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Abstract 

Spatial relations play an important role in the re- 
search area of connecting visual and verbal space. 
In the last decade several approaches to seman- 
tics and computation of spatial relations in 2D 
space have been developed. Presented here is 
a new approach to the computation and evalu- 
ation of basic spatial relations’ meanings in 3D 
space. We propose the use of various kinds of ap- 
proximations when defining the basic semantics. 
The vagueness of the applicability of a spatial 
relation is accounted for by a flexible evaluation 
component which enables a cognitively plausible 
continuous gradation. For validating the evolved 
methods we have integrated them into a work- 
bench. This workbench allows us to investigate 
the structure of a spatial relation’s applicability 
region through various visualization methods. 

Introduction 
An important part of research in artificial intelligence 
deals with connecting visual and verbal space, that 
is, the translation of visual information into natural 
language descriptions. The advantage of linguistic de- 
scriptions in certain situations is based on the more 
compact possibilities of language for the transmission 
of information, compared to a graphical representation 
with the same content of information (cf. (Wahlster 
89)). For generating a scene description in natural 
language a correct treatment of the spatial relations 
is essential. Spatial relations are independent from a 
particular language and act on a higher abstract level 
as a connecting link between visually perceived data 
and natural language. The linguistic representatives 
for the spatial relations are prepositions in their spa- 
tial meanings (cf. (Retz-Schmidt 88)). Prepositions 
combined with descriptions of placement, an object to 
be localized (LO) an a reference object (REDO), build d 
the class of localization expressions (Herskovits 86). 

Today, research and applications in 3D space are in- 
creasing in import ante. Thus the old definitions of 
spatial relations, which were mainly for 2D space, need 
to be extended. For example, a localization expression 

like “the cur in front of the house” implies not neces- 
sarily that the car is at exactly the same height as the 
house. 

A purely geometrical representation of the seman- 
tics of spatial relations is not appropriate (cf. (Miller 
& Johnson-Laird 76)), b ecause functional dependen- 
cies and pragmatic principles are not considered. We 
therefore propose the use of a multilevel model (cf. 
(Gaw 93)). 0 n a low level, just the geometrical prop- 
erties of the objects (basic meanings) are considered. 
The higher levels provide the possibility to include 
functional dependencies and pragmatic aspects. Our 
objective here is to present a computational model for 
the basic meanings of spatial relations which proposi- 
tionally describes the relationships between geometri- 
cal objects in 2D and 3D space. 

In the definition of the basic semantics of spatial 
relations we agree with the thesis of (Landau & Jack- 
endoff 93), that if people are applying spatial relations 
they do not account for every detail of the objects in- 
volved. We are therefore able to use an approxima- 
the algorithm, which considers only the essential shape 
properties of an object. The evaluation of a spatial re- 
lation’s applicability differs from one person to another 
(cf. (Kochen 74)). This phenomenon is accounted for 
by integrating a flexible evaluation component. The 
exact specification of the gradation functions will be 
determined through psychological experiments, which 
are currently in progress. 

To obtain a validation of the developed algorithms 
they have been integrated into a workbench. This al- 
lows us to investigate the structure of a spatial rela- 
tion’s applicability region through various visualization 
methods (Gapp 94). The workbench is part of the VI- 
Z’RA (Visual TRAnslator) project which deals with 
the relationship between vision and natural language 
(cf. (And& et al. 89)). 

Related work 
HanRmann (HanBmann 80) developed in the SWYS 
project (HuBmann & Schefe 84) a module which an- 
swers queries about a 2D scene in German. To express 
the vagueness of the spatial relations, he uses the func- 

Spatial Reasoning 1393 

From: AAAI-94 Proceedings. Copyright © 1994, AAAI (www.aaai.org). All rights reserved. 



