Steve Pollard and John Porrill during their years together in She eld, illustrates the TINA (there is
no alternativ e) philosophy.



Recognition and Intelligence

This seriesdescribes an ambitious e ort to understand the nature of visual intelligence. It usesthe framework
speci ed in the rst two seriesto help de ne goalsapproachesand solutions. The rst documert (2007-001)is an
interpretation of biological structure asa processof measuremenwith required invariance, speci cally illumination,

scaleand orientation invariances. The main conclusionsof this analysisare then usedin an attempt to understand
attentional focusin human psydcophysical experiments. The work here is much later than the published papers
which follow in this series. Someof the goalsand assumptions,which we initially assumedwould be obvious and
sharedby the physiological modelling communities, were not and neededjustifying and explaining.

The following documert (2006-008)setsthe scenefor visual recognition by consideringthe properties that visual
data is expectedto have (non-linear disjoint distributions on manifolds of variable dimensionality) and the capa-
bilities of current approachesto pattern recognition. The general conclusionsof this document are then applied
in the design of a self generating learning system which is consistert with a simple interpretation of neuronal
function (1991-001and 1997-002). The work shows how (frequertist) conditional probabilities of classi cation
can be generatedusing neural tissue. This interpretation of function placesconstraints on the way that data can
be represened and processedin the brain. The theoretical interpretation is again consistert with the statistical
principles outlined in Series1, and in particular the use of the Bhattacharyya measurefor frequency distribution

(histogram) comparison. We suggestthis asthe theoretical statistical basisfor the comparisonof neuronal patterns
in the brain.

The next group of papers (1995-003, 2000-002, 1995-004, 1996-004, 1996-005, and 2007-007)then outline an
approadc to object recognition, which is consistert with both the biology and statistical behaviour. They show
how the sameinvariancesas consideredin 2007-001lead to a unique represenation of visual shape. The papers
cortain key theoretical results, particularly the obsenation of completenessof the shape represeration which
we call Pairwise Geometric Histograms. The method for detailed recognition (location) of grey level structure
(1997-005)which may well be very similar to physiological medanisms for face recognition) is largely provided
for completenessand perhaps illustrates, at the sametime, the capabilities and fundamertal restrictions of such
approadhesin the context of a generalvision system.

The next seriesof papers build up to a theory of intelligence. Starting with 1999-002and 2001-015,the aim is to
show how maps of visual similarity can be usedto solve a variety of tasks, including colour segmemation and map
building and path planning. 2001-006then assesseshe de nition of arti cial intelligence in order to show how
visual represenations together with solutions to the model selectionproblem (from Series1), may be combined to
solve non-trivial (intelligent) planning tasksin the context of learning systems. We suggestthat a Turing machine,



capable of identifying and performing sequencesf actions, would be very useful for performing visual control

tasks but only if this systemcould learn from obsenations of contin uous variablesin noisy ervironments. We call
this concept\Generalised Serial Problem Solving". To date we have not succeededn constructing the complete
system, but this documernt shows that we have starting points for key aspects of the theory. In particular the
role of probability theory and statistics seemso o er a natural additional constraint to those generally considered
when building models of perception. The documert nishes with a consideration of computational requiremerts,

it therefore seemednatural to nish the serieswith two published VLSI architectures for computer vision.



