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ABSTRACT

For purposes of automatic processing of digital stereo images of urban areas and architectural objects a skeleton space model is
introduced. The topological and height properties are used for classification of such objects. The image areas are separated in several
main classes: visible terrain, building roofs and building walls. A formal approach for creation of such model is introduced based on
picture language description procedure. The diversity of relative conjunction of areas in every photo image is modelling by applying
the sequential grammar rules based on PLEX-GRAMMAR. The skeleton model of photo images is suitable for purposes of terrain
building separation process and for finding the correspondence between visible areas in two stereo images. The possible areas of
application of such model are interpretation and verification of skeleton model of urban areas, the rejection of building influence
over the produced DEM and appropriate selection of image parts for digitel image mosaic creation from large scale images in

processes of photo transformation and land cover classification.

1. INTRODUCTION

Digital processing of large scale images of urban regions
reaches severe problems due to the high density of buildings
with the different heights from the surrounding terrain. For such
objects there are a great displacement of their photo-images,
hiding parts of the surrounding terrain, mutual hiding of close
staying buildings. Similar problems exist in close-range images
of architectural objects with a lot of protruding elements on the
facades. As a result a problem arises in the terrain interpolation
or the orthophoto image generation for such parts of the digital
images where discontinuity of the terrain function appears.
Automatic creation of normalised classified images from such
areas is not enough reliable and complete due to the
unclassified areas in the hidden parts of the terrain. There are
suggested different schemes for classification and processing of
such images, taking into account geometrical, shape and height
properties of buildings (Weidner, Forstner, 1995). For object
with simple form a formalised procedures for scene analysis
and image understanding in single image are used, based on
skeleton model of objects (Waltz, 1975).

One possible solution of problems with processing of urban
region images is a detailed mapping from stereo images and
building contours coding under the operator’s control. The
building’s boundaries could be excluded by defining a special
type of lines for such objects - like border lines that allow to
exclude the undesirable areas from the process of DEM
generation). Such procedure seems to be very tedious and time
consuming for high density built urban areas. Such direct
approach could not be enough appropriate in cases of hiding
some parts of the buildings or in very unusual relative
disposition of objects because very complicated image
understanding procedure have to be applied.

2. IMAGE DESCRIPTION

Another solution is to introduce a simplified model of stereo
images. The description is based on the topological properties
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of areas in the sterco images. A picture language grammar
technique could be applied to formalised the process of image
description and to cover different possibilities of image
configurations. Such technique is very largely used for
description of two dimensional or three dimensional images
(Fu, 1982). Similar approach was suggested for description of
planar objects in single photos or contour maps (Marinov,
1988). It formalises the process of generating hierarchical
description of contour images. For purposes of stereo image
processing such approach have to' be enlarged to involve
additional information. The information includes the parallax of
contour lines, the position of the objects relatively to centre of
the photo and the topological properties of areas in both
images. In that situation only the walls oriented to the centre of
the photo could generate visible areas in the image. The main
properties of the image description have to take into account
the relation between the areas in the image and connection
between the areas and the contours. Primary elements that are
used for description are arcs (the segments of lines between two
points of connection). From a topological point of view nodes
are only points of connection of more than two arcs, taking into
account the type of arcs (wall edges, foundation border and so
on) the segmentation of arcs could increase. The main
topological properties that have to be taken into account are the
relations of the types: adjacent areas, clusters of areas, included
clusters of areas, hanging areas (with only one point of
connection. The specific properties of artificial objects includes
areas of following types: roofs, walls, terrain and hidden parts
of them.

For purposes of contour description only the tie points and the
arcs could be used. In such situation it would be difficult to
generate relation between areas. The usage only of the
topological properties of arcas and their relation would increase
the difficulties in contour generation and arcs processing.

