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contributions to the match score for each model instance.

4. Investigation of the factors affecting the deterministic properties of the

system and the efficiency of its basic operation.

It was also desired to restate existing results with greater clarity, including
all initial conditions, to investigate the reproducibility of results and ascertain

some approximate timing measures.

1.1 Structure of Dissertation

e Chapter Two covers the theoretical background and details of the over-
all system. This section is larger than most such reviews for two main

reasons:

1. The last such exhaustive review, at the outset of the project, was
before extensive changes in both the principles and implementa-
tion of several areas of the recognition process. Since then only
general overviews and examinations of revisions in isolation have
been undertaken, which is not helpful in understanding the system

in its current form.

2. There have been areas of semantic ambiguity throughout previous
descriptions of the detail of processes involved. These are primar-
ily in distinguishing clearly between the definition of a pixel in two
representations and between a feature in two contexts. Although
simple in themselves, lack of clarity in their usage was endemic
to previous discussions and presented a considerable barrier in

appreciating the nature of the functioning of the system.
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Chapter 2

Background to the Iconic

Recognition System

Deriving initially from hypotheses of the dual channel nature of human visual
perception as being constituted by both symbolic and iconic components
[Farah 90], the iconic recognition project has been developed to the level
where its performance allows reasonable experimentation in its parallelised
form.

The developmental path has diverged somewhat from attempts at strict
biological plausibility in the respect that symbolic structures to enable use
of subcomponent evidence have been incorporated and representations now
include linked lists and hash tables — all unlikely to be found implemented
in the primate visual system.

The initial motivation behind the development of the system remains
however: consideration that the advantages of the ease of accessibility of
iconic images when compared with the difficulties encountered in more tra-
ditional geometric methods may outweigh problems relating to manipulating
iconic data.

These difficulties arise because the base data itself is bulky and centre-
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e Matching these primitives with similar sets representative of a range
of models, returning a positive match for the highest score above a

threshold value.

e Deciding on a new point to examine based upon an estimate of the

likely position of further positive matches.

2.1.1 Input Image

The basic input image is a static RGB image, currently of size up to 5122

pixels in (%,j) coordinates. This is referred to as the ‘World’ henceforth.

2.1.2 Foveation

The first processing carried out on the world image is foveation. The name
for the process derives from the sensor architecture found in the primate
retina, which is such that there is high resolution at the centre (the fovea)
and an exponential decrease in resolution as one moves outward from there.

Simulation of this pattern is one of the core elements of the system: the
arrangement is one of 20 rings, each split into 48 sectors. A circular region as
illustrated in the section shown in Figure 2.2 constitutes a ‘pixel’ in an RO
representation. To distinguish these from the world image’s Cartesian (%,5)
pixels, I shall henceforth refer to those in the RO representation as ‘retzels’.

As in the primate retina, the area of the receptive field of each retxel in-
creases exponentially (here by a factor of 1.2) with distance from the central
foveation point. Not only does this achieve focusing of processor power in
the central area (which must thus be engineered to be an area of high ‘in-
terest’ in some way) but also the consequent ‘blurring’ of non-central images

implements a degree of figure-ground separation automatically.
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For each instance of foveation, a temporary image stack is constructed. The
image stack records the strength of ‘features’ in a region around the foveation
point. The ‘features’ extracted correspond to the primitives postulated by
Marr [Marr 80] as being important in primate vision.

In previous papers these have been referred to simply as ‘features’, but
this term has been used interchangeably, and without notice, to also refer to
world features such as noses, eyes etc. This has often made the discussions
of the processes involved quite opaque. Henceforth, I shall refer to these
42 basic items as primitives, reserving the term ‘features’ for the composite
items as mentioned (currently facial features). Each model is of a specific
feature and is characterised by a weighted sum of inputs over the 42 channels
corresponding to the primitives at a point.

In summary, the following primitives are extracted:

e The three colour planes giving raw intensity images for each

retxels
e Edges at four orientations (‘vertical’, ‘horizontal’ & 2 ‘diagonals’)
e Corners (non-directional)

e Blobs: On- and Off- centre (i.e. a dark region surrounded by light

pixels or a light region surrounded by dark pixels.
e Bars: On- and Off- centre, at two orientations (‘vertical’, ‘horizontal’)

Each of these is captured using images at scales of 50%, 100% and 150%,
which gives the same overall effect as spatial frequency filtering of the image.
The image planes are, as their name suggests, stored as grey level images,

with the intensity at a point corresponding to the strength of the primitive

ovirartad at tha rarreennndince nivel Tt iq thece 49 images nlanes which
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Figure 2.3: Two depictions of the convolution region

Table 2.1: Primitive specification formulae

‘Vertical’ Edge
Negative corner
Neg. blob
Pos. blob

‘Vertical’ Bar

A e

(PO + P3 + P5) — (P2 + P4 + P7))

min([P1 — X],[P3 - X],[P4 — X]) - | X — P6|/2

min([P0 — X],{P1 - X},[P2 - X],[P3 — X],(P4- X],[P5 - X],{P6 - X],{PT~ X])

min([X — P0],[X — P1],[X — P2),[X — P3],[X — P4],[X — P5),[X — P6],[X — P7])

min([P1 — PO},{P1 — P2),[X — P3),[X — P4],[P6 — P5],[P6 — P7]) — maz({X — P1],[X — P6])

2.1.5 Static Feature Frame

Bypassing consideration of the actual matching process until Section 2.1.8,

the product of a successful match is entered as a new item in the Static

Feature Frame (SFF). This is in the form of a ‘hash table’ and constitutes

the visual memory of the system. Unlike the image stack it has continuity of

existence over all saccades until the end of the run.

When a positive match between an image and a model’s feature planes (or

primitive planes by our terminology) is achieved, the system adds a new SFF
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1

in a specified spatial relationship to it.

The hash table which constitutes this structural portion of the model
base has as entries pointers to linked lists of items with the form: (Title,
Point, Strength). Here, Title refers to the name of the feature of which the
associated model is an exemplar, Point is its predicted relative position, and

Strength is a measure of the assigned importance of the type of feature.

2.1.7 Image Scaling and Rotation

A major benefit of the RO representation employed is that rotation about
the optical axis (i.e. in the world image plane) and scaling of the images are
given by translation along, respectively, the ‘©’ and ‘R’ axes of the foveated
representation. Also, translation is managed as part of the saccading process
detailed below. Rotation out of the world image plane is outside the scope of
the system, however, which would need to be trained on a range of separate
representative models to handle such different object viewpoints.

Thus, by applying a range of RO translations corresponding to rotations
and scaling (which are specified by the user as part of the matching process),

the system exhibits quasi-invariance in that respect.

2.1.8 Matching

As the system stands, the matching procedure has two strands: image match-

ing and label matching.

Image Matching

The initial source of confidence for the matching of an image with a model
is purely intrinsic evidence i.e. derived wholly from the degree to which the

foveated area matches with the models stored in the model base. When the
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structure are used to provide additional match confidence.

Label matching takes place between the elements of the two hash tables
which comprise the Static Feature Frame and the structural portion of the
Model Base respectively. It is this matching which comprises the heart of
the use of Full Subcomponent Evidence (FSE).

The label matching function is designed to give the best measure of cor-
relation where the number of associated subcomponents located in line with

expectations is maximised.

