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1 Introduction

In recent years, crystallographic studies have generated an explosion of infor-
mation on molecular structure. The three-dimensional structural information
obtained from such studies provides precise and detailed depictions of molecular
scenes, an essential starting point for unraveling the complex rules of structural
organization and molecular interactions in biological systems. This information
is normally stored in databases in the form of unstructured atomic coordinate
data. The research described in this paper is concerned with the organization
of this structural knowledge into a case base of molecular scenes. The creation
of such a case base provides a foundation for a computational strategy for the
analysis of new scenes based on the experience embodied in the stored cases.

Molecular scene analysis [FCG+93; GFA92] is concerned with the automated
reconstruction and interpretation of crystal and molecular structures. A key
feature of this research is the integration of the available knowledge on molecular
structures into image reconstruction tools through the techniques of case-based
reasoning and machine discovery. Discovered spatial and visual concepts index
cases that can be used to anticipate the identity and relative locations of parts
in a molecular scene.

This paper describes how existing structural data can be organized so as
to permit efficient and rapid retrieval from a case base of molecular scenes.
Section 2 overviews the process of molecular scene analysis. In Section 3, issues
involved in the representation, indexing, matching, adaptation and evaluation
of molecular scenes are presented. The paper concludes with a discussion of
related research in this area.

2 Molecular Scene Analysis

Marr [Mar82] defined computational vision as the "process of discovering what
is present in the world, and where it is". A similar discovery process takes
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Figure 1: Processes for Molecular Scene Analysis

place in molecular scene analyses. For example, crystal structure determina-
tion, molecular structure classification and prediction, and studies of molecular
recognition processes, can all be viewed as exercises in molecular scene analysis.

Figure 1 illustrates the five independent, but communicating, processes in-
volved in the reconstruction of a three-dimensional molecular scene from ex-
perimental diffraction data [FCG+93]. The image anticipation process involves
the retrieval of motifs from a case base according to available chemical and
structural information. In the image enhancement 8¢ segmentation process, an
experimental electron density map (three-dimensional image of a crystal struc-
ture) is subjected to standard noise reduction and density modification routines
and segmented into distinct blobs/regions that correspond to structural features
of the image. The pattern matching process involves the comparison of uniden-
tified features derived from the segmentation process with anticipated motifs
retrieved from the case base. In the scene analysis process, the possible in-
terpretations are then evaluated using global constraint satisfaction techniques
[Kon93]. Finally, in the resolve process the structural information determined
in the scene analysis process is integrated into the direct methods tools [ttau86]
so as to refine and enhance the emerging image.
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The process of molecular scene analysis can be expressed as a state space
search, where the initial state is an uninterpreted image and the goal state
is a comprehensive interpreted image of the scene. The state space for this
problem is represented as a set of partially interpreted images, depicted by
symbolic arrays containing symbols denoting the molecular parts in a scene.
These symbols may correspond to identified or currently unidentified parts. The
goal of case retrieval in molecular scene analysis is to find a set of previously
determined scenes (cases) which either 1) share visual properties (shape 
volume) with an unidentified part in the new image, or 2) share structural
features with the image (i.e. have identified parts in a similar configuration).
Case-based reasoning is applied primarily in the image anticipation process (see
Figure 1) of molecular scene analysis. 1 Here, chemical, structural and visual
information is used in to retrieve cases containing image motifs for potential
pattern matching. Thus, it is important to be able to index the case base
according to the visual and spatial qualities of molecular images.

Crystal structure determination, an example of a molecular scene analysis
exercise, is an iterative process which can be modeled as the resolution of the
three-dimensional image of the atomic arrangement within the crystal. Initially,
the electron density maps to be analyzed are of low resolution. Thus, at this
stage our case-base reasoning is guided primarily by fuzzy shape information
and chemical information (e.g., primary structure). Once some partial structure
information has been hypothesized, this information can be used in the resolve
process to improve the overall image. This is possible because of the Fourier
transform relationship between the data and the image formed [FN89]. Once a
partially interpreted image has been formed (represented by a partially defined
symbolic array), the available three-dimensional structural information can also
be used to anticipate the identity of unknown parts of a scene. The rationale
here is that parts of an image often appear in similar contexts. Thus, a potential
interpretation can be hypothesized based on whether it has occurred previously
in a similar context (defined by the interpreted parts of the scene).

