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For each p i x e l in an image we
determined the local direct ion of
greatest grey l e v e l change and
linked pixels in this direction to
form maximum gradient prof i l e s
(MGP). Adjacent MGP's were linked
side-by-side t o f o r m e d g e
sections. These edge s e c t i o n s
corresponded very closely to those
from a Canny operator.

For the present application, which
was concerned with detection and
characterisation of blood vesse l s
on angiograms, subsequent grouping
was res tr ic ted to anti-symmetric
edge sections which formed a ridge
with high grey v a l u e s in the
centre. The ridges corresponded
closely with blood ves se l s shown
in the image. The width of each
ridge and the locus of i t s centre-
line were d e r i v e d from a n t i -
symmetric MGP p a i r s a n d
corresponded very well with expert
judgement of v e s s e l width and
centre line location. Advantages of
the MGP grouping method included
explicit r epresenta t ion of the
profiles of grey values normal to
edges; ease of implementation of
higher-order grouping stages which
were natural extensions of lower
level processes; and hierarchical
data structure representing image
features at a l l s ca l e s , allowing
improved interaction of bottom-up
and top-down processing.

Introduction

Our previous work on knowledge
based interpretat ion of angiogra-
phic i m a g e s 1 ' 2 ' 3 has underlined
the n e e d t o e s t a b l i s h a
hierarchical data s t r u c t u r e which
represents the image at mul t ip le
scales and which allows simplified
control of the interaction between
image-driven and knowledge-driven
processes. The method has been
developed a s a p o t e n t i a l
al ternat ive to the current m u l t i -
resolution techniques which use
image b l u r r i n g of d i f f e r e n t
degrees in t h e a n a l y s i s of
features at multiple scales 4 . We
have developed the method in the
context of the ana lys i s of blood
vessel images but i t i s not
res t r ic ted to angiograms and, as
will be seen , very few of the
processing s t e p s use d o m a i n -
specific knowledge.

We consider an image as a 3-D grey
level landscape with topologica l
features-* and we t r e a t an edge as
a " h i l l s i d e " or s teep region on
this 3-D s u r f a c e . The most
fundamental component of the edge
is the p r o f i l e of grey l e v e l
change along l i n e s of maximum
gradient. A d j a c e n t l i n e s of
maximum gradient on an edge wi l l
have s imi l a r p r o f i l e s and tend to
be approximately p a r a l l e l . The
directions of t h e s e maximum
gradient p r o f i l e s (MGP's) a r e
normal to the d i r e c t i o n of the
edge. Our method of ex t r ac t ing
image structure is based on MGP's,
is easy to implement, and has a
number of important properties.
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Figure 1 Region of interest before
digitisation

Method

Conventional angiographic images
showing the c a r o t i d a r t e r i e s and
the i r branches in the neck were
analysed. They had a l ready been
photographically s u b t r a c t e d i . e .
radiographic film obtained before
injection of c o n t r a s t medium had
been subtracted from a film taken
immediately a f t e r i n j e c t i o n .
Regions of i n t e r e s t on t h e
angiograms were d i g i t i s e d t o
128x128x6 b i t r e s o l u t i o n .
Examples are shown in Figs 1 and
8. The images were t r a n s f e r r e d
to an Apollo DN 3000 works ta t ion
in the Department of Computation
at UMIST where the sys tem was
implemented.

A pa i r of 3 x 3 Sobel ope ra to r s
was used to e s t a b l i s h the loca l
direct ion and magnitude of maximum
gradient for e v e r y p i x e l . A
threshold for these g r a d i e n t s was
derived automatically as follows.
The image was divided in to non-
overlapping 10x10 p ixe l squares
and the Sobel operator magnitudes
(regardless of d i r e c t i o n ) were
examined within every square. The

square with the minimum standard
deviation of Sobel magnitudes('s')
was used for c a l c u l a t i n g the
threshold which was then appl ied
globally. All p i x e l s whose Sobel
output was g r e a t e r than 3s were
retained. The neighbours of each
of these pixels were examined, and
any whose Sobel gradient magnitude
was g r e a t e r than 2s were a l s o
retained. O the r p i x e l s were
ignored.