tions SFUNK and PF UNK of Zadeh’s Fuzzy-Set The- 
ory (Zadeh 65). Carsten and Janson (Carsten & Jan- 
son 85) developed a component in the NAOS project 
(Neumann 82) for classifying spatial prepositions in 3D 
traffic scenes. They used a hierarchy for each prepo- 
sition to generate more specified localization expres- 
sions like exactly behind. The range of applicability of 
a spatial relation was fixed, therefore no gradation was 
supported. Systems which used differentiated values 
for the applicability of spatial prepositions were the 
CITYTOUR and the SOCCER system of the VITRA 
project (Andre et al. 88). Both systems worked in a 
2D environment. A local coordinate system, which de- 
pends on the outline of the reference object, is initially 
defined. The distance between the object to be local- 
ized and the referent measured on the local coordinate 
system is then mapped to a fixed evaluation function 
(e-2). (Abella & Kender 93) presented a framework 
for a system that describes qualitatively 2D objects 
using spatial prepositions. They define a preposition 
by a set of inequalities. A fuzzification procedure us- 
ing Monte Carlo Simulation was used to account for 
the vagueness of prepositions. Some prerequisites for 
the prepositions applicability appear to be too restric- 
tive, for example, the applicability of near requires an 
intersection of the objects’ bounding boxes. 

In the approach presented here, we use an extended 
local coordinate system to approximate the reference 
object’s extension. Furthermore, we assign high prior- 
ity to the possibility of a cognitively plausible evalua- 
tion of the spatial relations’ applicability. 

Before turning to the computation, we briefly de- 
scribe the input of the algorithms - the objects’ shape 
descriptions - and the hierarchy of idealizations used 
for calculating the basic semantics. 

Object representation and idealization 
We need a geometrical representation of the observed 
objects in order to establish spatial relationships be- 
tween them. The object descriptions we use as input 
for our algorithms are described in terms of their sur- 
face boundaries, i.e., they are specified as collections of 
faces. The geometrical representation is currently re- 
stricted to the following types of faces: planar polygon, 
box, disc, ring, cylinder, and sphere. The geometrical 
model can have a hierarchical structure for grouping 
objects into a new object. The definition of types of 
objects, which might be instantiated several times, is 
also supported. 

In (Herskovits 86) Herskovits proposed employing 
various kinds of object idealizations, e.g., object ap- 
proximations to a point, a line, a surface, a horizontal 
plane, etc. Landau and Jackendoff also confirm that 
spatial relations depend mainly on boundedness, sur- 
face, or volumetric nature of an object and its axial 
structure (Landau & Jackendoff 93, p. 226). 

Therefore it seems reasonable to consider only ap- 
proximated shape properties of an object when com- 

puting spatial relations. In most cases, it is sufficient 
to approximate the object to be localized with its cen- 
ter of gravity, since only position is required for the 
applicability of the spatial relation. In our system the 
following idealizations are used: 

(1) Center of gravity. (2) Bounding rectangle (BR): 
The bounding rectangle of an object with respect to 
a direction vector v’ is the minimal rectangle which is 
aligned to v’ and contains the 2D representation of the 
object. (3) 20 representation: The base of each object 
(Necessary when perceiving objects from a bird eye’s 
view, e.g., maps). (4) B ounding right purullelepiped 
(BW (5) 30 P re resentution: The complete geometri- 
cal description of an object. 

Computation of spatial relations 

Three distinct classes of spatial relations are consid- 
ered, the topological relations, the projective relations, 
and the relation between, which takes an exceptional 
position in the group of spatial relations. Their ba- 
sic meanings with respect to their use in the German 
language, are described first, followed by explanations 
of the computational procedures. Accounting for the 
vagueness of the applicability of spatial relations, the 
result of a computation always lies in the interval [O. .l]; 
the endpoints stand for not and fully applicable respec- 
t ively . 

Topological relations 
The topological prepositions in German considered are 
an (engl. at) and bei (engl. near) in their local use.’ 

The semantics of “at” and “near” The topo- 
logical relations at and near both refer to a region 
proximal to an object. Their range of applicability 
therefore often overlaps. Differences appear mainly on 
the pragmatic level. If one has the choice between near 
and at to describe a spatial constellation, near is never 
preferred to describe a spatial situation with a direct 
contact between two objects. Therefore the following 
definition of the basic semantics is used: 

At localizes an object in the proximal exterior of 
a REFO. Contact is not necessary. For the applica- 
bility of the relation near contact between objects is 
explicitly prohibited. 

But note, in a question like “Is object A located near 
object B? “, it is still possible that contact between A 
and B exists. 

