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One of the most important aspects of early human vision appears to be the structure it imposes on 

the stimulus in the form of perceptual grouping. It identifies elements in the visual field that in some 

sense "go together." This phenomenon was first pointed out by the Gestalt psychologists [3] and has 

important consequences. First, it improves the efficiency of the process of parsing the visual field into 

surfaces and objects and in the recognition of those objects by reducing the amount of data these 

processes must handle. Second, it sometimes results in percepts that do not exist in the objective data 

but are introduced as a result of the internal biases of the system itself. Thus, grouping together the 

broken edge segments from an edge detector, would result in one long border of a region which no edge 

detector working on an intensity image could produce because of the intensity distribution. This paper 

outlines our work on extracting groupings and the resulting spatial structure perceived in dot patterns. 

The first step in our algorithm is the representation of the perceived "neighborhood" of a dot. We 

consider as the neighborhood of a dot P, the region in the plane closer to P than to any other dot. Such 

regions are cells defined by the Voronoi tessellation [1] of the dot pattern. Two dots are Voronoi neigh

bors if their Voronoi polygons share a common edge. Edges connecting Voronoi neighbors constitute the 

Delaunay graph defined by the dot pattern. 

The algorithm consists of two major phases. The first phase takes the dot pattern as its input and 

produces the lowest level groupings. The second phase starts with these groupings and produces the 

hierarchical structure (if any exists) in a recursive manner. 

The steps in the first phase are shown in figure 1. The first step (box A in figure 1) consists of 

three independent modules (boxes II, BI, and CI) running in parallel. Each of these modules responds to 

a certain aspect of the stimulus. The first one (II) identifies interior points, the second one (BI) identifies 

border points, and the third one (CI) identifies curves. The second step (B) corrects possible errors that 

might exist in the result of each of the three modules. The third step (C) combines the results of the 

border correction (BC) and interior correction modules (IC) performing a more global analysis. The out

puts of some of these modules obtained for the sample pattern in figure 3(a) are shown in figures 3(b)

(f). 

The modules II, BI, and CI all use probabilistic relaxation schemes [2] to identify dots as INTE

RIOR or NONINTERIOR, BORDER or NONBORDER and CURVE or NONCURVE, respectively. This 

specification of various types of dots is based upon the local geometrical properties of the Voronoi neigh

borhoods of the dots. Interdot compatibilities are obtained by enumerating all different contexts of a 

given type of dot and inferring the various constraints on the properties of the Voronoi neighborhoods 

and Delaunay edges that must hold for the dot to have the given label. The constraints for the 
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different cases are combined to get the final compatibility relations. To illustrate, let us take the exam

ple of the interior dot identification. In the interiors of homogeneous clusters, the areas of Voronoi 

polygons will be approximately the same and the eccentricities (eccentricity of a polygon is the direc

tional shift of the centroid of the polygon with respect to the dot) of the cells will be low. In the inte

riors of nonhomogeneous clusters the eccentricities will be high but they will be pointing in the 

increasing density direction. The possible contexts in which interior and noninterior dot combinations 

can occur are shown in figure 2. 

Once these compatibilities are defined, the relaxation labeling process is executed which results in 

the assignment of probabilities to each point of having a certain label (step A, module II in figure 1). 

The identification is obtained by selecting the label with the strongest probability for each object. If 

this turns out to be the wrong label, the later phases will correct this taking into consideration a larger 

context (step B in figure 1), information coming from other modules independently, and Gestalt 

assumptions such as border smoothness (steps B and C), and closure (step C). To perform the corrections, 

first the results of the modules (II, BI, and CI) are cross compared (figure 1). A module changes the 

labels of its input if doing so improves the measure of border smoothness and increases agreement with 

the results of other modules. The results reflect properties of a more extended spatial contexts of dots 

and edges than computed by the individual modules. Once the correction of the interior and border 

identifications is completed, then the necessary changes are made and the correction process described 

above is iterated on the new set of identifications until there are no changes. This iteration is necessary 

in order to propagate the effect of the label changes spatially. 

The corrected results from step B are combined with the aid of assumptions about more global 

properties such as closure of borders. To do this, first the borders around the points labeled as interior 

by the module IC are identified. This results in border segments around interior regions. Then, the 

intersection of these identifications and the results of the module BC is taken. This results in those 

Delaunay edges being identified as border that have confirmation from two independent processes. The 

result is a set of border segments and a set of interior points next to them. A connected component 

analysis is carried out on the regions surrounded or separated by the border segments. If a set of border 

segments defines a closed curve, no further processing is done on that region. If the border is not closed, 

then the process attempts to extend it with the eventual goal of closing it and, at the same time, ensur

ing that the border segment being extended is smooth. The algorithm works bottom up and is highly 

parallel. The modules IBC and CC have not been completed yet and are currently being worked on. 

The algorithm obtains the lowest level groupings present in the dot pattern. However, in patterns 

which contain hierarchical structures in them, the groups of dots obtained as a result of the 
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segmentation at this level can be treated as tokens to be further grouped recursively. Future plans 

include extending the algorithm to be able to obtain the hierarchical structures in such patterns. 
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Figure 1 - The modules and their interconnections that make up this system. 



(o.) (c.) (d) 

Figure 2 - The possible contexts in which INTERIOR and NON-INTERIOR compatibilities are 
computed. 
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Figure 3 - The results of processing sample dot pattern in (a): (b) interior dots identified 
(module II), (c) borders identified {module BI), (d) curves identified (CI), (e) interior points 
corrected (IC), (f) interior and border corrections combined (IBC). 
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