> > mazygp, (9(pd)) (2.3)

VteT <m,mﬁn

The intuition behind this function is that we want to sum over all model
(or subcomponent) types and then for each consider the predicted point at
which the label indicates there should be an instance of the model. The fit
score of these points is then summed. So:

t is the type of an associated model

T is the set of all model types

p is the prediction set of labels (scale(o),rotation(R),translation(f))
(so P is the predicted position of model type t in p;)

D is the set of current SFF matches

p: is pNt; Dy is DNt

o~

g(pd) is the label correlation function, which is given by :

m@m,v — Sbmlumgm&av (2.4)
where:

w is the weighting based on the model’s importance

nic tha matrhina crare in tha ARFRE
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extrinsic score.
Where two models give the same score, that which is matched first will be
recognised, which has important implications with respect to reproducibility

of results (see Section 3.3).

2.1.9 Interest Map

So far, the process detailed has related to just one iteration of the system,
i.e. foveation on one point, extraction of data for matching and the update
of the system’s memory in respect of successful matches.

The other key component of the system is a mechanism to drive the
foveated point to significant areas, to direct the attention of the system in
such a way that processing power is focused on the areas we wish to be
explored.

The system addresses this goal by constructing an interest map of the
world in Cartesian coordinates, such that the foveation point in the next
iteration is chosen to be the point with the highest interest assigned to it. As
in the case of matching evidence, there are two components which generate
the level of interest assigned to a point, complicated here by the need for a
suppression factor. The overall interest of a point, \»mtv at saccade s+ 1 is
given by a weighted combination of me m_m ), bma‘ Imm )) as defined below.

Intrinsic Interest Q%J

Once again, as with the matching considerations, at the beginning of the
system’s run the interest map will have no data derived from the world with
which to develop any meaningful values of interest. There is no data which
can be derived before a ‘start point’ is chosen, and so this must be arbitrary.

The system is initialised by modelling the interest as a Gaussian centred

An +tha middla naint Af tho warld imacae Thue in the sheanra af anv wnrld-
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. _a12
5(3) = ﬁ (2.10)
__ tpi — f __
(2.11)

Where I,,,, specifies the points to be attended

Z specifies points in the region of the predicted point m./;.

« is a scaling coeflicient intutatively set to 250

7 is a scaling coefficient intutatively set to 100

f is the current foveation point

The relationship specified to scale, rotate and translate the associated models
is used and the resultant predicted model points are compared with the
current contents of the SFF. The previously defined label evaluation function
is used to ascertain whether there is an extant match within a specified range
of the predicted point. Where a match has been made already, no increment
in the interest of the area is made.

Where there has not been a match previously the interest of points in a
specified region about the predicted point is increased. The further one moves
away from the current foveation point, the less accurate will the predicted
point be, and this is modelled using a Gaussian distribution which causes
an area of 20% of the distance between the current foveation point and the
predicted point to be specified for interest enhancement. So, if we define the

radius of interest about the predicted point as ¢:

§=01(| 5 — fII) (2.12)
9=1/(pi. +5 — )+ (pi, + k — 6)? (2.13)
I= e ot (2.14)

where (p;,,p;,) are the x and y coordinates respectively of predicted position
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The interest calculation provides an estimate of the point of greatest interest
from the respect of the current foveation point. When this is located, the
system redirects its foveation focus to that next high-interest point and begins
a new iteration. A new image stack replaces the former one and is used for
new extraction/matching/memorising and interest calculation procedures.
To compensate in some part for the inherent spatial uncertainty of the
prediction process and to implement an observed biological process, micro-
saccading about the foveation point takes place. In essence, matching is

attempted at pixels:

[(-3,-3),(-3,0),(-3,+3),(0,-3),(0,0),(0,+3),(+3,-3),(+3,0),(+3,+3)]
relative to the current foveation point. Thus the system attempts to obtain
information on the best match score in the neighbourhood.

The SFF is built up based upon the best match evidence over the nine
points, with the model calculated based on the evidence from the the micro-
saccade point with the best score for the matched model. Further, the saccade
point is allowed to ‘creep’ in that direction i.e. that from which the best

matches are generated.

2.2 Parallel Implementation

The micro-saccade is currently used as the unit of parallelisation in the sys-
tem i.e. the combined process of extraction and correlation of primitives at
the nine points in the neighbourhood. The primary reason for this is one
of efficiency: each micro-saccade requires its own foveation process, thus if
each processor carries out one micro-saccade and ‘n’ correlation steps, each
requires but one foveation. If each processor carries out one correlation and

‘n’ micro-saccades. each reauires ‘n’ foveations.
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saccade actions at a point) from the overall matching problem (the
schedule).

e Receive and combine parallel sub-solutions (the score for the current

micro-saccade action) into an overall solution (the overall score).
e Execute the run’s sequential processes.

The sub-problems are specified by forming a schedule which constitutes
a set of actions (here in terms of scaling, rotation and model choice) into
which the overall task is divided. The farmer then ‘steps through’ the task
allotting each new action to the first worker to finish its previous action.

The best match generated is used to update the SFF (the Farmer holds
the master copy, with updated versions sent to the workers along with their
instructions) and the saccading calculation is then made in serial before com-
mencing the next iteration.

As the workers are not synchronised in terms of their communication with
the farmer, there is some danger of a ‘bottleneck’ forming where action sizes
are similar. This arises especially where the processors have different speeds:
as the main saccading process is still serial the farmer waits to begin this until
every processor has finished it’s last action. Thus, the critical value is that of
the slowest processor: as this may have either just started or nearly finished
it’s final task as the others begin to wait, it is not an invariant quantity

between runs.

2.2.2 Worker

The system has many (currently 9) processors whose numbers identify them

to be ‘subsidiary’ processors, the functions of which are:

o Receive narallel suh-nrobhlems from the Farmer.



0} 109dsa1 y3Im [eIjusd jou are sjutod Jururery sy, ‘seinjes] renjoe o} puod
-S91I00 UOTYM PUER UOIJUI}Je S, W0ISAS o) MRID P[NOM UDIUM IS9I9)Ul Y31y JO
seare 0} puodsai10o 9sey ], "sedewt Jururer) ay) ul sjutod Sururery sansod Jo

U013e00] 93 ST W)SAs oY) Aq parmbar jndur enuew jo s0inos Arewtid oy J,
‘gururer) 10j asn 03 sofewr oy, e
‘pa1isap sjutod Sururer) Jo IsquInu [B)o) oY, e

‘Saamnjes] [el9

-U98 9S1I1990RIRYD 09 SUIRS] YOIYM) 19T [RINSU I} I0] SIIWI] 90USSISAUO)) e
"az1s pue ad£y [opoJy e

:Aj100ds yorym seqy ndur pue (sp[iom) sodew Jururer)
sopraoid 1osn oy [, "o1npaooid Surydjewr ay) Jo douUBAPR UI ‘Sse201d pajewIojne

A[rerjue)sqns ' ur pejelaudld are ssedord Suryojewr |y} ur pasn s[Epou ayJ,

UOIONIISU0)) [OPOIN €7

‘UOTJRULIOJUT [OJRUI JUSIINO SAIS 0 9PLBIJRS [O€3 JO PUL 91[) e
1pure] oy} Aq perepdn st Adoo oy ], se100s yojeW JueRAd[al s31 Jurpndurod ut
90UapIAd jusuodwooqns asn ued 31 0s S 9Y) Jo Adod ' sey Ieyiom yoes

"9WIT)UBIUI 97 UT ()STXd
£a1) 9101 M) syse) Iay)Inj Sul[puey YIIM UO o3 Ued jnq ‘ysiuy o} syse} IeSIe|
UAAIS 95013} 10J 3rem 09 SulARY Aq PojIqIYUI JOU dI€ SYSe) [[RUIS USALS SIoyIom
1e7} SUBIW STYJ, "YIom aIow Suljssnbal 1euwnrej oY} 0} 93eSSOUW B SUINJAI I
‘UoT3OR JUSIIND S)I SAYSIUY I9NIOM ® SB UOOS SB :UOIIN[0SdI YSe} JO 90UR[R(q

[[I2A0 3] SOALIP UOTHIPUOD Yorym ‘ A1Funy NIom, aIe SHIUN ISNIOM oY,

"I9ULIB,] 9} 03 SuoIInjos-qns [d[ered uinjey e



T Tl el N

command the maximum interest (e.g. for an eye, the eyelid; for a nose, a
nostril edge). These are the points to which the system would saccade if run
without a model base.