The computational procedure The computa- 
tional procedure for the topological relations at and 
near attempts to reflect the definitions as described 
above. Depending on the prevailing dimension, the 
REFO is approximated by either its BR or BRP, 

‘In the sequel only the English expressions for the Ger- 
man prepositions are used. Slight differences between the 
German and the English may appear. 
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aligned to its intrinsic front and the LO by its cen- 
ter of gravity CG( LO). If the REFO has no intrinsic 
front it may acquire an accidental front by virtue of its 
location (cf. (Miller & Johnson-Laird 76)). If a con- 
textual induced accidential front is also not available, 
then the deictic orientation is used. In the following, 
only the 3D case is considered. The 2D case can be 
treated analogously. 

Figure 1: Definition of the local coordinate system 

Based on the BRP of the REFO, a local coordinate 
system, as shown in Figure 1, is defined. The intrin- 
sic orientation of the REFO ZREFO, projected onto 
the plane orthogonal to gravitational force (horizon- 
tal), and the direction of gravity (vertical), determine 
the BRP’s alignment. Thus, the REFO should be in 
its intrinsic vertical position. If this is not the case 
at the time of calculation, a transformation of the ob- 
ject relative to its vertical alignment is necessary. The 
scaling along a single axis corresponds to the extension 
of the REFO along the prevailing dimension. To find 
the local coordinates of the LO, the BRP is aligned to 
the positive y-axis of the world coordinate system with 
the help of a rotation ROT, around the z-axis and 
then shifted to the origin. Expressing the rotation and 
the translation in matrix notation, the transformation 
matrix ~~~~~~~~~~ yields: 

MTransform := MTranslation *W~,(~REFO) 

Applying the matrix of transformation ~~~~~~~~~~ 
to CG( LO) results in the transformed center of grav- 
ity CGt ..,,r(LO) and thus, the Iocaldistance DISlj,, 
between LO and REFO with respect to the local ref- 
erence system. 

CGtransd~O) := MTransform * CG(LO) 
DISTloc(~O) := IlC%ransf(~Ohc 
The local coordinate system therefore ensures a scal- 

ing of the distance between LO and REP0 depending 
on the prevailing external dimensions of the REFO. 
The approximation of the LO by its center of grav- 
ity provides a appropriate evaluation if the two LOS 
have different sizes. Therefore, two buildings would 
typically not stand as near as a building and a fire 
hydrant. 

Using this method, topological relations can be com- 
puted in the 2D as well as 3D. Even instances in differ- 

ent dimensions, e.g., the LO is a parking lot and the 
REFO is a building, can be handled appropriatly. 

The local distances of different REFOs are compa- 
rable, i.e., object-independent, and this is a require- 
ment for defining a evaluation function, which maps 
the distances to the interval [O..l] of the degrees of 
applicability. The evaluation functions used here are 
cubic spline functions SpdincR,,. They ensure a conti- 
nous evaluation and, furthermore, a flexible definition 
of the graph. Figure 2 shows a possible definition of 
the evaluation functions for at and near. In partially 
instantiated queries incontiguity between regions of ob- 
jects involved is necessary for a successful evaluation. 
This is taken into account by the definition of the eval- 
uation function Splinenea,-. If the query is fully spec- 
ified (see the note above), then a curve shape like the 
one of at must be used. By means of modification, 
addition, and deletion of spline footings the evaluation 
can be adapted to the prevailing user’s perception. 

AT/NEAR 
I-"AWE 

Figure 2: Evaluation functions of the proximal region 
concerning at and near 

Given two objects LO and REFO, the function 
DA~el,,,o > which computes the degree of applicabil- 
ity Red(L0, REFO), can now be specified as: 

D*R%lpO : (LO, REFO) H SPLINERe~t,p,(DISTI,,(LO)), 

with Reltopo E {at, near} 

For the case local distance equal to 0, i.e., the LO 
is inside the BRP or BR, but not inside the REFO, a 
special scaling factor is applied to the evaluation func- 
tion, which is also dependant on the extension of the 
REFO. More details concerning the handling of the 
so-called critical ureas can be found in (Gapp 93). 

Projective relations 

The relations considered are in front of, behind, right, 
above, below, and as a special case the relation beside, 
which can be viewed as the disjunction of the relations 
right and Ieft. First a description of the basic meanings 
is given. 