The process of crystal and molecular structure determination usually relies
on an individual crystallographer’s ability to recall, compare and adapt three-
dimensional structural motifs of previously interpreted scenes. Because of the
chemical constraints placed on molecular images, it is rare that reconstructed
scenes do not contain any parts which have not occurred previously in a similar
spatial configuration. Thus, efficient retrieval of relevant experiences and the
ability to represent, index and pattern match molecular images or motifs, based
on their three-dimensional spatial structure, can greatly aid in molecular scene
analyses.

Rapidly growing crystallographic databases2 were conceived in the 1960’s

1 However, it may also be beneficial to use case-based reasoning in image evaluation.

2The Cambridge Structural Database contains over 100,000 organo-carbon compounds and
the Protein Data Bank contains approximately 700 macromolecules; database sizes grow by
more than 10% per year.
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and 1970’s to contain the explosion of information being generated. For many
years, access to the three-dimensional atomic coordinate data, the vital exper-
imental component of the databases, was gained through information retrieval
and database analysis techniques applied to bibliographic or chemical data. Ba-
sic knowledge, in the form of standardized geometric descriptions of molecules
or fragments of molecules, could be generated from retrieved coordinates, but
comparative analysis of large numbers of instances was primarily a manual op-
eration. In recent years, an expanding repertoire of statistical and numeric
techniques have been introduced to survey, organize and view the geometric
data, in order to recognize patterns and relationships [ADT91]. This paper is
concerned with the further transformation of the ever-growing databases into
case bases that will ultimately provide the foundation to a knowledge-based
approach to molecular scene analysis.

3 Case-based Reasoning

A crucial component in a computational approach to molecular scene analysis
is the ability to retrieve structural motifs from a case base and adapt these
to classify parts in a partially interpreted image of a novel molecular scene.
Because indexing and matching are based on the three-dimensional structure
of a molecular scene, there are unique problems that must be addressed when
carrying out case-based reasoning in this domain. In the remainder of this
section, we consider the issues of case representation, indexing, matching and
adaptation for the problem domain of molecular scene analysis.

3.1 Representation of Cases

In molecular scene analysis we are primarily concerned with questions pertaining
to shape and spatial relationships whose answers rely, in part, on the efficient
recall and analysis of previously determined molecular scenes. Thus, the rep-
resentation and indexing schemes for case-based reasoning must capture the
fundamental visual and spatial properties of the scenes. Currently, crystallo-
graphic databases contain geometric descriptions of the atomic coordinates of a
molecular scene. Although this information is sufficient and complete, it is not
organized for efficient retrieval and pattern matching based on the structural
similarities of scenes. Thus, we incorporate a representational formalism for
computational imagery [GP92], which was tailored to facilitate the processes
of mental imagery - processes similar to those often used by expert crystallo-
graphers in the identification of molecular structures. This framework consists
of knowledge representations and primitive operations that are used to depict,
transform, scan, pattern match and reason with visual and spatial depictions.

To perform case retrieval based on structural similarity of molecular scenes
requires a representation that denotes the meaningful parts of a scene and their
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Figure 2: Spatial representation of molecular image

relevant spatial and topological relations. The scheme for computational im-
agery includes a spatial knowledge representation that provides an explicit sym-
bolic array depiction of an image. As illustrated in Figure 2, the components of
a molecular image are denoted as symbolic components of the array 3, while the
hierarchical structure of a scene is captured using nested arrays.4 In molecular
scene analysis, such arrays can be reconstructed from the geometric information
stored in the existing databases or from the analysis of experimental electron
density maps.