The form of description proposed here is based on defining the
different types of arcs elements and topological description of
relations between them. The primary topological elements are
arcs separating adjacent areas. There are involved four types of
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arcs based on changing the height of their end points (estimated
by parallax in the two images) - border and skeleton lines of
roofs (with almost equal height), foundation lines of walls (with
almost equal height), border lines of walls (with high difference
of height along their length) and terrain lines (with smooth
change of height of line). The description of every arc contains
address information (pointers) to the subsequent arc in the outer
contour and in the inner contour. The isolated set of adjacent
contours contain outer contour of whole set and inner contours
of separate areas. For outer contours is used clockwise direction
of contour elements connection and counter clockwise direction
for inner contours. For such definition of contour following is
ensured the opposite direction of contour tracing on opposite
sides of the arc. For contours lying along the outside contour
such description produces the list of contours in cluster. For
inside contours is necessary to scan all inside lines of the areas.
The description of the correspondence between the areas and
the arcs and the topological state of connectivity and adjacency
and is ensured by pointers attached to every arc. For every arc
are used two pointers to the internal and the external contour.
The arc is presented as a vector with a head joint point (1) and
a tail joint point (2). The pointer corresponding to node 1
ensure connection to next arc element of internal contour (in
counter-clockwise direction) and the pointer corresponding to
node 2 ensure connection to external contour (in clockwise
direction). The direction of outer contour arcs is corresponding
to internal contours (counter clockwise). If increasing the speed
of processing is necessary to every node of arc is possible to
attach two pointers to ensure bi - directional scanning of every
contour but this tends to enlarge the amount of used memory.
For the main arcs of the external contours the definition of
external and internal contour is obvious. For the non-main arcs
of the external contour and the arcs separating contours from
equal level the internal contour is an own contour and the
external is an adjacent to the arc. The pointer is used to point
the main arc of the internal contour. In such way the orientation
of the arc is defined and the appropriate pointer is used to form
a contour. It is assumed that the main arc of a scanned contour
is known when the contour is formed. For internal contours the
pointer of the main arc is used for a connection with the contour
from a higher level. For the non-main arc the pointer ensure a
connection to the main arc of the own contour depending on the
arc orientation. (own contour could be the contour from higher
or lower level). For every isolated cluster one of the external
contours is marked as a leading contour by its main arc. It has
connections to the next cluster (if exist) or to the previous
cluster (if it is not first) or to the higher level of included
clusters. Every contour from external ring is connected to the
next one by its external arc that is usual main arc. For internal
contours it is not always possible to define a ring of contours
but it is possible to find a path to them from some of the
external contours. For the non-main arcs of the external contour
is used an additional pointer to the main arc of the contour,
respectively to which the first arc pointer (node 1) is oriented.
The same rule is used for the main arcs of external contours but
for them such pointer is not necessary to be used. In such way
the clockwise following the external contour and the counter
clockwise direction for internal contours from the external ring
is used.

To produce a hierarchical description of the image it is
necessary to introduce additional information about contour sets
lying inside or outside from the defined contour. To describe
such relations it is necessary to formulate a restriction over the
sets of the clusters. Inside of every contour it is possible to exist

a set of separate clusters of adjacent contours. To describe such
type of information for every cluster is chosen a contour that is
marked by a leading arc element (start element in the arc list for
contour). For the leading arc elements are defined two
additional pointers - first to the next element in the list of the
isolated clusters that are lying inside the contour at a higher
level and a second pointer to the list of inside clusters.

Such approach is convenient for generation of a contour
description from arcs and gives possibility to generate high
level description convenient for usage in the relational data base
environment.

3. FORMULATION OF PICTURE GRAMMAR

The necessity of two dimensional elements description involves
usage of corresponding type of grammar. Suitable for that
purposes is PLEA-GRAMMAR (Feeder, 1971). A N-attaching-
point element (NAPE) is introduced in it. The grammar is

represented by the six-tuple (V1,V. P, So, Q. qp), where

Vr - is a finite non-empty set of terminal (non-
productive) elements;

VN - is a finite non-empty set of non-terminal elements
(productive);

Vi Vg = 0

P - is a finite set of productions (generating rules);

S €Vy isaspecial NAPE - initial;

Q is a finite set of symbols called identifiers that form joint lists
(of internal joint points of NAPE set) and tie-point list
(consisting of external points of NAPE set)- identifying the
links between elements; The identifiers could be represented by
integer corresponding to the number of tie-points of single
NAPE.