The semantics of projective relations To eval- 
uate spatial relations with respect to the projective 
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(a) world coordinate system (b) transformed 
world coordinate system 

(c) local coordinate system (4 transformed 
world coordinate system 

Figure 3: Role of the the coordinate system in angle calculation 

prepositions, the computational procedure described 
above must be extended. The algorithm developed 
thus far can be used as a basis because using a projec- 
tive relation as well as topological ensures a localization 
of an object proximal to a reference object.2 Conse- 
quently, there is an initial requirement for the struc- 
ture of a projective relation’s region of applicability: 
If the distance from the L 0 to the REDO increases, 
then the degree of applicability decreases. Addition- 
ally the factor direction must be accounted for in the 
evaluation. This yields a further segmentation of the 
proximal region into relevant areas, i.e., areas in which 
the LO reaches a degree of applicability greater than 
zero. The reference system, which is necessary for the 
computation, depends on the different ways of looking 
at the REDO (intrinsic, extrinsic or deictic use). 

In summary, basic meanings of projective relations 
localize, with respect to a reference system, an object 
depending on the proximal region of the REDO and 
the canonical direction implied by the relation. The 
larger the direction deviation or distance, the smaller 
the applicability of a projective relation. 

The relation beside is the only projective relation 
with an orientation involving two opposite directions, 
which correspond to relations right and left. Because 
the use of beside always implies an alignment of the 
REP0 it is reasonable to define the region of applica- 
bility for beside as the union of the applicability regions 
of the relations right and left. 

The extended evaluation procedure As men- 
tioned before, the existing method for evaluating topo- 
logical relations can also be used for getting the prox- 
imal region of the REDO depending on its extension 
in each dimension. Additional requirements for pro- 
jective relations are the determination of a reference 
system (depending on the perspective used), and the 

2This holds in any case for questions using where. If the 
query is fully specified it is possible that the requirement 
of proximity is not necessary. But this will have to be 
determined in future research. 
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inclusion of the canonical direction implied by the pre- 
vailing relation. The conceptual system must deter- 
mine which perspective is to select in a specific case. 
In intrinsic use, every transformation that has already 
been applied to the REDO, must be reversed and then 
applied to the REP0 and the LO. This is very im- 
portant producing the correct result, e.g., using this 
procedure the computation of “the thigh is above the 
knee” still holds even if the person is sitting on a chair, 
with the thighs in a horizontal position. 

To calculate a reference system for extrinsic/deictic 
use, the gravitational force determines the vertical axis 
and the horizontal part of the extrinsic/deictic orienta- 
tion vector v’ determines arrangement of the two hor- 
izontal axes. Dependant on this reference system, the 
local coordinate system is built up as described above. 
With respect_ to this reference system the local dis- 
tance DISTC, is computed from the local coordinates 
of the center of gravity and mapped to the evaluation 
function SPLINEproj. In contrast to the evaluation 
of topological relations, the deviation of the LO from 
the canonical direction, implied by the projective re- 
lation, is taken into account. Therefore, let 7 be the 
direction vector implied by the projective relation and -# s = CG(L0) - CG(REF0). Then a = L(s’,?J de- 
notes the deviation of LO from the canonical direction 
r’referring to the world coordinate system (Figure 3a). 

Let r’tran8f = Mtransf(r9 and Srtransf = Wransf(s9, 
the transformed vectors of r’ and s’ are referring to the 
local reference system. The angular deviation is not 
affected by the transformation (Figure 3b). 

Let ,;lroaensf = CGtran,f(LO) - CGtransf(REJ’O) 
be the vector between the two transformed centers 
of gravity (referring to the local coordinate system). 
Hence, ,8 = L(s;fP,e,,f, r’&,,f) is the local angular de- 
viation, referring to the local reference system, and 
p # CY. This is important because the angles referring 
to the world coordinates do not consider the extension 
of the REFO. However, computing the angle using the 
local coordinates, as shown in Figure 3c, includes the 



reference system in the evaluation of the direction de- 
viation. The distinction between the two variants will 
be obvious when the local coordinates are transferred 
to the world coordinate system (Figure 3d). Like the 
local distance, the angle is mapped to a spline function 
SPLINEan,ze, which results in a value between 0 and 
1. 

