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1 Introduction 

Terrain analysis is the systematic study of image elements relating to the nature origin momholoaic 
Sf  compositor, of distinct units called landforms (Way 1978, Lillesand and KiefeM97S° MMzer 
K83h M'ntzefan? Messmore 1984). Landforms are natural terrain units, usually of the^thrd relief o?der 

wh,ch when developed under similar conditions of climate, weathering, and erosion exhib^a dfs fnc? and 
£SSSÄf °f ViSUal ^ ^ characteristicS- ™e entity of landformTs fundamen?a?in " 
representing and organizing topographic and geomorphic information through the pattern-element 
approach to terrain analysis. The landform-patiern element approach is based on the foltowing premise- 

™ SSncSUrfaCe,S ?eriVed I0"1 the same soil and bedrock'or created ^ a similar process occupying the same re ative position, and existing under the same climatic conditions exhibit similar 

?5w SÄ'?SMM-U?S °n !???ima9eS'called pattern elements (Way 1978- Lillesand and Kiefer 
ZLo rS 1983'Mm

h
tzer and Messmore 1984). The elements examined include topographic form 

dra nage pattern gully characteristics, soil tone variation and texture, land use, vegetation and special' 
6 Krrf {J?}V ■ An analysis of the meanin9s of some of these generic topographic-terms has been published by Rmker and Corl (1984), Hoffman (1985) and Hoffman and Pike (1993) 

Table 1 Some landform-pattern elements and their types. 

Topographic 
form 

A-shaped hill 
Bold domelike hill 
Broad    and     level 
plain 
Conical hill 
Crescent-shaped 
hill 
Dissected plain 
Drumlin shaped 
Fan-Shaped plain 
Flat 
Flat table rocks 
Gently rolling 
Hill 
Hummock 
Isolated hill 
Karst 
Level plain 
Massive hill 
Parallel laminations 
Parallel ridges 
Pitted plain 
Plain 
Ridge 
Ridge and Plain 
Rounded Hill 
Saw-toothed ridge 
Sinkhole 
Snakelike ridge 
Soft Hills 
Soft rounded hill 
Star-shaped hill 
Steep Hillsides 
Undulating plain 
Vertical slopes 
Kettle-knob 

Drainage 
pattern 

Anastomotic 
Angular 
Annular 

Asymmetrical 
Barbed 

Braided 
Centripetal 
Collinear 
Contorted 
Dendritic 
Deranged 
Dichotomic 
Elongated bay 
Illusory 
Incipient 
Internal 
Kettle hole 
None 
Parallel 
Pinnate 
Radial 
Rectangular 
Reticular 
Subdendritic 
Subparallel 
Swallow hole 
Thermokarst 
Trellis 
Yazoo 

Vegetation-land 
use 

Barren 
Cultivated 
Forested 

Grass 
Natural cover 

Rangeland 
Urban 
Wetland 

Gully shape 
U-shaped 
V-shaped 
White fringed 

Soil tone variation 
Black 
Dull gray 
Light gray 
White 

Soil tone texture 
Banded 
Mottled 
Scrabbled 
Uniform 

Special feature 

Blowouts 
Cigar-shaped 
Columnar jointing 

Contour farming 
Fan-shaped 

Fluvial marks 
Hummocky slopes 
Meanders 
Natural levees 
Parallel ridges 
Rounded boulders 



Terrain analysts use the pattern elements, as well as maps and bibliographic information, to identify 
landforms, their parent material, and their engineering characteristics and significance. The landform is 
inferred from the pattern-elements of the site and then the parent material is inferred by its association 
with the landform. The discipline was developed by terrain analysts who used image analysis as a source 
for terrain information for operations planning and construction projects (Way 1978, Lillesand and Kiefer 
1979, Mintzerand Messmore 1984). 

Problem solving, in this approach commences with the analyst formulating hypotheses about the 
landforms likely to occur in the study area, by drawing upon his experience and auxiliary information 
specific to the region (Mintzer and Messmore 1984). Then he searches the aerial image, to find a match 
between the expected pattern elements of one of the hypothesized landforms - as those are found in texts 
and guides - and the observed characteristics. The analyst continues this procedure, until all the pattern 
elements are examined. If there is a significant match between the expected and observed pattern 
elements, the identity of the landform of the site is established. Otherwise, the next landform in the 
hypothesis list is investigated for a match. 