When the required input files have been provided, the model making
utility first loads the required worlds and from each extracts an average
model.

A positive training point in a training image corresponds to an instance
of a particular feature. A set of 42 primitives (P) are extracted at such a
training point and if there is only one instance of a feature in the training
image (for for faces, this would be nose, mouth, face), then this is returned
as the world’s average model.

Where the are multiple examples of a feature in the training image, (for
for faces, this would be eye) there are an equal number of positive training
points. The feature scores are found at each and the channels’ scores are
accumulated individually. The average model is returned by division of each
channel’s score by the number of positive training points for the training
image.

Each channel of these average models is summed and division by the
number of training images to give an overall average model. By using multiple
training images in the model making process it is intended that the model
will be representative of the general feature format, rather than ‘over-fit’ to
the specific qualities of any one training image’s feature example.

The negative training points (areas of high interest which do not cor-
respond to an actual feature) are automatically generated by the system.
They correspond to areas of maximum interest on successive saccades with
no model present. A threshold around identified model features is employed

to prevent positive and negative training points being in close proximity.
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Chapter 3

Minor Enhancements and Tests

3.1 Memory Access and Leakages

MacKirdy’s program operated considerably faster than the original parallelised
version due to many coding improvements implemented to enhance efficient
operation.

Upon analysing the running of the serial version using the ‘Purify’ tool,
however, memory access problems and memory leaks were uncovered which
could reduce the efficiency of memory usage and speed of operation of the
program. In the original, approximately 23 M-bytes of free memory were
being allocated, 92.3% of which was leaking.

The code was extensively overhauled to change the methodology and as
a result of this change, memory allocation reduced to approximately 1.2
M-bytes, with 45.6% leaking. Correction of a variety of individual, non-
fatal programming errors dropped allocation to 225 K-bytes, a reduction to
approximately 1% of the previous total. At this point the time cost of further

investigation looked likely to outweigh the potential efficiency benefits.

26
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with an apparent weighting in the probability of one being followed over the
other (for ¢5 the ratio was 12:3, for fce5 11:2).

To further investigate this behaviour, the test was repeated on each image
for 100 runs. The origin of non-determinism was not clear from examination
of the behaviour at the divergence point. More detailed investigation, going
back over earlier model matching behaviour, however, revealed the cause of
the two paths.

To take a specific example: two saccades prior to divergence, there was
a match with the ‘NOSE’ in both instances at a certain point with identical
scale and match scores. In one instance, however, the rotation of the match
was 0 in the other, it was 1.

This is possible by virtue of two primary factors:

1. The models in the model base are, for most features currently used,
and certainly for the nose (a nostril, to be precise), largely symmetric

(here the key being rotational symmetry at 180 degrees).

2. When two models are located with the same model score, the first
located is that reported as a model match. There is no intuitive reason
to support preferring a match of any rotation, scale or indeed at any

of the micro-saccade points over any other.

It is in the nature of the parallelisation that it is dependent on external
variables (at least for non-dedicated worker processors) which processor
will be fastest, which tasks it will run and so which results will be
reported first. This constitutes an inherent non-deterministic feature

of the system in its current configuration.

Further, it was noted during this investigation that, rather than the registra-
tion of the same score being found for different model instances etc. being

rare. it occurred several times in runs of 20 saccades over each of the eight
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each saccade in compared runs varied about a distinct mean.

This is to be expected, as:

e The amount of work done in each saccade is dependent upon the en-
vironment of the saccade point and so should change from one saccade

to another,

e The runs were over identical saccade paths times should follow the same

pattern.

The experiment highlighted two incidental points. Firstly, detailed examination
of the saccade path showed that the foveation point saccaded to the same
point twice during the run, a point where no features were found. This is not

a problem in itself as the change in subcomponent evidence between the two
saccades could have changed sufficiently in the meantime to push a potential
feature’s score above threshold.

In one case, however, the foveation point remained at the same coordinate
over two consecutive saccades, despite finding no features there. This is
inefficient as there could be no changes in subcomponent evidence to cause
a match on the second matching attempt.

It would be possible to avert this by simply implementing a penalty for
such behaviour, but this would simply mask the cause. More appropriate
would be retuning of the attention mechanism.

Secondly, the system cannot be left to reliably execute multiple runs un-
attended in its parallelised version: roughly every 10 runs, the parallelising
routine causes premature discontinuation e.g. when encountering an access-
ing problem with one or more of the machines. Although external to the

image program itself, this is a significant practical experimental point.
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and C++, serial and parallel implementations.

In short, the code is rather a mixture of styles and conventions. Much
work has been done during this project and before to tidy the structure, but
more is needed. The code is usefully commented, but the comments include
worrying statements concerning compiler hacks, obsolete functions, classes
to be defined and other outstanding work. It is possible that inefficiencies in
operation are disguised by these factors. Dispensing with the remainder of

these would take a competent programmer no inconsiderable time.
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x2

AN x1

Figure 4.1: 2D linear decision boundary

we can write the equation of the line as
f(z) = wz + wo (4.1)

Here, wy is called the bias and specifies the normal distance from the
origin. w defines the orientation of the boundary with respect to the origin,
and is shown on the diagram as the line’s normal vector through the origin,
referred to as the weight vector.

The classification problem corresponds to moving the decision boundary
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it’s desired output, and the weights are altered so as to give this. If the
inputs are linearly separable, this is not a problem in theory. The process is
iterative and the weights are changed incrementally on each iteration in an
attempt to give the desired result for all inputs.

A key principle is the Perceptron Convergence Theorem which states that,
where a solution exists, it will be achieved exactly in a finite number of steps.
The output of the perceptron converges on the desired output.

An important choice in the training of any neural net is that of the conver-
gence criterion. To state what is a complex mathematical process succinctly,
the perceptron is considered to have converged on a certain input-output
relationship when this pre-specified boundary condition is satisfied.

Ideally, it is desired that convergence occurs at a point such that the
difference between desired and actual output drops below the specified min-
imum. In reality, however it is not uncommon that the net converges prema-
turely at a higher error level, and this was indeed true for several models in
the current system.

An alternative criterion for learning is specifying a maximum number of
iterations and this is the criterion which has been applied for the current
system, set at 10° iterations (this being the level at which empirical obser-
vation suggested no further reduction of error was observed) as the desired
error criterion of 0.0001 could not be achieved consistently for all models.