Crucial to molecular scene analysis are the location, identification and com-
parison of molecular features, including molecular shapes at varying levels of
resolution. An important step in such analyses is the segmentation of molecules,
or molecular fragments, into shape primitives so as to allow for their rapid and
accurate recognition. Molecular shape information can be extracted from the
three-dimensional electron density maps. The information in these maps, how-
ever, is at too detailed a level to allow for efficient pattern matching. Thus, it
is essential to transform this visual representation into one that can capture the
relevant shape information and discard the unnecessary and distracting details.
We are currently investigating and evaluating several models for the segmen-
tation and representation of molecular fragments as shape primitives. These
include the critical point mapping method [Joh77], which uses topological prop-
erties of the electron density distribution to segment maps and to represent
shape, and a generalized cylinder model [Bin71], which represents objects as a
hierarchy of segmented parts described as volumetric shapes.

In summary, the contents of a case for a molecular scene includes information

3In Figure 2, the symbols in the array correspond to amino acid residues, e.g. alanine
(ALA) and cysteine (CYS)

4The nested array here denotes the three-dimensional depiction of cysteine containing
atomic parts, e.g. nitrogen (N) and carbon (C).
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for retrieving visual and spatial knowledge of a molecular scene. This informa-
tion may be stored explicitly, or it may be stored in a form that allows for the
generation of depictions of scenes which can then be inspected to retrieve the
relevant information.

3.2 Case Retrieval and Adaptation

The ability to perceive spatial similarities and equivalence is fundamental to
case-based reasoning in molecular scene analysis. We define two images to
be spatially equivalent under a set of relations R if and only if there exists a
mapping f between their parts such that if parts are related by r E R in one
image, then f maps them to parts that are similarly related in the other image.
Such a mapping can be determined through inspection of the symbolic array
depictions.

Spatial equivalence can be used to define the concepts of image similarity for
matching of image representations [CG92]. A measurement of spatial similar-
ity between two images is expressed in terms of the minimal number of image
transformations (amount of adaptation) needed to bring them into equivalence.
Many types of adaptations are possible, such as replacing, deleting or moving a
part, or moving parts simultaneously (e.g., rotation). Initial results in studies 
molecular similarity suggest that it may be sufficient to consider only part dele-
tion, provided that the relations R are invariant under rotation and translation.
Assume that a mapping f is a partial correspondence between two images s and
t that preserves a set of relations R. Then we can define a similarity valuation
for f as the function:

2x#/SR(s, ~, f) ~ #,+#t

where #f is the cardinality of the domain of f, and #s and #t are the number
of parts in the two images. The similarity valuation SR(s, t) for two images s
and t can then be defined as the maximum value of Sn(s, t, f) over all partial
correspondences f that preserve R. This similarity measure has the property
that structurally equivalent images receive a value of 1; dissimilar images receive
a value of near 0.

Central to our method for case retrieval is the abstract image concept. This
is an image which contains other concepts, rather than instances, as parts. One
image subsumes another if its parts can be mapped into parts of the other such
that all relations are preserved, and subsumption is inductively preserved by
the mapping. A case base of images is organized by this subsumption relation.
At the leaves of a concept taxonomy are the individual cases; the internal nodes
are image concepts. It has been demonstrated that such a model provides an
efficient model of structured case retrieval [CG92; Lev92]. It is also semantically

well-founded on the classification model of information retrieval [BGN89].
To construct a concept taxonomy, we have developed a structured concept

formation system called I-MEM (Image MEMory) [CG92], based on the theory 
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description logics [Nebg0], and the concepts of image similarity and subsump-
tion described above. This system accepts a stream of cases, incrementally
building a taxonomy of image concepts. At any stage, an input case may trig-
ger the formation of a new concept, or may simply be placed under the most
specific subsuming concept in the taxonomy. High similarity with an existing
case will trigger concept formation. Preliminary results indicate that I-MEM
constructs hierarchies that facilitate case retrieval [CG92]. We have previously
demonstrated that the I-MEM system for conceptual clustering can also be used
to successfully discover spatial concepts in the domain of molecular classifica-
tion [CFGA92]. Here the classes correspond to meaningful conceptual groupings
that can be used to index scenes for retrieval in case-based reasoning.