QN (Vr nVy) = 0
qo € Q is a special NULL identifier, that is used to

show that corresponding NAPE from NAPE list is not
connected to the described joint or tie point.

An extension of grammar is used in which except traditional
joint point for which are necessary at least two non-zero
element in joint list a special type of joint is introduced that is
implied connected to the main arc of the contour. This
additional joint type is used for contour definition that could
involve only one connected non-zero element. According to the
above definitions the presentation for a set of four NAPEs with
five joint points (four for arc connection and one for contour
definition) and two tie-points is represented by set of
components and two lists (of joint and tie-points) of the form:

ViV, V3V,(419,9394591929394>919293945919293945
41929394 )(41929394-91929394)

The terminal grammar elements are corresponding to the basic
elements of the topological description. They are defined based
on the order of the connectivity of the element. Two kinds of
links are present - direct links to consecutive arcs in contour
and links to the clusters of the same level or different levels
(upper or lower) and with their properties as boundary of plane
regions. It seems to be very attractive to separate the plane
region with finite arcs and edge line properties of three
dimensional objects but it is not possible due to the fact that
photogrammetric image is two dimensional projection of three
dimensional objects and the complexity of the solution is
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respectively as the problem of finding of the visible and the
invisible lines in computer graphics. In general case the
solution is very complicated but applying the restriction of
relatively small angles between the projection rays and vertical
planes (as walls) the presentation could be simplified. Taking
into account such restriction the following groups of arcs could
be formulated:

I. Arcs without changes in height between two areas or with
relatively low difference in slope - a type arcs separating
different areas.

IL Arcs with jump in the height between two adjacent areas:
r - roof/terrain border (or roof/roof);

v - wall edge / terrain border (or wall edge/roof);

p - roof / wall border;

w - wall / wall border (between different buildings);

III. Arcs defining break in surface slope, not in height:

h - wall / roof edge;

t - terrain / wall edge (or roof / wall edge in situation when a
part of the building is lying over the roof or terrace);

e - visible edge between surrounding walls.

In situation if nodes are marked only at that points where more
than two arcs are connected some combination of height arcs
could appear and should be added to terminal arcs set. The arcs
of this type are:

J - right arc of type wall / terrain (sequence v,t);

1 - left arc of type wall / roof or terrain (sequence t,v);

u - arc of type single wall (sequence of v,t,v arcs);

n - arc of type internal roof (sequence p,t,p);

f- left part of internal roof (sequence p,t);

g - right part of internal roof (sequence t,p);

The different topological type of arcs is established by usage of

different subscript index with following meaning:

k - main external arc of leading contour of last cluster;

m - main external arc of leading contour of non-last isolated

cluster;

¢ - main arc of external contour of non-leading contour;

b - non-main outside contour arc of isolated cluster; -

i - internal arc between two different contour from equal level;

s - non-main arc of contours from different levels;

d - main arc of internal contour, oriented in direction to point

the contour of upper level.

o - single or last isolated contour;

q non-last isolated contour from set of isolated contours or area
* clusters.

It is necessary to be mentioned that not all topological types for
different height types of arcs exist. According to this the
following extended set of topological and height types of arcs
that are possible are forming the set of finite elements of
grammar.

1. Non connected elements:

Se - empty initial area;

2. First order connected elements:

sq-initial outside area, containing sub areas (isolated arcas or
area clusters.

3. Second order connected elements (one pointer to inside
cluster list and one implied connection to own contour):

a, - separate (or last) isolated area.

4. Third order connected elements containing two pointers to
the next arcs of the own and adjacent contour and one pointer to
the main ‘arc of the own contour, or to the main arc of the upper
level contour for an element of type d.

5. Fourth order connected elements (two pointers to internal
and external contour and one pointer to internal isolated cluster
list and one implied connection to own contour.

6. Fifth order connected elements (two pointers to internal and
external contour, one implied connection to own contour, one
pointer to internal isolated cluster list and one pointer to the
next cluster.