Apart from very simple situations, where the inputs can be directly used
and give linear separability, we need to convert an arbitrary range of input
values to a simple ‘yes or no’ classification. The function which achieves this
is termed the activation function. A sigmoid function is used in the iconic
system, which maps the range [—00,c0] to [0,1] and further is monotonic,

which preserves the linear nature of the decision boundary.
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On examining the code in detail, the error-based convergence criterion
had been entirely eliminated in favour of across-the-board use of the fixed
iteration based version. The criterion to be implemented will be a logical
inclusive OR of the two, i.e. which ever is achieved first will be accepted as
satisfying convergence.

In considering the system’s operation, the values chosen to represent the
ideal scores must be kept distinct from the matching scores returned during
the actual recognition process. Changing the value of the ideal score will
not directly affect the performance of the system: it is a parameter of the
convergence criterion of the perceptron. As such, the anticipated effects of

altering the ideal score values will be
e The perceptron’s converging upon a smaller error value.

e Greater generalisation in the model produced. Training to a value very
close to 0/1 is likely to give over-fitting to the training models. In this
case, the area of n-space defining the possible solutions is confined too
closely to that which describes the model set, not allowing ‘reasonable’
deviations from it. The underlying trend, say the ‘eyeness’ of an eye
model, would be lost in favour of a function adept at recognising (for

example) ‘Mike’s eye’.

4.2 Implementation of Retraining

The model-making mechanism has been efficiently semi-automated in previ-
ous work. The existing training images (Appendix B) were still available as

were the other relevant input files. These were:

e A description file with the convergence limits for the perceptron, in-

formation on the model details and on the images (worlds) to be used
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1. INUImper oI reatures laenuinea COrreculy {(positlve Inatclies: arpiurary
maximum offset of 30 pixels Euclidean distance as per previous evalu-

ations retained).

2. Number of features identified incorrectly (negative matches: offset greater

than 30 pixels Euclidean distance).
3. Saccade for initial positive matches.
4. Offset of initial positive matches.

5. Score of initial positive matches.

4.4 Results

The first fact noted was that the change of goal did not significantly affect
the mean square error obtained for the model features: in the same cases as
before the change, the ‘fall back’ criterion of 10° iterations as the termination
condition was required.

Secondly, the change in primitive feature plane weights for the retrained
perceptron was quite dramatic. Although the same underlying pattern was
discernible, some weights changed by in excess of 100%.

When the model base after retraining was employed to attempt matching
of seen and unseen features, the results were disappointing (AppendixA 4,
Table A.5 ). The rate of positive matching was marginally improved for
some test images/models, but catastrophically reduced in quality for others.
Similarly, the rate of false matches increased more or less across the board

in the retrained case.
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perceptron with alternative matching metrics, which 1s investigated 1n the
Section 5.7.

A second possibility, addressing the concerns over the features themselves
is development of an alternative primitive feature set. One route which is
currently being investigated is using a neural net on natural images to learn
more efficient feature detection methods [Gomes et al. 98).

If it is possible to develop a primitive set which gives stronger, linearly
separable results, both the quality of the model base and the efficiency of
image/model matching overall would be enhanced.

If such new features are developed, the perceptron retraining between
the revised ideals ([0.05,0.95]) should be reconsidered and tested once again
alongside the original.

Either independent from or alongside this work, standard approaches
to improving perceptron training exist which could be implemented here.
Where sufficient data is available, increasing the size of the training set can
significantly improve the training of a net and enhance it’s generalisation
(i.e. the ability to pick out the general characteristics of, say, ‘the eye’ rather
than learning those of a specific instance of an eye).

One further possibility suggests itself from the erratic levels of perform-
ance in respect of different test images. If a network is left to learn from a
finite test group indefinitely, over-fitting may be observed. Here the perform-
ance of the net as a discriminator in the general sense as noted above degrades
as the net learns too much about the specifics of the test set. The error in
recognising re-presented test images would reduce, while that in respect of
unseen images would increase.

An easy experiment to run would be to reduce the maximum iteration
condition for the perceptron, retrain the model base at this level at repeat

the matching experiments.
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Figure 5.1: Intuitively similar images which return a zero score using pixel-wise

comparison.

If the image and model are seen as two distributions with their elements
being retxel intensities, we would ideally like a score based upon some meas-
ure of the distance between the two distributions as a whole rather than
simply that between the corresponding elements. There are two alternative
metrics proposed to give this sort of measurement: one based upon the Earth
Movers Distance (EMD) and one based upon a Gaussian blurring/scalar

product combination.

5.2 Earth Movers Distance (EMD)

The Earth Movers Distance (EMD) [Rubner et al. 98] takes into account
similarities in structure between two distributions and can indeed constitute
a metric between them overall. The concept of the EMD derives from a
special case of linear programming called the transportation problem which

can be solved using the simplex method.

5.2.1 Linear Programming

Linear programming is a widely used approach to optimising a linear function
(termed the objective function) in N independent variables subject to M linear
constraints.

Without developing in full the underlying theory, which is well docu-
mented elsewhere [Hiller & Lieberman 74] [Dantzig 51], the basic concepts

can be considered by viewing the function and constraints to be mapped
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a combinatorial problem: that of discerning the vertex in question, which is
equivalent to ascertaining which of the constraints should be satisfied in the
optimal case. The Simplexr Method is the standard approach taken to solve

this reduced problem.

5.2.2 The Simplex Method
In brief outline, the Simplex method can be summarised as follows:

e Convert all equalities in the constraints to equalities by adding a slack

variable to each of the inequality constraints.

e Add an artificial variable to each constraint equation to put the prob-
lem into what is termed restricted normal form i.e. where each con-
straint is an equality with at least one variable which has a positive
coefficient appearing uniquely in that constraint alone. The motiva-
tion for this conversion is that a simple solution exists for this special

form of problem.

e Solve the new problem thus created (the auziliary objective function)

to give the initial feasible vector for the original problem.

e The original problem is now solved from this initial feasible solution by
an iterative process during each step of which the current solution is

incrementally improved.

The objective function and constraints are written in the form of a tableau
with columns corresponding to the coefficients of the respective variables
and rows corresponding to the constraint equations (row one is the objective
function itself). By an iterative process of matrix manipulation, a series of
combinations of the constraints to be satisfied is tried.

The simplex method has the key characteristic that the objective function
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tuting the supply side, holes to be filled constituting the consumers. In this
case, the cost to be minimised is simply the work done in moving earth.

To apply this to the problem at hand, i.e the distance between two feature
planes we consider the retxels in one plane to be the suppliers (piles of earth
with a magnitude equal to the intensity of feature response) and the retxels in
the other plane to be the consumers (holes of capacity equal to the intensity
of feature response). Thus, the work done will be the ‘amount of intensity’
transferred multiplied by the distance over which it is moved (Figure 5.4).

If we find the minimum work done for ‘filling the holes’, i.e. optimise the

Figure 5.4: Illustration of a matching problem in terms of the transportation
problem. The differently shaded squares represent retxels of different intensities.
The arrows indicate possible optimum ‘movements’ for matching with intensity

transfer minimised.

cost we have specified as a measure of the similarity of the two planes as
a distribution of retxels, rather than a simple summing of the retxel-wise
differences. This is the EMD between the two feature planes.

As this is a special case of linear programming, the simplez method may
be used to optimise the cost. The transportation problem gives a matrix
of constraint coefficients which have a distinctive patterned structure, which
can be taken advantage of to achieve computational savings.