The inclusion of the direction, with the help of the 
direction deviation, can be applied to 2D as well as 
to 3D data. In the 3D instance, the angular devia- 
tion /? increases, corresponding to a larger or smaller 
z-coordinate of the vector v’ and hence the value of 
SPLINE,,,l,(P) also increases. Given two objects, 
LO and REFO, and an orientation vector c, the de- 
gree of applicability DAR~~,,,,~ of a projective relation 
Re&oj can now be defined as: 

DARelproj : (LO, REFO,3) n 

SPLINEprox(DISTIJ,c (LO)) . SPLINE,,,l, (P)) 

with Rdproj E (behind, left, above, . ..} 

Figure 4 is a visual example of the 3D applicability 
structure of above (a) and right (b) using a building 
as REFO. The darker the grey areas of the relation’s 
region of applicability are, the higher is the degree of 
applicability. 

Figure 4: Cross-sections of the 3D applicability struc- 
ture of above and right 

The relation “between” 
The relation between occupies an exceptional position 
among the static relations considered because it refers 
to two reference objects. 

The semantics of “between” The basic meaning 
of between is defined by the structure of its region of 
applicability. The location with the highest degree of 
applicability is normally exactly midway between the 
two REFOs (provided no other object lies inside the 
interspace) Increasing the distance to this location de- 
creases the applicability, depending on the extension 
of the REFOs. This dependence on the REFO is ex- 
pressed by a displacement of the region of applicability 
towards the REFO with the smaller extension. The 

structure of the region of applicability is specified pic- 
torially in Figure 5. 

Figure 5: 2D Applicability structure of between 

The computational procedure Approaches for 
computing the applicability of between can be found 
in (Hanfimann 80; Habel 89). A cognitively plausi- 
ble gradation was not supported by these approaches. 
Because of this, we use a new method to compute the 
applicability of between; it is as follows: Four essential 
variables need to be considered: 
1. The distance between the two REFOs 

2. The angle WGLO CGREFO~~CGREFO~ CGREFO~) 

3. The angle L(CG~O CGREF02pCGREF02 CGREFOd 

4. The extension of the REFOs. 

Neglecting the second REFO in the requirements 
given above and taking into account the vector which 
results from building the difference of the REFOs’ cen- 
ter of gravity, there are the same requirements that 
have to be met by the evaluation of the projective re- 
lation in front of. So it is natural to make use of 
the computation in front of to obtain the semantics of 
between. Hence between is defined as: 

An object LO is located between two reference ob- 
jects REFOl and REFOZ, provided it is extrinsic in 
front of REFOl, using REFOd as point of view, and 
vice versa. 

Mathematically such a double dependency can be 
expressed by taking the arithmetic mean of both de- 
grees of applicability: 

DAbetween : (LO, REFOl, REF02) w 

with J1 = CG(REFOi) - CG(REF02) 
and 3 2 = CG(REF02) - CG(REFO1) 

Figure 6 shows that the 2D structure of applicability 
for the relation between fulfills the exact requirements 
of the semantics above. 

Figure 6: The structure of applicability of between 
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Implementation 
The presented computational model was fully imple- 
mented and tested. For validation purposes different 
visualization methods (cf. (Gapp 94)) are used to get 
an idea of the spatial relations’ region of applicabil- 
ity (Figure 4 and 6). The system proceeds from a 
geometrical scene description and answers questions 
in natural language about the constellation of the ob- 
jects involved in a cognitively plausible manner. Using 
an object indexing method permits an immediate ob- 
ject access to accelerate answering partially instanti- 
ated queries. Presently every possible applicable spa- 
tial relation has been generated. The construction of 
a component which decides what spatial relation or 
compositions in a certain situation should be used is 
currently under investigation. 

The computational model is integrated in a work- 
bench which serves as a basis for the incremental event 
recognition component of the VITRA project. 

Conclusion and future work 
In this paper methods were developed for computing 
the basic meanings of spatial relations with respect to 
geometrical object properties. We have proposed an 
approximative algorithm which represents a reason- 
able compromise between simplification and necessary 
exactness. The described methods for computing the 
relations between objects in 2D and 3D space consider 
the extension of the REFO and permit a plausible eval- 
uation dependant on the user’s perception. The eval- 
uation procedures are applicable to 2D as well as 3D 
scene data. Even the application of a spatial relation 
to objects with different dimensions, e.g., a parking lot 
and a house, is supported. 

The next step is to acquire psychological evidence 
of the applicability of basic spatial relations’ mean- 
ings. For this purpose, empirical studies have been 
designed. Subsequently further phenomena can be 
considered, e.g., the influence of intervening objects 
or borders. 
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