The non-terminal elements set could be defined based on
formulation of the main processes of generation of the
topological configuration. The generation processes could be
separated in several main steps. The image generation starts
with transaction from initial element to sets of isolated
contours. Every contour could converts to cluster of adjacent
contours by attaching of areas (only by outside not self-closed
arcs following clockwise direction). This process allows to
form not only outside ring of contours but inside contours of
arbitrary levels. To model the process of generating of hanging
contours (attached in point) a zero length arc is involved (with
coincide head and tail node points). The process of growing of
cluster stop when the main element of leading contour changes
to round state. As a result the main arc element of every contour
is defined and non-main arc elements transfer to terminal. The
last step is transition to mode of generation of isolated sub-
contours or conversion to terminal elements.

The presentation of different generation processes is done by
usage of additional subscript index corresponding to the special
activated state of the arc:

p - generation state of isolated contour;

) - generation state of the external contour arc;

% - last isolated arc by the moving external arc;

¥ - scanning state of the new external arc over the isolated arcs;
@ - isolated arcs scanning state;

¥ - generation of hidden contours state.

The main group of non-terminal elements could be defined as
set of elements, corresponding to the terminal ones. It had to be
enlarged to take into account their different states of generation.
It is convenient for that purposes to use subscript index. To
every one generation process corresponds a set of the rewriting
rules. To restrict the number of the non-terminal elements not
only context free but context dependent rules are used too.

The first set of rules formulate the generation of isolated
contours and sets of isolated contours, transition between
hanging contours and main arc element in generation state.
Only for initial few production rules the full form of
presentation will be used because it takes a lot of space. The
generation of initial contours and the chains of isolated
contours is describe by the rules:

Se()—=>se() So() > SqAo(11)(02)
Ag(1,2) > Rp(1,2)

AO(1,2)->AOP(1,2) RO(I,Z)—*)ROD(I,Q)
Ao (1,2) > AgA o (21)(10,30,02).
Ao(123) > Ag,(123)
Aq(1.23) > Rgy(1,2,3)

(M

499

International Archives of Photogrammetry and Remote Sensing. Vol. XXXI, Part B3. Vienna 1996



The generation of internal contours of existing contour starts
from isolated contours or main arcs in state p:

Yo, (1,2) = YoA o (21)(10,02)
Yo, (1,2,3) = YoA ¢ (3,1)(10,20,02)

Wi, (1,2,3,4) = Wy, A (41330)(10,20,02) ©)
Wp, (1,2,3.4) = Wiy Ao (41330)(10,20,02)

Wy (1,2,3,4,5) = Wiya A 6 (51330)(10,20,30,40,02)

where symbol Y €(A, R)and W is arbitrary arc from
the external contour symbol set (A, R, U, J, V, T).
The second set of rules is connected with generation of adjacent
contours to the arcs by applying the rules for creating of
surrounding arcs. Initial set of production rules includes rules
for generation of adjacent contours from single contours of type
AorR.

Ap(1,2) = YA Y (011,102,220;330,003)
(040,004)
Ao(1,2,3) = YiA ;Y (011,102,220330,003)
(040,004,050)

R, (1,2) = R R Y (011,102,220;330,003)
(040,004)
R (1,2,3) > RiRy Y (011,102,220;330,003)
(040,004,050)

3

A separate set of rules is formed by rewriting rules for
generating of external or internal self-closed contours. The rules
for external touching contour have the form:

Ao(1,2) = A Y (12,21;30,03)(40,04)
Aq(1,2) = Ay Y (12,21530,03)(40,04,50)
R (1,2) = R Y (12,21;30,03)(40,04)

Rq(1,2) = Ry Y (12,21;30,03)(40,04,50)

“)

Such type of internal and external contours, attached in single
point, does not belong to special type of image description
because specified joint elements in grammar are arcs and
contours instead of connecting nodes. Similar form have the
rules for internal self-closed contour.