The shaded regions on the diagram (Fig. 5.5) will be units in the matrix

identifving allowed transitions. All other entries are zero, indicating a non-
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where C;; is the element of the m*n constraint coefficient matrix C which
gives the amount of ‘intensity transfer’ between p; and g;.

| pi — g; || is the element-wise distance between p; and g;.
The constraints imposed in the basic transportation problem are:

Ci; >0,(1<i1<m),(1<j<n) (5.4)

(Supplies may only be made in one direction)
> Cyj=w,,(1<j < n) (5.5)
i=1

(All consumers must be satisfied in full)

> Cy Swp, (1< i< m) (5.6)
Jj=1

(Suppliers may not deliver more than their total holdings)

m

ME& M MVEP Am.ﬂv
i=1 1

1

(Feasibility condition: total demand does not exceed supply)

m
2
i=1

Cij = min(wp, wq) (5.8)
—

J

(Optimisation condition) where

Wp =D W, Wq =) _ U, (5.9)
i=1 j=1
Here the EMD is defined as:
m s o — g
EMD(p,q) = === 12— g ] (5.10)

Yt X5 Gy

m n
>y Cis __ Di — qi __ P —
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Unlike in the original application of the EMD to image recognition, where
comparison was in terms of similarity of colour distributions between two im-
ages, for our purposes the distance by which an individual intensity element
is translated in calculating a score is far from a negligible factor.

In the pure EMD, it would be quite permissible to have, say the last
intensity amount translated from one corner of the range to the opposite
corner, albeit at a potentially huge cost (dependent on the amount moved
as well as the distance). For our purposes, this would not have a great
significance to the feature matching process and so should be proscribed.

However, any restriction on the allowed range would again result in losing
the transportation problem format which we desire to keep. Thus, the initial
approach was to allow such transitions but to apply a restrictive cost on
all ammabmaoum outside the specified permissible range in a way similar to
that proposed for dummy variables. Transfers out of range correspond to a
‘no-match’ and a transfer to/from a source/sink.

Applying this restriction means that the score will not correspond to a
true metric between the two distributions, but for our purposes, this is not
of primary significance. With some thought, it can be seen that appropriate
choice of the cost of a transfer with source/sink to reflect the weight we wish
to associate with an unmatched element of intensity could in fact enhance
our measure further.

Setting of a maximum distance that it is reasonable to allow transport-
ation is initially somewhat arbitrary and must be considered as a variable
potentially open to reassessment, as is the cost of a ‘no-match’.

This is a novel development of the EMD approach, constituting as it does
a constrained optimisation method. As is developed in Section 5.4.2, the de-
tailed design and implementation process revealed unanticipated corollaries

of the new methods which eventually required substantial reevaluation and
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For each position, a retxel value is output which corresponds to multiply-
ing together the values of aligned cells and summing these together. Note
that the kernels are all scaled to an overall total of ‘1’, so that the total
intensity of the input image is not altered by the operation.

Applying the kernels specified is equivalent to blurring using a Gaussian
with mean zero and standard deviation (o) of one retxel. The significance of
the size of o here is again the trade off between successful recognition and
maintaining discriminatory abilities. The area of blurring should roughly
correspond to that of translation allowed in the EMD to assist comparison
of the methodologies themselves.

As in the allowing of transitions in the EMD approach, the blurring
provides flexibility in the range of scale and rotation allowed for matching at
a local level.

As noted, blurring could be applied to model or image or indeed both.
For a simple application of blurring such as this, we are not attaching any
significance to the two as distributions at the detailed level, and so a choice
of a single blurring, reducing required operations as it does, is appropriate.

As the model creation is handled just once for each model base and takes
place prior to the matching procedure, this is the best candidate for applying
the blurring. This choice is purely based on efficiency considerations and the
blurring could just as well take place on each new image, while using the
original unblurred model base.

In the structure of the program, the blurring will be a member function
of the Image RO class in either case, the only difference will be at which

point the function is to be called.
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As noted above, the pure EMD /transportation problem allows for transitions
between all sources and destinations, this being one of the factors which
contributes to the measure being a true metric of the distance between two
distributions. In the previous papers on its application to image processing,
this was appropriate as the problem was of matching colour distributions:
images were sorted according to colour composition.

The spatial distribution of elements within an image was not considered.
Further, quantisation of the colour distributions by a novel method ensured
that the size of the transportation problem tableau to be solved was reason-
able.

When considering the size of tableau required to translate iconic object
matching into a Transportation Problem, it became clear that the size of
tableau required would be simply infeasible in practical terms. Each retxel
in the image and the model sections being matched would require a number
of allowed transitions specified in the tableau equal to the total number of
retxels in each.

Thus, if we have image/model each of ‘n’ retxels, the size of the tableau
would be of the order of (n? + 1)(2n + 1): the columns would each corres-
pond to a translation between two specific retxels, the rows would specify
the split of intensity value in each retxel (i.e. for sources, it’s destination, for
destinations, their sources). The allocated memory must allow references in

the range:

afij][k], i=1...n2+2,k=1...(2n+1)
to allow for internal referencing needs.

With n of the order of 1000, this is clearly an unwieldy approach. Also,
from the point of view of our problem, it is simply not meaningful to allow

transitions to be to every point, as they are to correspond to local matching
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Deliniation of forbidden region

Figure 5.7: Allowed region of model retxels for matching an image retxel

aflijkl,z=1...(n((rv/n) +1))+2,k=1...(2n + 1)
where 7 is the number of retxels over which translation is permitted.

It is possible however to restate the problem in a more intelligent way
which constitutes a novel constrained linear optimisation approach, at the
cost of sacrificing the unique TP structure and thus possible computation
advantages of a streamlined simplez approach.

In this approach, the source retxel is specified in the tableau in a similar
manner, with 7% possible translations allowed for as columns of the tableau.
Thus, the tableau size can be specified simply, and the source rows as in the
modified form suggested above.

When the specific destinations that each column corresponds to are con-
sidered, however, a more considered approach is appropriate. Each source is
considered column by column in the light of the pre-specified allowed range.
With careful specification, it is easy to consider only the allowed destina-
tions, with a 1 corresponding to the transition entered in the appropriate

destination row. Similarly and as a part of the same process, the objective
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This would need to be ascertained for each image retxel and then a similar
series of normalisations applied for each model retxel with respect to the
allowed range in the image.

Just this normalisation process itself would require a pass through the
whole tableau, with successive normalisation constraints being applied through-
out. The actual form of the normalisation, and the interpretation of the
results post facto would present further significant problems.

In short, the normalisation approach in the constrained case is considered
to be too costly in terms of computation and would necessitate modifications

to the evaluation of dubious applicability.

5.4.4 Return to Simplex: Dummy Sources, Destina-

tions and their Capacities

To solve the significant problems besetting the approach at this stage, four

options were considered:

e Abandon the constrained approach entirely and revert to the full Trans-
portation Problem format. Experiments with the routine at this stage
for the maximum encountered image/model size of 48*15 retxels sug-
gested this would not be appropriate. For the constrained problem a
run on one image plane of this size took the order of three hours (in
the serial implementation, on the fastest machine available for a single
point) to complete. Any change likely to increase this by several orders

of magnitude is not a serious option.

e Adopt the range-wise normalisation approach discussed above. For the

reasons outlined, this approach did not seem promising.

e Modify the problem itself by returning to the idea of dummy sources
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formulation.

e Moving away still further from the precise Transportation Problem
format is all that was required for a simpler and more elegant solu-
tion to the problem. It is useful to take a step back from the EMD
when considering the constrained problem at hand. If considered once
more purely as a general linear programming problem the possibility
arises of using methods already well established by their use in the

simplez method. This approach is developed in detail below.

