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In all earlier efforts in constructing prototype expert terrain-related systems, knowledge related to the 
physiographic region of a site was not explicitly represented and used. In this research we have identified, 
named, described and organized detailed, "book-level" knowledge pertaining to physiographic regions 
(provinces and sections). We have developed an object-oriented model for the structural representation of 
the relevant domain knowledge. We have also developed a rule-base for representing the strategic 
knowledge needed for inferring a physiographic region from its own indicators. The presented case study 
concerns typical terrain of the Basin and Range Province of Southwest USA. The knowledge 
representation encompasses the typical physiographic sections of the Basin and Range province (Great 
Basin and Sonoran Desert). This conceptual scheme will lead to the Terrain Analysis eXpert (TAX-4) 
system. Formalizing and implementing these knowledge-based representations will result in an expert 
system for physiographic region identification so that the user will be guided to establish tentative 
hypotheses about the type of physiographic regions based on observed evidences of their indicators. 

Landform interpretation, physiographic regions, knowledge-base, terrain analysis, expert systems 

UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED UNLIMITED 



Introduction: Knowledge-based  Landform  Interpretation 

For the past ten years, scientists working toward knowledge-based landform interpretation have developed 
various approaches and have implemented expert system prototypes for terrain analysis (Leighty 1973 
Leighty 1979, Rinker and Corl (1984), Edwards 1988, Argialas 1988, Argialas and Narasimhan  1988a 
and 1988b, Argialas 1989, Narasimhan and Argialas 1989, Mintzer 1988). The approach by Argialas 
and his associates (TAX 1, 2, 3) has used different methods of knowledge representation such as rules, 
frames, Bayesian reasoning under uncertainty, and fuzzy descriptors to address terrain knowledge- 
representation through the landform-pattern element approach and to construct prototype expert-systems 
for inferring the landform of a site from user observations of pattern elements. 

The identification and conceptualization stages of TAX 1, 2, 3 (Argialas 1988, Argialas and Narasimhan 
1988a and 1988b, Argialas 1989, Argialas 1996) was characterized as following: 

• The class of problems the expert system was expected to solve was the inference of the landform type 
of a site, assuming that one landform type was present on the site. The user was asked first to choose 
the physiographic region of the site, and then he/she was guided to provide the pattern elements of 
the site. 

• The conceptual scheme for the recognition of the landforms was the landform pattern-element 
approach. The hypotheses were the landforms and the evidences or data used for inference were the 
pattern-elements of a site. The association between physiographic sections and their expected 
landform types were described with the use of probabilities expressing the occurrence of each landform 
in the corresponding physiographic section. 

• Six landform types were chosen to focus the knowledge-representation process, the humid and arid 
forms of sandstone, shale and limestone. Six to ten pattern elements were collected for each landform. 
The landforms being considered for the knowledge-representation process are those that are common 
to the Cumberland Plateau section, e.g., sandstone, shale, limestone. This domain knowledge was 
composed of facts collected from (1) books (Way 1978, Lillesand and Kiefer 1979), (2) reports 
(Mintzer and Messmore 1984), (3) the experience of the authors, and (4) an interview with an expert 
terrain analyst. Humans use a lot more evidences and reasoning which were not taking into account. 

METHODOLOGY 

Terrain knowledge acquisition involves development of the following five interdependent and overlapping 
typical tasks for building the Terrain Analysis eXpert system prototypes: (1) Identification, (2) 
Conceptualization and representation, (3) Formalization, (4) Implementation, and (5) Testing and 
evaluation. In the following we develop the first two for the Terrain Analysis Expert (TAX-4). 

Knowledge Identification 

The class of problems the TAX-4 expert system was expected to solve has included as its major addition 
the physiographic context reasoning in addition to our previous scheme. It is evident that the expert in 
deciding the landform of a site is studying first, among other things, the physiography of a region and 
performs a kind of physiographic analysis and reasoning so that to create reasonable hypotheses of the 
possible landforms of the site. On the other hand if the expert has already identified a landform, he is in a 
position to create physiographic region hypotheses and consequently to be guided to interpret additional 
landforms. We call this type of reasoning physiographic context reasoning. Physiographic context 
reasoning is an informal task at present since it is not described explicitly in a formal manner in books and 
guides. In the following we develop a formal conceptual framework for the representation of physiographic 
context reasoning within an expert system. Emphasis is placed in the definition of the subproblems and 
subtasks trough domain-dependent concepts, hypotheses and data. 