Ao(1,2) > Ap Yy (11,22;30,03)(40,04)
Aq(1,2) = Ap Yy (11,22;30,03)(40,04,50)
Ro(1,2) = R Yo (11,22;30,03)(40,04)
R (1,2) = Rp Yy (11,22;30,03)(40,04,50)

&)

The process of area cluster growing continues with generation
of an additional external arc in clockwise direction (according
to external contour arc connection). It could be divided into
four steps: generation of a moving arc with a fixed initial node,
moving the end node of the arc, transformation of isolated
external arcs into new type and scanning of contours of isolated
arcs for finding of entire isolated contours.

The generation of a moving arc could start from a node between
the arcs or from internal point of the arc. The rules are similar
for the arcs of type A and R. For arc of type A the rules have
the form:

Ax > AxAp Yoy Ax
Ax > AxAr Yoy
Ax = RyRiYeq

Ay > A YA,

WyAx = Wy ¥y Yeu Ry
WxAx = WyYps Yoy
WyAyx = WxYYeq
WAy —> Wy YA

where index X means arc of type K, M, C or B and
symbol Y arcs of type A or R and symbol W arc of type A, R,
U, I, V. The presentation of the rules for the arcs of type “roof”
is as follow:

Ry = RyRjy Wey Ry
Ry = RxRyz Wey

Ry = RyR;Yeq

Ry = Ry YRy

WxRy = WyRps Yoy Ry
WxRyx = WyRps Yoy
WyRyx = WxR(Yeq
WyRy — WY Ry

An additional group of rules is connected with moving of the
node of external arc and finishing of moving:

YCQ Wy = WxYeq

YeaWx = Wy Wi Yoy

YeaWx = Wiy Yoy ®)
YeaWx = Wy Wi Yoy

YeaWx = Wiz Yiuw

©)

O

A special group of rules are connected with generation of the
arcs presenting visible walls. They could be produced starting
from a roof arc.

Ry = UeaqRy

Rx = RxUcqRy

UcaRx = RiUcq

UcoRx = HipUcpRy
RiUcq = HigUcy
RiUcaRyx = RiHyUcypRy
RiUcaRx = RiH5Ucy
RiUcqRx = HiR5UcyRy
RiUcaRyx = HiRg Uy
RiUcqRx = HRzRepRy
RiUcaRx = R{R{J¢cq
RiJcaRx = RiR{Req
RiJcq = RizRey
RicaRx = RiRzReypRy
RiUcqYe = HiJcaYe
RiUcaRxYe = HiRJeaYe

()

where symbol Y €(V, J, U).
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There is a peculiarity in application of the above rules. During
the arc head movement a change of the arc type could happen,
depending on the sequence of isolated arcs. The finishing rules
for producing the right part of the wall arcs depend on the
relative position of the adjacent walls (on same building, on the
near or far from the projection centre.

JeaVx = EpJew Vx
TeaVx = Wigley Vy
JeaVx > Wiz Ucy
Jealx = Bz ley Tx
Jealx = WiplewJx
Jealx > WipUgy Ty
JeaUx > Eizlep Ly
JeaUx = Wig Ty Uy
JeaUx = Wiz Uy Ly

(10)

The similar form have rules for generation the left part of the
wall border when the lower part of the wall is hidden by the
part of the staying in front building. The starting rules have
similar form if the wall is hidden by wall or by the roof. The
more usual situation when the whole walls are visible tends to
another set of production rules.

Another set of rules is formulated for generation of arcs,
corresponding to the projection of the roof over the wall. Three
groups of rules could be mentioned for generation of roof / wall
border: for arcs in the middle of the wall (type N), left side arcs
(type F) and right side arcs (type G).