1.1     The   need   for   computational   models   for   landform 
interpretation 

Terrain analysis can be time consuming, labor intensive and costly. Its skills are a product of lengthy and 
expensive training. Therefore, it could help to at least partially automate this process by developing 
computer-assisted interactive systems. Such systems could improve training by introducing students to 
the decisions made by experts and by improving the quality and reliability of interpretation. At the same 
time provide a research vehicle to explore and test the landform-related knowledge. 

Landform interpretation is still an art without a formal theory (Ryerson 1989, Hoffman 1987). Knowledge, 
available in books, is descriptive and fuzzy. A procedural framework for problem solving is missing: books 
do not elaborate on the strategies needed to guide a novice to the process required for landform 
identification. On the other hand, trained and skilled experts routinely perform landform interpretation. 
Implicit terrain-related knowledge, somehow enables the expert to directly perceive or indirectly infer 
landforms from aerial images. Expertise is not documented in textbooks and manuals and hence it is not 
clear, explicit and unambiguous. It can not be easily taught, expanded, preserved, transferred, replicated, 
and criticized. 

There is, therefore, a need to methodically study the terrain-analysis reasoning process and, to better 
understand this process, develop a systematic framework for the recognition of landforms from aerial 
images (Leighty 1973 and 1979, Hoffman 1985, Argialas and Narasimhan 1988a and 1988b). 
Knowledge-based expert systems offer the promise for the representation of data and reasoning in many 
fields including image interpretation. 

1.2    Knowledge-bas ed   expert   systems 

Knowledge-based expert-systems (KBES) are a field of artificial intelligence that addresses complex, 
domain specific, problem solving that requires unique expertise (Hayes-Roth et al. 1983, Harmon and 
King 1985, Jackson 1986). Their performance depends critically on facts and heuristics used by experts. 
Their success is largely determined by the effective computer representation of domain knowledge. 

Production rule-based systems are the most widely used scheme for knowledge representation. Factual 
knowledge is represented as object-attribute-value triples. Strategic knowledge is represented as sets of 
rules, of the form IF ["condition statements"] THEN ["action statements"], that will be checked against a 
collection of problem facts to infer new facts. When a problem satisfies or matches the IF part of a rule, 
the action specified by the THEN part of the rule is performed. The execution of a set of rules, commonly 
called rule-chaining, results in a new set of facts which is added to the existing list, which trigger other 
rules. In such a system rules can operate in forward or backward chaining. Forward chaining matches 
rules against facts to establish new facts. In backward chaining, the system starts with what it wants to 
prove and tries to establish the facts it needs to prove it. 

Frames, another knowledge-representation scheme, are structural models for representing stereotyped 
objects or situations (Minsky 1975). A class frame is a collection of all information that describes a class 



of objects. An objector instance frame is a collection of all information that describes an individual of a 
class frame. Each frame has slots that contain properties and relations about classes and objects. The 
slots specify, through an associated set of rules or procedures, what is known about an object and how 
can be acquired. Inexact reasoning procedures have been developed to complement the knowledge 
representation and inferencing mechanisms of rule and frame based systems in case where facts, rules 
and, consequently, conclusions are uncertain or inexact. These techniques represent uncertainties in facts, 
combination of facts, rules of inferencing, and facts supported independently by several rules (Harmon and 
King 1985, Jackson 1986). 

3    K n o w I e d g e - b a s e d 
i nt e rp ret a t i o n 

expert   systems   for   landform 

Towards the methodical representation of data and of reasoning in landform interpretation Argialas and his 
associates used a variety of expert-system methods and tools 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. Meanwhile others also developed pertinent 
methods and knowledge bases including Leighty (1973,1979), Rinker and Corl (1984), Mintzer (1988) 
and Edwards (1987). 

The expert-system approach to terrain-analysis problem-solving was first implemented in a rule-based 
production system language involving inexact reasoning (Argialas and Narasimhan 1988a and 1988b). 
Subsequent work added such knowledge-representation formalisms as frames (Argialas 1989) and fuzzy 
sets (Narasimhan and Argialas 1989). The systems described were called Terrain Analysis experts 
(TAX-1,2, 3) (Table 2). 

Table 2 Comparative features of the three terrain analysis expert-system prototypes. 