5.4.5 The Solution: A Constrained Pseudo-EMD Met-

ric with Slack Dummy Variables

Essentially, we shift away from specifying in advance that each source must
be have its supply capacity exactly equalled by the demand of its allowed
destinations. This follows from not demanding normalisation at the level of
compared ‘allowed transition’ windows. In terms of LP/simplex problems
this is equivalent to saying that we no longer have constraints in the form of
equalities to be satisfied, rather we have inequality constraints once again.

The solution adopted in respect of this in the Simplex approach is to
introduce slack variables, one for each inequality constraint. By allowing
such a variable to be not subject to any constraints, in essence we convert the
constraint back to an equality. If we allot one such a variable for each row
in our tableau, we return to having a finite solution.

The interpretation of these slack variables in our problem is once again
as dummy sources/destinations. Here we have one for each real source and
destination. The key difference between this and the former proposed solu-
tion is the realisation that these dummies need not be subject to any explicit

constraints as to the amount they supply or receive. The dummies act as
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individual ranges either. Thus we can set a value of global dissimilarity above
which a match score of zero may be safely returned. In the first instance this
value has been set so that a no-match is reported without further calculation
whenever one intensity sum is double more that of its comparator.

To match with the evaluation settings extant in the Iconic system itself,
the scoring of results generated by our new metric should occur within the
range [0 - 1]. The results of the Simplex routine used however have a range
starting at a minimum cost of zero. This equates with no intensity elements
having to be moved at all and so is the perfect match which is to be restated
at a score of 1.

The other extreme is a maximum cost (i.e. a poor match/no match)
equivalent to the cost of moving every intensity element to the maximum of
its allowed range. This will be further complicated by the, as yet unspecified,
cost of an intensity element not having a match within its allowed range at
all.

In the current variant of the approach, the allowed range is to be restricted
to a distance of one pixel from the original point. The distance measure is
set as just the number of pixels and so the maximum cost of moving each
intensity element will be ‘1’. So, the maximum total cost of matching two
intensity distributions with identical global sums will be just the sum of
either distribution. In this case, it would be appropriate to assign this to
represent a no-match, i.e. a zero match score.

Where the two distributions do not have identical global sums, the attri-
bution of a no-match to a particular score is more difficult. We know from
our prior decision that the bigger intensity sum will not exceed double that

of its opponent. Two options suggest themselves for consideration:

e Set zero match as the cost of moving all elements in the larger distri-

bution to the farthest extent of their allowed range. The question here
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as a Stand-alone Version 1nitially, Ior DAsIC TesTing. 1 Ne Kerneis were specinea
as noted in 5.3 and applied to a2D array from an input file. An array of the
same size was constructed to receive the results from the convolution process,
which was in the first instance printed to standard output.

After testing on simple arrays, a sample array was dumped to file from
the iconic program and blurring applied to check there were no problems at
this level.

It was then a matter of altering the routine to receive an Image RO as
input (essentially just an array of integers) and to return the blurred version
as output to the calling function. Care had to be taken as we need to specify
the kernels as floating point double values whereas all retxels are specified
as short integers. A cast from one to the other is needed, but if carried
out inappropriately will cause disastrous loss of accuracy. The integer values
are cast to be floating point numbers before convolution, the results passed
back are then recast to integers.

The functions for obtaining and returning pixel values already exist in the
Class Image RO. Making the modified Blur() routine a member function
of this class meant both that these functions were available and that Blur()
could be simply called on any Image RO object.

The decision between blurring image or model will now be that between
calling Blur() during either the model making (on the average model over
all training images) or during matching on the image itself. The original plan
was to blur models as this would simply reduce the number of computations
required during matching itself. At the last minute, however there was a
problem with the functioning of the model making mechanism, and so to
avoid delays, the blurring is currently implemented on the images. The only
anticipated change here is an increase in running time during matching.

The actual matching mechanism is left as in the original design, i.e. a

version of element-wise scalar product. Prior to matching, however, the
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anticipated results from this.

The format which the iconic system will provide is integer arrays of sizes
up to 48x20 retxels. The current matching routine uses functions of the
iconic Image R@ class to obtain the size of the image and model arrays, then
to read the retxel intensities of each. Thus testing is directed to input files
consisting of this information: specifically two integers defining the size of an
integer array followed by the values of the two arrays as an integer string.

Tests were run on the following:

1. Identical model and image each consisting of a 2x2 array with a single

non-zero element.

2. Model and image each consisting of a 2x2 array with a single non-zero

element relatively displaced by one cell.

3. Model and image each consisting of a 2x2 array, one with a single non-
zero element, the other with two half intensity non-zero elements, both

relatively displaced by one cell.
4. Repeat of the above tests with intensities no longer equal.
5. Repeat of the above tests with many non-zero elements in each array.
6. Repeat of the above tests with altered array sizes.

The simple hand-crafted arrays were fed in from file, with the optimised
score as output. The problems were all solved manually in advance. Where
results differed, rechecking showed the manual calculation to be in error,

giving good confidence as to the correct functioning of the routines.

Constrained EMD with Dummy Variables

The results of tests when using the initial version of the metric on some arrays
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should be shifted to dummies at a cost equal to (with transition cost set at
‘2’ as specified above) double the total noise intensity.

It was during this testing, immediately prior to planned integration with
the iconic system that a practical implementation problem crystallised. The
operation of the simplez routine on the constrained problem for array sizes
of orders up to 10x10 had been investigated in the initial testing and had
given results with no perceptible time-lag.

It was foreseen that the pure EMD approach would be too computation-
ally intensive to be appropriate for real-time use our application. Indeed one
of the primary motivations behind adopting the constrained format in the
first place was to reduce the time cost of the calculation.

The random variable arrays to be tested were of size 24x24. The run time
on a single processor was in excess of one hour. This immediately caused
concern as the primitive image planes of the iconic system can currently
reach scales of up to 48x10 elements.

A test run on one such plane dumped from the iconic program indeed
took of the order of three hours to reach a solution. As each micro-saccade
involves the matching of 42 image planes, 14 of which are of this size, it was
very clear that the current form of the metric was not suitable for real time
use. Indeed, with the time constraints on producing results at the point of
this development, it became clear that it would not be feasible to generate a

full set of results with the EMD integrated with the iconic system.

5.6.2 Assessment of Performance- Single Primitive Fea-
ture Plane Testing
To achieve some measure of the comparative performance of the three met-

rics, a new approach was devised with dramatically reduced computational

requirements.
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maximum offset of 30 pixels Euclidean distance as per previous evalu-

ations retained).

2. Number of features identified incorrectly (negative matches: offset greater

than 30 pixels Euclidean distance).
3. Saccade for initial positive matches.
4. Offset of initial positive matches.
5. Score of initial positive matches.

To comprehensively investigate all functional variants of the system, these
tests were run using both the original and the the retrained model base for

recognition of features over both the training set and two untrained images.

5.7 Results

For the single primitive feature plane testing the results are noted in table
form in Appendix A.7, in addition the model plane matched at each point
is given for reference. The results are best viewed in graphical format, as
shown in Figures 5.9 5.10 and 5.11.