Subsequent p r o c e s s i n g s t e p s
involved s u c c e s s i v e l y g roup ing
elements to form l a r g e r e lements ,
larger elements into s t i l l larger
elements, and so on. Pixels with
a l o c a l g r a d i e n t above t h e
threshold were l inked along the
path of maximum grad ien t to form
MGP's provided tha t the t r ack of
an MGP did not change d i r e c t i o n by
more than 45° in t o t a l . MGP's
were te rmina ted if there were no
gradients above th resho ld or if a
further l i n k would i n v o l v e a
change of d i r e c t i o n of more than
45°. The o v e r a l l d i r e c t i o n (in x &
y) of the MGP was obtained from a
leas t squares s t ra igh t l ine f i t to
the (x,y) value of the MGP. At
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the ends of each MGP neighbouring
MGP's with the neares t end po in t s
were examined, and if the MGP's
were approximately co-l inear they
were l inked end to end to form a
composite MGP. The p o i n t ( s ) of
steepest s lope of the MGP were
found. MGP's whose s t e e p e s t
slope points were near neighbours
were compared, and where these
MGP's had s i m i l a r d i r e c t i o n and
maximum g r a d i e n t t h e y were
grouped to form a s ide by s ide se t
of MGP's or "h i l l s ide" region with
a normal given by the mean of the
MGP direc t ions . Edge sections were
formed from the po in t s of s t e epes t
slope on adjacent MGP's by means
of a ru l e se t which (a) a t tempted
to m a i n t a i n the edge s e c t i o n
direction p e r p e n d i c u l a r to the
MGP's and (b) min imised sma l l
deviations in the direct ion of the
edge section (similar to a 5-point
smoothing). Where appropriate the
rule se t chose between competing
steepest-slope po in t s on a s ing le
MGP or i n t e r p o l a t e d new p o i n t s .
The edge sec t ions thus derived
were compared with edge s ec t i ons
derived from Canny and from Marr-
Hildreth o p e r a t o r s . The s c a l e
parameter of these was se t at 11
pixels after some experimentation.

Processing using the edge sections
derived from the MGP grouping
method was continued by l ink ing
near-neighbour anti-symmetric edge
sections t o form r i d g e s or
valleys. If these were long in
extent they corresponded to l i ne
features in the image. In the
present a p p l i c a t i o n , where the
objective was to d e t e c t blood
vessels on g o o d q u a l i t y
angiographic images on which blood
vessels appeared as r idyes on the
3-D sur face , edges without a n t i -
symmetric partners forming a ridge
were suppressed. Along the length
of r idges the width of the r idge
and the locus of i t s c e n t r e - l i n e
or symmetric axis were derived
from the edge p o i n t s of a n t i -
symmetric MGP pa i rs .

The major i ty of the code was in
the form of c o n d i t i o n a l r u l e s
programmed in L i s p ; the Sobel
operator was programmed in Pascal.

Figure 2A Angio 1: Perspective view
of Maximum-Gradient Profiles shown as
i f superimposed on the 3-D grey level
surface

Results

Two e x a m ples of the digitised
region of interest are shown in
Figures 1 and 8. Figs 2 to 5 show
stages of processing of Angiogram
1, Figs 9 to 12 stages of
Angiogram 2. Perspective views of
the extracted MGP's, shown as if
superimposed on the 3-D grey level
surface of the images, are shown
in Figures 2 and 9. Fig 2B is an
enlarged view of a region just
above the centre of Fig 2A. When
the edge points are displayed the
method can be seen to function as
a very effective low level edge
detector (Figures 3 and 10). With
further processing to extend edge
sections and remove those sections
without an anti-symmetric partner
forming a ridge, a reliable blood
vessel boundary map was generated
(Figures 4 and 11). The detected
vessel centre lines, which
corresponded very well with an
expert's judgement of centre line
position, are shown in Figures 5
and 12.
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Figure 2B Angio 1: Enlarged view of Maximum
Gradient Profiles from region near centre of

Figure 2A
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Edge sect ions detected by the MGP
grouping method (Figs. 3 and 10)
were compared with the Canny (Figs
6 and 13)and Marr-Hildreth (Figs 7
and 14) o p e r a t o r s . The Marr-
Hildreth method suffers from major
distort ion at sharp corners . The
MGP grouping method performs
comparably to the Canny (compare
Figs 3 with 6 and 10 with 13).

Discussion

Conventional image pre-processing
typically involves the convolution
of simple kernels with image grey
data and then thresholding to
generate edge sections. These then
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Figure 4 Angio 1: Blood vessel boundary
map derived from MGP grouping method
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Figure 5 Angio 1: Blood vessel centre-
lines derived from MGP grouping method

Figure 3 Angio 1: steepest-slope points
on the Maximum Gradient Profiles
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Figure 6 Angio 1: Canny operator out-
put with width = 11 pixels
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Figure 7 Angio 1: Marr-Hildreth
operator output with width = 11 pixels

Figure 8 Angio 2: Region of interest
before digitisation
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Figure 9 Angio 2: Perspective view of
Maximum-Gradient Profiles shown as if
superimposed on the 3-D grey level surface Figure 11 Angio 2: Blood vessel bound-

ary map derived from MGP grouping method
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Figure 10 Angio 2: Steepest-slope
points of the Maximum Gradient Profiles

Figure 12 Angio 2: Blood vessel
centre lines derived from MGP grouping
method
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Figure 13 Angio 2: Canny operator out-
put with width = 11 pixels Figure 14 Angio 2: Marr-Hildreth

operator output with width = 11 pixels

have t o be s u b j e c t e d t o a
different type of processing^ for
linking, s ke 1 e ton i sa t i on , e t c .
Our approach also requ i res the
same type of geometric l inking
processes to group and extend edge
sections i n t o l a r g e r edge
sections, l a r g e r edge s e c t i o n s
into objects e t c . , but these same
processes are also used at lower
levels to generate edge sec t i ons .
The d i s t i n c t i o n between p r e -
processing and subsequent analysis
is thereby blurred. S imi l a r ly ,
the same basic data s t r u c t u r e s
which are used for h i g h - l e v e l ,
more abs t r ac t r ep resen ta t ions of
objects can be used throughout the
processing r o u t i n e . In t h e s e
ways, feedback to ref ine e a r l i e r
processing r e s u l t s can be
controlled in a more un i fo rm
manner and less re -process ing of
image grey-level data is required.