A special groups of transition rules are connected with
conversion from external to the internal contours. To ensure
this process two stage procedure is used. At the first
scanning of all the isolated arcs from the new formed contour is
applied. The rules use state modifier of type ®. For every
contour is applied a procedure for internal contour scanning.

stage the

After internal contour scanning it is possible to apply two type
of production rules. - the rules for transition to terminal
elements or the rules for generating of invisible lines. The
procedure of generation of invisible lines starts from the main
contour of the external level and moves around the all arc to
convert them in status of generating the hidden lines. Such
conversion is possible only for clement of type “border”
(excluding e and h arcs). During the conversion process the
generating procedure finds the lowest level contour in the
processed cluster. For that contour is generated contour of arcs
of type t or hidden arcs from the border type arcs. The
concurrent description of contours is produced that is similar to
the description for the visible one but without elements of type
“edge” (h, e). If contours from lower level are not attached to
the upper level by element of type r, a change of the main
element of the contour is produced. After that all arc elements
of internal contour are converted to terminal ‘state. The scanning
proceed with the contours of the upper level until the highest
level for current cluster is reached. During that process the
description of internal contours is produced for which some
arcs of type r or v could be included several times in the
contours of different levels. The process of image description
generation for simple block of three buildings with different
height and disposition is shown in Fig.l. The corresponding
producing rules are shown in the right part of the Figure 1.

501

4. MAIN STEPS OF PROCESSING

The first step of processing includes contour finding procedure.
To ensure reliable closing of the contours it is appropriate to
apply edge detector procedure after image segmentation step. In
that case the contour detector could be applied only to that arcs
of the image where preliminary area boundaries pass.

The second step applies contour matching between two stereo
images. To ensure good height accuracy a method for arc chain
coding with subpixel resolution have to be used. This procedure
is applied only to those arcs that are visible in two images if
correspondence could be estimated. The estimated height
properties of the arcs are attached to the generated arcs.

The third step of processing is application of producing rules of
the above defined grammar to connection of arcs with their
height properties. The goal is to produce an image description
that is allowed in terms of the defined grammar. The last stage
of this step is the creation of a separate object description.

5. DISCUSSIONS

The suggested approach of description of images of urban areas
could be applied after procedure of automatic contour
extraction and contour matching in digital stereo images or after
collection of vector data by a digital or an analytical plotter.
The generation procedure could be applied for creation of a
skeleton model of the object or for verification the accuracy of
the arc labelling

The problems that arises are that it is not possible to ensure
height information for all visible arcs in two images. The
second problem that arises is related with contour disconnection
due to the presence of noise in input image and unperfected
contour tracing procedure. As a result gaps in the model appear.
To solve that problems an improvement of the grammar by
adding of stochastic rules have to be done.

Another problem is due to the fact that the suggested approach
is based on height information of the arcs and especially the
relation of arc heights in joint points. For such points a contour
matching procedure could failed and to avoid this the height
information have to be determined in the nearest to the
connection point area of the image that produces some
limitations for low resolution images or relatively small objects.

The produced image model could be used for excluding the
building areas from generation of DEM or for purposes of
mosaicing of two stereo image during the process of digital
photo  transformation. For purposes of  orthophoto
transformation a mosaic of the selected parts of the processed
images could be created in which the hidden areas in one of the
stereo images are taken from another image if corresponding
area could be found in it.

The filled up model containing information for the terrain and

the artificial objects (buildings and etc.) could be applied also in
a similar way for purposes of an improved land cover
classification. The mosaicing of the areas of the two images
could be done to complete the classified image of the terrain.
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The initial steps of model image forming shows convertion

from isolated area Rg to left shown image by applying the
following rules:

generation of attached roof
Rq = RIRyR¢
generation of wall from roof
Re > ReUcqRp
UcqaRp = Hig Ucy Ry

The second image is produced as a result of following rules:

generation of roof covering wall
UcJcUcals

Ucolg > G Ucy Vi

generation of wall starting from covering roof
Re = RelegRy

LeaRp = Hileq

HiLeq Ve = FVileq

VileoRx = E{HLeq

HiLeqRy = H Vip Leg Ry

The third image is produced as result of following rules:

generation of surrounding wall starting from wall
Le = LeEiLeq

EiLcoRy = WiHiz Loy Ry

generation of adjacent wall

Lo = TeE(Lcq

EiLcoRy = EHizLey Ry

generation of surrounding walls starting from roof:
Re = ReUcqRy

UcaRp > HizUcy Rg

generation of adjacent wall

Ue 2 JcEiLeq

EiLcqRp = EjHizpLey Ry

Figure 1. Production rules, creating simple block of buildings.
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