Feature of prototype TAX-1 TAX-2 TAX-3 
Object representation Object-attribute- 

value 
Frames Frames, objects 

Inference Production rules Rules Rules, demons 

Inexact reasoning Bayesian Bayesian Fuzzy sets 

Rule chaining Forward Backward/forward Backward/forward 

Expert system tool OPS 5 INTELLIGENT COMPILER KEE 

In TAX-1 factual knowledge described the landforms in relation to their pattern elements and the   ' 
physiographic sections in relation to their expected landforms (Table 3). Strategic knowledge (problem- 
solving decisions) were represented by inexact production rules through a Bayesian formalism (Tables 4, 
5). Based on user response for the query of the physiographic section of the site, the system constructed 
a set of candidate landforms of the site and estimated their a priori probabilities. TAX then chose the 
landforms in this candidate list, one by one, and attempted to establish each one of them, by matching 
the user-supplied pattern-elements of the site with those expected. 

Table 3 Probabilities of occurrence of three landforms in the physiographic section 
Cumberland Plateau as used in the TAX-1 expert system 

Physiographic 
Section 

Cumberland Plateau 

Cumberland Plateau 

Cumberland Plateau 

Landform type   Probability of occurrence 

Humid sandstone 0.45 

Humid shale 0.45 

Humid limestone 0.10 



Table 4 Typical landform-related objects with their attributes and values designed for the 
TAX-1 expert system shown coded in the OPS5 language and explained in 
English. Objects are shown boldface, attributes are preceeded by a caret and 
values are shown in italics. 

landform_topography_pair 
Alandform_type sandstone_humid 
topography steep_slopes 
Alandform_topography_peh 0.60 
Alandform_topography_penoth 0.0 
Astatus na 

This object was designed to express the relation between any landform and its 
topography. This instance of this object indicates that landform "sandstone_humid" 
has topography "steep_slopes" with probability - P(E/H)=0.6 and it has not been 
used for reasoning as yet by TAX (status=nil). 

landform  of the site 
Alandform_type sandstone__humid 
probability 0.45 
Astatus na 

This object was designed to store the a priori or a posteriori probability of any 
landform of the site. The initial value, here set to 0.45, is obtained from a priori 
knolwedge regarding the site. This instance of this object indicates that landform 
"sandstonejiumid" has a priori probability - P(H)=0.45 and it has not been used for 
reasoning as yet by TAX (status=nil). 

topography_of_the_site ~ "  
Alandform_type sandstone^humid 
topography steep_slopes 
Acertainty_value_of_topography +1 
Astatus nil 

This object was designed to store the topography of the site and its certainty - as 
these are provided by the user. This instance of this object indicates that topography 
"steep_slopes" was observed by the user with certainty +1 and landform 
"sandstone_humid" is one of the canditate landforms with such topography Similar 
objects will also be created for all other landforms of the knowledge base which are 
known to have topography "steep_slopes". 

A second prototype, the Terrain Analysis Expert-2 (TAX-2) system (Argialas 1989) was designed in the 
intelligence Compiler, a frame and rule based expert-system tool (Intelligence Ware 1986)  Table 2 
shows the comparative features of the three implementations of TAX-1, -2, -3 TAX-2 demonstrates the 
representation and reasoning capabilities of frames, backward and forward chaining rules and inexact 
reasoning for the landform interpretation. Frames were developed to represent relations between 
physiographic sections and landforms, landforms and their pattern elements, and pattern elements and 
their associated likelihood of occurrence in each landform type. Frames demonstrated the inheritance of 
attributes rom generic representations of terrain units to their specific instances. Frames also represented 
procedural knowledge by embedding it in the form of active values or attached predicates  Fiq   6 shows 
a typ.ca frame for topography. It is indicated, through the property parent, that frame topography is a 
child of frame•■ pattern-element-generic. Topography has been designed with ten slots (properties) some 
declare possible values (e.g., steep-slopes, medium-slopes, and flat-undulating), others declare default 
assignments (e.g., name), while others contain specific values or have attached predicates for 
computation of values (e.g., best,. Property best has a procedural attachment, e.g. predicate get-inferred 
which will call the corresponding backward rule. ' 



Table 5 Rule that hypothesizes a landform type based on physiographic information 
designed for the TAX-1 expert system shown coded in the OPS5 language and 
explained in English. 