To practically demonstrate the developed conceptual scheme we will give examples reflecting the 
physiographic context of the Basin and Range Province and its pertinent piedmont plain and basin floor 
landforms (alluvial fans, pediments, bahadas, playas, valley fills). The relevant knowledge was collected 
from physiographic and geomorphologic books and reports and mainly from Fenneman (1931  1938) 
Lobeck (1932), Hammond (1954), Lueder (1959), Hunt (1973, 1975), Peterson (1981), Paridey 
(1987). In the following we briefly describe the relevant physiographic and geomorphologic knowledge 
that was identified and used for the presented conceptual scheme. 

Geologists and geographers have subdivided the United States into areas called physiographic 
provinces, each of which has characteristic landforms. In the conterminous USA more than 80 such 
subdivisions are recognized, but for simplification they have been grouped together into 25 major 
provinces. This classification of landforms has been further simplified by grouping the provinces into 
six large regions. The six regions are (1) the Central Stable Region, (2) the Appalachian Highland 



Region, (3) the Ozark Region, (4) the Cordillera Mountain Region, (5) the Great Plains Region and 
(6) the Atlantic Coastal Plain Region. 

The Cordillera Mountain Region is a wide mountainous belt that stretches from Central America northward 
to Alaska composed of a series of ranges. It occupies the Western third of the United States. One of its 
provinces, the Basin and Range Province is centered principally on the State of Nevada but extending 
across the Southern parts of Arizona and New Mexico, located west & south of Colorado Plateaus. It is a 
large area, one tenth of USA, occupied mostly by wide desert plains, generally almost level, interrupted by 
great, largely dissected, north trending, roughly parallel mountain ranges formed by a series of tilted fault 
blocks (Figure 1). The typical block mountain has an escarpment on the faulted side and a long 
comparatively gentle slope away from the fault. The differences in slope on the two sides are significant 
Climatically is characterized by want of sufficient runoff to reach to sea or to forward its load of detritus 
The Province of Basin and Range is further subdivided to five sections of unequal size and of different 
erosion cycles such as the Great Basin (youthful erosion stage) and Sonoran Desert (of maturity erosion 
stage). (Fenneman 1931 and 1938). We describe the two of them below (Figure 1). 

• Great Basin. A large part of the Basin and Range province, in its northern half and mainly in Arizona & 
New Mexico, is known as the Great Basin section because its drainage waters do not reach the sea 
but evaporate in saline lakes on the plains between the mountain ranges. Such basins are by no means 
universal. Much of the area has slopes on which water might run directly to the sea but it is too arid to 
supply continuous flow. Considerable areas have no run-off at all. The space taken by the mountains is 
about the half of the total. 

• Sonoran Desert. It is south of and much lower in altitude from Great Basin. Mountain ranges are smaller 
and perhaps older, occupying perhaps the 1/5 of the space. Moreover large areas are without concave 
basins of internal drainage and the section belongs to the maturity erosion cycle 

Knowledge Conceptualization and Representation 

Knowledge conceptualization and representation aim at uncovering the key concepts of the domain and the 
relationships between them and at conceiving a formal description of knowledge in terms of the primitive 
concepts and conceptual relations. Based on the earlier identified physiographic components and features 
we now present a conceptual framework for the representation of both structural and strategic knowledge ' 
(Figure 2). For the structural representation of physiographic knowledge we assume an object-oriented 
representation structure that uses frames as classes, subclasses, objects, subobjects, and slot frames as 
properties. For the strategic knowledge representation we assume a rule based inference engine. 

Structural Knowledge 

First, we identified the need to name and describe by their properties the classes of our domain: 
• physiographic regions as a whole, 
• the Basin and Range concept, 
• the Basin and Range youthful stage, 
• the Basin and Range maturity erosion stage, and 
• additional physiographic regions such as the Coastal Plain, etc. 
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Figure 1. Basin and Range province and 
its sections. From upper left 
clockwise (a) a radar image of the 
west USA with the province 
outlined (Thompson and Turk 
1993), (b) Landsat MSS 
computer enhanced mosaic of 
west USA (Short and Blair 1986), 
(c) the location of Great Basin and 
Sonoran Desert in West USA 
(Helms 1986). 
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Figure 2. The major entities of the Basin and Range Concept. 