As the results are for a single, out-of-context feature plane, it is not too
worrying that the basins of attraction are not centred precisely on the positive
feature instance: relative comparisons will still be valid. It is nevertheless
immediately obvious that the match results around the area give significantly
divergent surfaces. The Simple Scalar Product and EMD Metrics diverge
somewhat at the perimeter but the centre of attraction (of greater significance
to matching) are coincident.

The Blurred/Scalar Product Metric has a surface whose peak is displace

somewhat from that of the other two. This is understandable when consid-
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Figure 5.10: Surface plot and contour map of match results for EMD metric.

Further examination, however revealed that the metric was consistently ob-
taining raw feature scores (i.e. before being scaled by 0.7 and sub-component
evidence being added) of 1, and so the solution was not that simple.

Again, use of the retrained model-base gave disappointing results, with

an all round reduction in scores for all images.

5.8 Conclusions

The conclusions for this section overall form a large part of the main conclu-

sion chapter (Chapter 6).

5.8.1 The EMD Metric

In short, the EMD metric shows some promise in it’s applicability to solving
image matching problems of this kind. Full evaluation of it’s performance
has not been possible due to the major current drawback in its use, that of
the processor time required for it’s operation.

The problem lies in the basic operation of the Simplex routine when
it cannot take advantage of streamlining opportunities of the TP problem
format. For the larger images, the number variables are:

(ARYOMN(9r + 1V2 221 4+ 1)
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5.9 Further Work

Additional general work in mapping out the nature of the match result surface
for the system using various metrics would be a valuable source of information
for considering the systems overall behaviour. Similar tests could be carried
out at a variety of feature points, using a variety of single feature planes or,

where possible full weighted match scores.

5.9.1 The EMD Metric

Efficiency modifications to the program by Dr Fisher have already improved
performance speed to some degree.

Another suggestion is to force an initial solution by building in an initial
state that satisfies the linear equalities. This can be a very poor solution:
we are just taking advantage of our prior knowledge of the problem to locate
us on a constraint hyper-plane from the beginning. Analysis of the Simplex
routine’s function suggests that this should increase running speed by up to
a factor of 7 by avoiding it’s more general computations to achieve this. A

possible solution to build in is:

\\ﬂ\uh In; > Out; (5.13)
mi; = Out; (5.14)

mio = In; — Out; (5.15)
mo; = 0 (5.16)

mi; = My = 0; (j #) (5.17)
L (5.18)

and

H\f Out; > In; (5.19)
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discrimination ability. The magnitude of blurring is directly related to the
discrimination attributes of the metric and has initially been set at an arbit-
rary level intended to give flexibility on a scale similar to that afforded by
the EMD approach. Thus varying the amount of blurring is an obvious next
step.

For pragmatic reasons the blurring is currently implemented on the image
which is clearly not as efficient time-wise as applying to the model. In the
former case, blurring is carried out repeatedly during the matching process,
in the latter just at the model making stage. As the blur operation is a
member function of the RO Class, it will be simple to call the function on
the average model during training instead of on the image during matching.
It should be remembered that the perceptron will need to be retrained and

a new model base constructed.
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In a wider context, the metric has potential application to image match-
ing problems where an element of local shifting is to be tolerated. The
greater the allowed shift between the opponents in the match, the greater
the computational cost.

The sacrifice of the exact Transportation Problem format to the metric,
while saving substantially on computation has meant that the streamlined
Simplex approach advocated by Rubner [Rubner et al. 98] has, for now, been
set aside, and a standard Simplex formulation for solving linear programming
problems is used.

At the current stage of development, the metric is too slow to be useful for
real-time applications, even in the parallelised format of the iconic program.
Performance would be enhanced by the incorporation of an initial solution
and early failure provisions at the global level, before any detailed calcula-
tions are attempted. Although the existing streamlined Simplex routine is
not compatible with the new variant, it is possible that some modification of
this would be feasible given that many aspects of the TP unique format are
retained.

The Simplex routine itself used herein is a proprietary version designed
with optimisation problems in mind. This means there is no provision for
early termination during the course of the calculation. The routine could
be developed to account for the divergent requirements of vision problems:
if the routine encompassed early termination, costly calculations could be
reduced to a minimum. The code made available by Yossi Rubner is likely
to offer significant advantages for future development.

The Blurred/Scalar Product Metric was only investigated during the last
week of the project. Given the minimal development time directed into it
thus far, it’s results are impressive. The areas in which it could be modified

are straightforward and as such likely to return good benefits for the amount

~oe 1 ) 1
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used in matching attempts may be insufficiently strong and may not consti-
tute a linearly separable set. Work is currently being carried out to develop
new feature detectors using a neural net applied to natural images which has
promise for the systems further development [Gomes et al. 98].

If the integration of such a stronger ‘backbone’ becomes feasible, the vari-
ous additional development options tried mmwﬁs would take on a fresh aspect

and should be repeated re-evaluated by future developers in that context.
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Appendix A

Results

The Experimental work was performed on a range of Sun machines in the
A.L department’s network, ranging from Sparcl+ to Sun Ultras. The set Of
19 Ultra Sparcs used by MacKirdy were still available and these were used
in parallel runs of the system.

Serial runs were on a Sun Ultra 1 Creator 3D(host name “Sapphire”,
except where code was being purified when an older machine (host name
“Oculus” was used.

The format of table used throughout the appendices for noting matching
performance are referenced by the keys in Table A.1. For the ‘EYE’ model,
there is no differentiation made between left and right eye. Thus reports of
false instances for each refer to matches which do not fall into the 30-retxel
range of either eye. The false instances are note in both eye columns.

In previous work, saccading and thus false result accrual has been ter-
minated when all features have been correctly located. Thus the emphasis
has been on the correct matches, neglecting somewhat the fact that with no
a priori knowledge, these are not discernible.The system is always run for 20

saccades to give a fair and consistent picture of performance.

Sac. first found Match score Total Features extant | Total positive matches

Offset error False instances Average offset Total negative matches
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face eye 1 eye 2 nose mouth | Summary

cl.ppm 5 076 | 4 072 6 08| 8 087| 7 083 | 5 5
6 1115 0|14 0] 3 01 9 0| 9 1

c3.ppm 1 070414 077 |17 081 ]| - -118 083 5 4
20 119 3|1 9 3| - 2|18 1116 10

cd.ppm 1 070 3 078 4 084 | 6 090 | - -1 5 4
8 0120 0 9 0| 4 0| - 0114 0

c5.ppm - -116 09913 093 | 9 07410 078 5 4
- 0113 011 0] 6 1]14 011 1

c6.ppm 1 070 3 083| 4 084 | 5 08| 2 078] 5 )
4 0| 7 0110 0|13 1114 119 2

fceS.ppm |15 092 |13 083 | 5 070 |14 081 |11 0.75| 5 5
1 0| 4 *| 7 1*| 4 21 6 0| & 4

bebiel.ppm | 9 0.86 | - -1 6 08| - -1 - -1 2 5
12 1] - 0 7 0] - 1| - 119 3

Table A.2: Results of control run

——
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saccade | Tmin(s) | Tmax(s)
1113.0 13.4
2 |13.3 13.7
31133 13.7
41129 13.3
5| 13.3 13.3
6 |12.9 13.3
7112.1 12.4
8 | 12.0 12.4
9 |10.8 11.0
10 | 11.5 11.7
11 | 12.8 13.0
12 | 11.5 11.8
13 | 13.1 13.5
14 | 11.9 12.3
15 | 11.2 11.5
16 | 10.2 10.3
17 | 11.5 11.7
18 | 11.9 12.3
19 | 10.7 10.9
20 | 14.3 14.9