OPS5 
coded rule 

Explanation 
of OPS5 ' 
language 
symbols 

English 
version of 
above rule 

(phypothesize_a_!andform_type_based_on_physiogrphy 
(sectionJandform_pair 

Asection_name <section_value> 
Alandform_type <landform_value> 
Asectton_landform_prob <probability_value> 

-> 
(make landform_of_the_site 

Alandform_type 
Aprobability 

<landform_vaiue> 

<probability_value>)) 

P 
A 

<> 
-> 

means that what follows is a production rule 
implies that what follows is an attribute name 
encloses an attribute value 
means "then" 

then 

there exists a landform type in the knowledge base which 
occurs in the same physiographic section as the one given 
by the user, 

create an object landform-of-the-site and initialize its 
probability to the a priori probability of the occurrence of that 
landform type in that physiographic section 

Table 6. A frame for Topography with attributes and attached procedures 

Frame                Topography 

Parent                 Pattern element generic 

Best r     , • i 
[ get-inteiied 

Name                  Topography 

Steep_slopes       SS [    ask_value] 

Medium_slopes    MS 

Flatjjndulating     pu ask value) 

Sandstone            Sandstone_topography-eh 

Snale                   Shale_topography-eh 

Limestone            Limestone-topography-eh 

A third prototype, the Terrain Analysis Expert-3 (TAX-3) system (Table 2) was designed so that to 
represent the vagueness and imprecision that is inherent in the qualitative descriptions of terrain terms by 
fuzzy sets (Narasimhan and Argialas 1988b, Narasimhan and Argialas 1989). Fuzzy set approaches, 
pioneered by Zadeh (1983) provide a way for dealing with vague linguistic descriptions such as "gentle 
relief", and "partly dendritic, partly rectangular drainage pattern". 

A typical consultation script generated with the terrain analysis expert system TAX-1 is shown in Table 7. 



Table 7 A typical consultation script generated with the terrain analysis expert system 
TAX-1. Underscored and boldfaced numbers indicate the user's certainty 
between -3 and 3, for the presence of the specific pattern-element value in the 
study area. 

Please provide the following information about the site 
To which Physiographic-section does the site belong? 
Cumberland-plateau 
Is the "gully-amount" of the site "none" ? ^3 
Is the "gully-amount" of the site "few" ? 1 
Is the "gully-type" of the site "v-shaped" ? 3 
Is the "landuse-valleys" of the site "cultivated" ? -_1 
Is the "landuse-valleys" of the site "forested" ?   3 
Is the "landuse-slopes" of the site "cultivated" ? ^3 
Is the "landuse-slopes" of the site "forested" ? 3 
Is the "soil-tone" of the site "medium" ? 1 
Is the "soil-tone" of the site "light" ? 0 
Is the "soil-tone" of the site "dark" ? 0 
Is the "drainage-texture" of the site "coarse" ? 3 
Is the "drainage-type" of the site "internal" ? -_2 
Is the "drainage-type" of the site "angular" ? 2 
Is the "topography" of the site "steep-slopes" ? 3 
Is the "gully-amount" of the site "many" ? -_2 
The site appears to be "sandstone-humid" 
The certainty associated with this result is "0.99" 

♦hrn    h    M   Se.eff? uS' Argialas (1991 ■ 1995> developed a visual vocabulary of pattern-elements 
through a Macintosh-based hypermedia system consisting of interlinked definitions graphics and aerial 
S,SnWh'Ch,Can

tHe br0WS6d in a non-|inear' non-sequentia., user-defined manne and which can be use 
simultaneously with an expert consultation system. The prototype Terrain Visual Vocabulary (WT) 
system was designed to include three components to define and graphically depict landform features- (1) 
definitions, 2) diagrams (line drawings), and (3) scanned aerial images. The system was bu t fn        ( ' 
HyperCard the authoring software environment of the Apple Macintosh computer (HyperCard Stack 
Desgn Guidelines 1989). The potential of hypermedia for structuring the relevant*ffi£Slb?Kinina 
in image interpretation was described in Argialas and Mintzer (1992) ^nowieage tor training 



2.       Problem   Identification 

The approach for building the Terrain Analysis eXpert systems (TAX-1, 2, 3 4) involved develoompnt nf 

Äs^^Ä^r^ ,2) ~^ A SäT 
Identification pertains to data, hypothesis, goals, and reasoning tasks of TAX. 

The goal of a typical consulting session with TAX 1.2.3 

' ^top!Ä)S!dform ^of a site'assuming that one landform ^was shown on a stereopair of 

* SSSÄSS'2£rr,lhe reC09niti0n °f the landf0rmS WaS the landf0rm Pa«em-element 

* fÜp n^fnfninh^66" Physio.9raPnic sections andtheir expected landform types were described with 
secfin     Pr0babl,,t,eS expressing the occurrence of each 'andform in the corresponding physiographic 

• forÄ^ knowledge-representation process, the humid and arid 

• [he domain knowledge was composed of facts collected from (1) books (Way 1978 Lillesand and 