The term physiographic region, in our conceptual scheme, encompasses both the physiographic 
provinces and the sections according to the traditional USA physiographic approach (Fenneman 1931 and 
1938). 

Second, we organized physiographic classes into class-subclass hierarchies. Classes included sub- 
classes so that additional levels of detail were described only in the subclasses. Describing classes 
through subclasses gave access to a hierarchical representation of concepts and objects. Third, we 
defined an object-subobject or whole-part hierarchy. 

In our study of the USA physiographic provinces and sections, we have recognized that behind each 
particular USA province or section was hidden a physiographic concept defined by specific 
geomorphologic criteria. Furthermore, in our search for a scheme to represent all the basin and range type 
of terrain in the world, we forced to define the Basin and Range concept-class and to let each of these 
terrain units to be members of this class. Thus, since a class, in our object-oriented design framework, 
acts as a template that defines the properties of its members, we exercised care so that to define for each 
physiographic province (e.g., the Basin and Range USA) an equivalent concept-class so that each 
specific instance of the concept-class, e.g., the Basin and Range (USA), to be an object belonging to that 
class. The same design was followed for the sections of the Basin and Range, e.g., Great Basin and 
Sonoran Desert. We have recognized that these sections, actually correspond to different erosion stages: 
the first is in the youthful erosion stage and the second is in the maturity erosion stage. Therefore we 
have developed the corresponding classes of the youthful and maturity stages of the Basin and Range 
concept-class. These classes and subclasses are shown as little circles on the plain of physiographic 
regions of Figure 3. 

Forth, we defined class members or instances. While classes are useful in representing a concept as a 
whole, it is necessary to define individual (static or dynamic) object instances of each class or subclass so 
that to use them for symbols as we interpret features of each class on an image. The members of a class 
are its objects and are typically referred to as "instances of a class." They express a class-member or 
class-instance relationship. Some of these instances are dynamic objects generated during our reasoning 
and inferencing, e.g., they do not exist beforehand. Thus we consider physiographic region instances 
such as PH1, PH2, PH3, etc. belonging to each physiographic class-concept. 
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Figure 3. An object-oriented graphical representation of the conceptual scheme of physiographic- 
region reasoning in TAX-4. 

Fifth, each class was defined by a set of properties which define the class. These properties are shown 
with the symbol E in Figure 3. Objects and subclasses can obtain their properties dynamically from a 
particular class through a mechanism called inheritance. Thus through the class-subclass or class- 
instance hierarchy these properties are inherited down each hierarchy so that to be shared by all the 
members and instances of each class. The properties of the physiographic regions are defined so that to 
reflect the distinguishing characteristics of each class and they are termed physiographic indicators. 

The synthesis of physiographic indicators was done in a bottom-up approach by a study of 
physiographic books and reports (Fenneman 1931 and 1938). The identification of the properties was 
done according to the geomorphologic process and the topographic descriptions of the various 
geomorphologic and topographic features mentioned in these books. As an example, in the chapter of 
Basin and Range, in the Sonoran Desert Section under the title of "Basins" we underlined the following 
statements in a paragraph: 

While the area occupied by mountains is smaller in this section than in the Great Basin, the 
extent of rock platforms, bare of detritus or only thinly covered is correspondingly large. It is 
estimated that 1/5 is covered by mountains, 2/5 by rock platforms and the remaining 2/5 by 
deposits of detritus. 

and we have designed the following property for the Sonoran Desert Section class: 
proportion_of_Mountain_Ranges_versus_Piedmont_Plains_versus_Basins= 20% / 40% / 40% 

Strategic (inferential) Knowledge 

Now, having defined the classes, subclasses, objects, component objects, and instances of physiographic 
regions, we can use them to describe the physiographic region reasoning (Figure 3). 