With our method, each s t age of
processing groups smaller elements
into larger features. In that the
same bas i c grouping r u l e s are
applied at each s t a g e , and the
number of fea tures progress ive ly
decreases, our method is a type of
pyramidal algorithm^'^ with rapid

convergence. However, u n l i k e
Rosenfeld's a lgor i thms , the sca le
of the elements being linked at
each stage is not predetermined,
but is set by local data. As with
other pyramidal algorithms, scale
increases as one ascends from the
lowest level to the highest in our
data s t ructure, but the level of a
feature in the hierarchy specifies
the number of g e n e r a t i o n s of
subfeatures below i t , r a the r than
absolute s i z e .

The d i f f e ren t approaches used in
the MGP g r o u p i n g method and
conventional edge de t ec to r s have
made i t d i f f i c u l t to decide which
stages of the MGP grouping method
to include in a comparison with
more c o n v e n t i o n a l o p e r a t o r s .
Objective comparison was also made

di f f icu l t because of user input to
the processing. To obtain optimum
resul ts from the Canny and Marr
Hildreth o p e r a t o r s r e q u i r e d
several experiments with different
scale p a r a m e t e r s us ing expe r t
knowledge to assess the r e s u l t s
before the optimum s e t t i n g for
this p a r t i c u l a r app l i ca t ion was
established. Our p r e l i m i n a r y
evaluation of the MGP grouping
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method indicates that when applied
to angiographic subtraction images
i t performs similarly to the Canny
operator in the de tec t ion of edge
fragments. A s i g n i f i c a n t
advantage of the MGP grouping
method arose in the implementation
of l a t e r s t a g e s of p r o c e s s i n g .
The linking of anti-symmetric edge
sections and d e r i v a t i o n of the
centre-l ine and width of r idges
were a l l natural extensions of the
ear l ie r grouping s tages and very
successful in operation.

The images so far examined have
rela t ively strong fea tures and we
have yet to e v a l u a t e the MGP
grouping method in very noisy
images. Future extensions of the
MGP grouping method should help to
ensure good performance in noisy
images. F i r s t l y , small peaks or
ridges due to noise , on a la rger
"hi l l s ide" represent ing the edge
of a vesse l , wi l l be categor ised
as subparts of the la rger edge
and will not prevent detection and
characterisation of t he l a r g e r
structure. Secondly, i f l o c a l
links are not es tab l i shed at any
level of t he pyramid a t any
location, then grouping wi l l be
attempted over a wider area. This
is the si tuation which will often
arise in noisy images. Processing
time wi l l be increased, but where
strong local s t r uc tu r e is found,
this time penalty will be avoided.

In many types of image, the shape
of the grey-level profiles normal
to edges c a r r i e s i m p o r t a n t
information9 which i s p o t e n t i a l l y
useful both during image-driven
segmentation and d u r i n g image
interpretat ion u s i n g d o m a i n
specific knowledge . This i s
part icularly t rue in q u a n t i t a t i v e
angiography, where many of the
calculations about vessel width,
cross-sectional a r e a , c r o s s -
sectional s h a p e and o t h e r
parameters are derived from the
profile of grey level values along
a track perpendicular to the long
axis of the v e s s e l ^ . Traditiona-
l ly the c o n s t r u c t i o n of these
transverse densi ty p ro f i l e s has
required several i n i t i a l s t eps :
vessel recognit ion (usually with
extensive user interact ion); edge
localisationj centre-l ine loca l i s -

ation; ca lcu la t ion of the normal
to the centre- l ine; and selection
of nearest p ixe ls for grey level
sampling. The MGP grouping method
described here p rov ides a much
more e f f i c i e n t p r o c e s s i n g
sequence.

There are s t i l l many aspects of
the MGP grouping method to be
explored and e v a l u a t e d . The
preliminary resul ts described here
have been sufficiently encouraging
to j u s t i f y further inves t iga t ion
and our work in t h i s a rea i s
continuing. Future e x t e n s i o n s
will inc lude the d e t e c t i o n and
classif icat ion o f o t h e r
topological f e a t u r e s such as
valleys and grey-level maxima and
minima at d i f fe ren t sca les ( h i l l
tops and valley bottoms). In th is
way the whole image w i l l be
represented without using domain-
specific k n o w l e d g e a s a
hierarchical t ree s t ruc tu r e which
codes the r e l a t i o n s h i p between
features at multiple scales .
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