In conclusion, cases of molecular scenes are retrieved based on the visual and
spatial attributes of a scene. Above we have given a brief description of how
spatial indices are represented and created. In indexing and matching a case
with a partially interpreted scene, it is not only important that the images have
similar parts but also that the spatial and topological (bonding) relationships
among these parts are preserved. Specialized representations and techniques for
spatial analogy and subsumption have been developed to address these issues.

3.3 Image Reconstruction and Evaluation

Once the relevant molecular scenes have been retrieved and adapted, they can
then be used to predict the identity of a previously unknown part in a molecular
scene. In the adaptation step, previously determined scenes are transformed,
through functions such as parts deletion or rotation, to come into correspon-
dence with the current scene. Although it is assumed that the scene being
analyzed is novel, it is also well known that the structural building blocks of
molecules, and particularly of proteins, occur in familiar patterns; a scene can
usually be decomposed into meaningful parts that have often been previously
experienced in similar configurations and with similar shapes. Thus, a retrieved
case can be used to predict the identity of a part based on its visual qualities
and/or its context within a neighborhood of interpreted parts. As discussed in
Section 2, the prediction of these parts can then be used to resolve the current
image which can then be reanalyzed to interpret more of the structure.

Interpretation of parts within a molecular image can be achieved based on the
retrieval of a single similar case or on a concept that has been formed using the
machine learning techniques described earlier. The retrieval of such experiences
can result in one or more of the previously uninterpreted parts of an image being
instantiated (i.e., the identity of one or more parts are hypothesized).

Once an image representation has been transformed (identity of parts added)
based on scenes retrieved from the case base, image evaluation can be phrased
as a constraint satisfaction problem. In particular, an emerging image must
adhere to the known crystallographic and chemical constraints imposed by the
input data. These include hard constraints, such as chemical constitution, as
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well as soft constraints, such as those involved in molecular interactions.

4 Concluding Discussion

It is understood that there exists a one-to-one correspondence between the three-
dimensional structure of a protein and its amino acid sequence. Considerable
research efforts are being devoted to the problem of predicting a protein’s struc-
ture from its sequence (e.g. [HS91; Kin87; QS88; RW88; ZW89]). Although
taking such aa approach may be tractable in the future, it is generally accepted
that there are currently too few examples to accurately predict structure from
the sequence alone [RW88]. We propose an approach to protein structure de-
termination that uses case-based reasoning to anticipate three-dimensional sub-
structures within a molecular scene. Experimental data from crystallographic
experiments can then be used to validate the hypothesized parts within the
scene. Thus, molecular scene analysis can be phrased as an iterative process
using a top-down approach to anticipate molecular parts, working in tandem
with a bottom up visual analysis of the image present in the electron density
real).

Currently, a great deal of structural information is available, yet not gener-
ally exploited, at the outset of a structure determination exercise [ABS87]. Its
systematic use is not trivial, in part because the information is available only

in the form of coordinate data, defined in terms of an external reference frame.
The transformation of the data into cases which can be indexed and matched
based on structural similarity is of fundamental importance to the problem of
molecular scene analysis.

Similar to PROTOS [Bar89], which diagnoses hearing disorders, our ap-
proach to scene analysis applies previous experiences to the task of classification.
Given a partially interpreted molecular image, we find potential classifications
for structural subimages and use these to predict and evaluate the identity of
unknown parts of the scene. The classification problem for molecular scene anal-
ysis, however, has some unique features. In particular, it requires the represen-
tation and comparison of three-dimensional image representations of molecular
structures. To accommodate this, we incorporate specialized representation and
machine learning formalisms to store and classify molecular knowledge.

The focus of this paper has been on the use of case-based reasoning in the
domain of molecular biology, an area recognized as providing opportunities for
integrating a variety of artificial intelligence techniques [Hun92]. The massive
amounts of available crystallographic data implies the need for efficient rep-
resentation, indexing and retrieval techniques applied to chemical and spatial
information. Thus, it is of great interest to our project to investigate and eval-
uate approaches to case-based reasoning and information retrieval.
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