Rules were developed which pertain to the interpretation of physiographic regions (provinces and sections) 
from their physiographic indicators. It should be emphasized that the approach developed aims at inferring 
the geomorphologic concept hidden behind a province or a section so that the methodology is applicable 
to all basin and range landscapes of the world, not only the USA Basin and Range province. Thus the 
present methodology is expected to be easily extended to all relevant physiographic regions. Follows one 
of the simple rules that infers the Basin and Range province. 

Since it may be difficult for all users to answer the queries of complex physiographic rules, we have 
designed multiple rules for each physiographic region, each having a variable number of premises. Thus 
the physiographic region rules were ranked according to their difficulty and different weights were given to 
each rule to reflect the certainty of the outcome hypothesis for a given physiographic region. 



Basin-and_Range_partial_rule_1 
IF 
frequency_of_mountain_ranges 
presence_of_desert_basins 
shape_of_a_mountain_range 
relative_spatial_position_of_mountain_ranges 
overall_direction_of_mountain_ranges 
overall_description 

Then Basin_and_Range is true with certainty=medium 

is "high" 
is "high" 
is "assymetric" 
is "rather straight" 
is "roughly parallel" 
is "basin ranges intervening desert 
planes" 

Basin-and_Range_partial_rule 2 
IF 
frequencyj)f_mountain_ranges and 
presence_of_desert_basins and 
overall_description 

Then HYPOTHESIS Basin and 

"high" 
"high" 
"basin ranges intervening desert 
planes" 

Range is true with certainty=low 

Besides the rules for inferring a physiographic concept at the level of a province, rules were developed 
following a method of conceptual refinement, which refined the concept of the province-concept to that of 
a physiographic section-concept of that province. In the case of the Basin and Range concept the 
refinement rules inferred the concept of a youthful or mature erosion stage which correspond to the USA 
Great Basin and Sonoran Desert sections correspondingly. One of the rules that infers the Maturity Erosion 
Stage concept follows. 

Rule for the  Basin  and  Range-Maturity_Erosion_Stage 

"low" 
"small" 
"not abrupt" 
"rather plain than concave" 
"more than 1/2  of the surface is below 2000 
ft" 
"20% : 40% : 40%" 

"low (the minority has a fault  origin)" 

"high" 
"maturity (advanced.late)" 
"low (less prelevant)" 
"high (more prelevant)" 
"high" 
"usually to another drainage basin" 

IF 
relative_relief_of_region 
relaltive_size_o(_mountains 
slope_change_at_piedmont_angle 
shape_of_basins 
overall_hypsometric_distribution_within_the_se 
ction 
proportion_of_Mountain_Ranges_versus_Pied 
mont_Plains_versus_Basins 
amount_of_observed_tectonic_evidencesjn_m 
ountain_ranges 
degree_of_basin_integration 
stage_of_erosion_cycle 
frequency_of_bolsons 
frequency_of_semi_bolsons 
degree_of_integration_of_drainage_pattern 
outlet_of_the_drainage_network 

Then Basin_and_Range_Maturity_Stage is true and certainty= medium 

CONCLUSIONS   AND   PROSPECT 

We have worked towards the identification, conceptualization, and representation of physiographic 
knowledge, relying mostly on book-level knowledge, not only because of the lack of an expert interpreter, 
but also because the first step in knowledge acquisition requires the formulation of a conceptual framework 
of shallow and deep knowledge, which usually is found in books and reports. Our present-level knowledge 
falls into the category of "zeroth to first order approximation of physiographic knowledge". We have made 
an extra effort in capturing a number of "intermediate-level concepts" which are perhaps the most important 
tools available for organizing knowledge bases, both conceptually and computationally. Going too much to 
the books and reports may have lead us to the incorporation of knowledge that is either not a part of 
practical reasoning or that has exceptions that the expert has had to discover and work around. It is 
therefore necessary, in future efforts, to acquire the "second to third order level of knowledge" from 
experts. Our feeling is that the expert's knowledge will be more of the heuristic type, e.g., exceptions and 
corrections of the "zeroth order of knowledge". 

The identification of terrain-related objects, their organization, and their relations is the hardest part of 
conceptualization. Identification of the conceptual structure involves both discovery and invention of the 
key abstractions and mechanisms that form the vocabulary of our terrain analysis problem and it will come 
with very hard work. 
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