TUun

T saccades Amv

© 00 N O Ot s W N =

e i e T =
SN = O

252
247
252
247
248
252
247
247
252
247
252
247
247
248
252

Table A.4: Variation over 20 runs of 20 saccades of time for completing one

Saccade and over 15 runs of 20 saccades of time for completing 20 Saccades.
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procedaures applied. ln each case :
e ml is the number of ‘less than’ constraints
e m?2 is the number of ‘greater than’ constraints
e m3 is the number of ‘equality’ constraints
e m is the total number of constraints (m = ml + m2 + m3)
e 1 is the number of variables subject to the constraints

e aTemp constitutes the tableau input to the problem, specifying the

constraints to be applied

e the results shown, indexed by row have been independently checked for

accuracy

3k 3k ok ok 2k sk 3k 3k ok 3K ok 2k ok ok ok s ok ok 3k ok 3k ok sk ok ok 3k o 3k ok ok ok 3k ok ok ke ok sk 3 sk ok Sk ok ok ok 3k ok sk ok ok ok ok ok sk ok ok ok ok ok ok %k ok ok %k Kk ok

TEST PROBLEM 1:
m=2; n=2; m1=0; m2=0; m3=2;

float aTemp([4][3]= {{0, 2,-4},
.ﬁwulmnHuvu
{8 ,3,-4}} ;

finite solution found

[1,1]10.666667; [2,1]0.333333; [3,1]9
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m=3; n=2; mi=3; m2=0; m3=0;

float aTemp[5][3]= {{0, -3,-5},

{4, -1, 0},
{12, 0,-2%},
{18,-3,-2}};

finite solution found

[1,11-36; [2,1]1-2; [3,1]6; [4,1]2

3% 3k ok 3k ok ok ok ok sk 3k ok ok ok sk 3k sk ok 3k ok ok sk sk ok o sk ke sk sk sk sk sk sk sk sk s ok ok 3k sk sk 3k ok sk 3k 3k ok Sk Sk ok sk 3k ok ok ke 3k sk ke ok ke sk 3k ok 3k ok ok ok ok ok 3k ok ok ok ok %k

TEST PROBLEM 5:
This was supposed to give no feasible solution

m=3; n=2; ml=3; m2=0; m3=0;

float aTemp[5](3]1= {{ 0, 3, 5},

* H»lH» ov-
{12, 0,-2},
{18,-3,-2}};

objective function has no solution
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Following is a representative transcripts of the output from the tableau con-
struction routine. The test problem shown is the smallest performed, to limit
the space required for the output i.e. a 3x3 array pair.

The first part of output is the objective function which indicates the
range of allowed transitions and their cost (note that by the convention of

the original formulation, all tableau coefficients are negative)

3k 3k ok 3k % ok 3k 3K ok 3k 5k ok ok 3k 5k ok ok ok ok 3k ok ok sk sk sk ok ok ok ok sk ok ok ok sk ok sk sk sk ok ok ke sk sk 3k Sk ok o 3k ok ok ok 3k ok o Sk sk ok ke sk Sk ke ok ok ok ok 3k ok sk ok ok ok o oK ok %k ok %k

Objective function:

0

-1 -1-1-10-1-1-1-1 (top left pixel)

-1 -1 -1-10-1-1-1-1 (top right pixel)
-1 -1-1-10-1-1-1-1 (bottom left pixel)
-1 -1-1-10-1-1-1-1 (bottom right pixel)

3 3k 3k sk 3k 3k ok 3k ok 3k 3k 3k 3k 3k ok ok ok ok ok ok ok ok ok ok sk sk 3k ok ok ok ok ok ok 3k ok ok ok 3k ok ok Sk sk sk sk sk ok ok ok ok sk sk sk 3k ok sk ok sk ok sk 3k ok sk ok sk ok ok ok ok ok ok ok ok ok ok ok kok ok

This represents the cost for transitions to any of the 8-neighbours of a
pixel as 1, remaining stationary has cost zero. All transitions within the
allowed 1 retxel range are considered here, the fact that the number of trans-
itions is further limited by array size is taken into account later.

The problem is passed in as a file containing the array size (y,y) followed

by its elements
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is to be source/sink for.
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0.642 | 0.625 | 0.578 | 0.431 | 0.431
0.431 | 0.533 | 0.520 | 0.413 | 0.393

Table A.6: EMD score around point [135,236] in image cI.ppm

0.378 | 0.010 | 0.010 | 0.441 | 0.193
0.833 | 0.705 | 0.708 | 0.465 | 0.657
0.842 | 0.886 | 0.800 | 0.801 | 0.414
0.559 | 0.740 | 0.455 | 0.502 | 0.502
0.523 | 0.350 | 0.107 | 0.534 | 0.078

Table A.7: Scalar product score around point [135,236] in image cl.ppm

This primative plane was matched in a [5x5] area around a known instance
of an eye (point [135,236] in image cI.ppm) and the feature score recorded at
each point was recorded. The EMD score was manually normalised to assist

comparison with the simple and blurred scalar product matches.

A.8 Performance of Blurred Image Matching

The iconic system was run on the trained and unseen images for 20 sac-
cades each using alternately the original model base and that retrained using

modified ideal scores.

0.441 | 0.451 | 0.458 | 0.522 | 0.457
0.535 | 0.564 | 0.599 | 0.599 | 0.533
0.506 | 0.524 | 0.593 | 0.593 | 0.469
0.390 | 0.434 | 0.476 | 0.477 | 0.521
0.443 | 0.422 | 0.427 | 0.528 | 0.540

Tahle A R Rlurrad aralar nradnet arare arniimd naint [125 2241 in imase ~7 nnm
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face eye 1 eye 2 nose mouth | Summary

cl.ppm 6 077 |15 098 | 7 087 5 076 8 09| 5 5
6 1]21 21 9 2% |28 020 0|17 3

c3.ppm 1 070 2 078 | 3 085 | - - - -1 5 3
16 2116 116 Tt - 4| - - |16 14

c4.ppm - -| 8 084 | 2 07115 081 ]| - -1 5 4
- 81|12 0115 0 9 2| - 2112 12

¢5.ppm 4 070| 8 082]14 085 - - - -1 5 3
13 9119 2*|12 2% | - -1 3 1115 15

c6.ppm 17 074 7 08| 4 08| 2 078 8 093] 5 5
30 7 3 *{17  1*| 4 11 7 0112 9

fce5.ppm - - - - - - - -1 - -] - 5
- 6| - ™| - T*| - 3| - 1] - 17

bebiel.ppm | - - - - - - - -1 - - - 5
- 4| - 8| - 8| - 3| - 1| - 16

Table A.10: Results of matching with Gaussian blurring - retrained model

base
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cl.trn

6

FACE 183
EYE 135
EYE 220
NOSE 161
MOUTH 180
FOv 183

c3.trn

6

FACE 168
EYE 118
EYE 203
NOSE 149
MOUTH 163
FOV 166

c4d.trn

6

FACE 152
EYE 110
EYE 201
NOSE 135
MOUTH 149
FOV 152

244
236
231
296
332
278

179
1567
163
222
253
199

180
162
168
228
264
210
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——

c6.ppm

Figure B.1: Face images used to construct conwvic.base andconvic2.base




Suryojewr 10} pasn sedewll paureljun) :g'g 9Insig