KKÄS SEir™ ,984)',3' 'he eXP*"Ce °*«» «Ä^, an 

phys,ograph,c context, the regional context, the geomorphic process and other information tom tofat a 
tT°T °f MeKlan?,0r.m- With SUCh "deeper knowledge" taken into account tteteJSS expert 

^i^l^r«5^ mUCh bey°nd ^ Pattem e,ementS abne-Therefore th- KSed to 
Se^0 th0

the traditi°nal pa?ern elements on|y hint ^ what the expert perceives (Hoffman 1987) 
Therefore, the use of pattern elements as the means for identifying the landform is a "zero order 
SH'TH?" Ht0,h0r eXpertS WOrk during land,orm identification and as suchTt s Lfted ftTas 
S2SS? ? the,rSi-Qerler^m prototyPe expert-systems for terrain analysis. To build the next 
S22SS *   SyI6™' Wh'Ch C0Uld successful|y hand'e additional aspects of problem solving i is 
ESTkÄ^6" C°nCeptUalizati0n schemes t0 more explicitly represent additional aspects of 

TAX was designed based on a Bayesian decision network created through forward and backward chaininn 
nference engines coupled with objects or frames. It will be unfair though to assume ?hat humans think 
(only) in terms of probabilities, certainties or membership functions. The hidincof percS retetiviK in 

nr^fwpN^er
t
ely 3 bmtef0rCe S0,Uti0n t0 thetou9h problem of Pe«»PtbnXs^teÄ?ÄLe or 'ess well) but in some sense, it washes the "meaning" away (Hoffman 1987) One has to uncover thP 

knowledge hidden beneath the probabilities and certainties during reasoning and make that knoSe 

ÄK Inn816!?' "iS T? there,0re that in 0rder t0 increase the granular^ eve of the      9e 

represented knowledge in order to create smarter applications. 

ISTf mS,haVe "I?8 US in PUrSUing the Present research effort-ln tne Present effort, TAX-4. the goals of a typical consulting session were set as following:   

• to infer the landform type of a site by using an expanded set of pattern elements, 

• to infer the landform type of a site by using regional context information 



• to infer the landform type of site by using geomorphic process context in addition to the pattern 
elements, 

• to infer the physiographic region (province, section) of a site by using physiographic site indicators, 

• to infer more that one type of landforms at any given consultation session, 

• to perform some of the above inferences in a backward and forward mode of reasoning, and 

• the landforms being considered for the knowledge-representation process are those that are common 
to the Basin and Range Province (alluvial fans, pediments, playas, valley fills). 

Conceptualization and formalization involve the representation of factual and strategic knowledge in 
appropriate knowledge structures. In TAX-1, 2, 3 the factual and strategic knowledge were represented 
as described earlier and in the corresponding papers in more detail (Argialas 1995). 

In TAX-4, the present effort, the conceptualization and formalization schemes involved the representation 
of factual and strategic knowledge in appropriate knowledge structures as these are described in the next 
section. 

Conceptualization and formalization of 

3.       Conceptualization and formalization of a landform interpretation 
knowledge base for the Terrain Analysis eXpert - 4 (TAX-4) 

A knowledge-based expert system is composed mainly of an inference engine and a knowledge-base. The 
inference engine is usually embedded within the expert system tool that is used for building the knowledge 
base. 

A knowledge-base is composed of data representation (factual knowledge) component and a reasoning 
component. The data representation component has evolved from object-attribute-value triplets to object- 
frame representation. The reasoning component has evolved from production rules to integrated rule-and- 
frame formalisms which present certain advantages for knowledge representation. In between, there are 
the predicate logic systems. Meanwhile, reasoning may be achieved by either forward chaining rules, 
backward chaining rules, or bidirectional rules. In either case, reasoning is creating what often is called an 
inference chain. These knowledge representation formalisms have been developed into expert system 
tools (Intelligence Compiler, KEE, Nexpert Object, CLIPS). 

The developed formalism for the present knowledge representation effort for landform interpretation relies 
on a rule-based and frame-based formalisms, and consequently, its implementation assumes a frame- and 
rule-based expert system tool, where rules could be invoked in a forward or backward chaining method. 

Such tools which have the ability to support both a rule-based reasoning system and an object-oriented 
representation are called hybrid expert system tools. Examples of the developed landform representation 
formalism will be given in such hybrid expert systems tools, although the representation is independent of 
any specific tool. 

3 . 1     Land form-related   object   structures 

To represent real world data and their properties (factual knowledge) in an expert system pertaining to 
landform interpretation it is necessary to use data representation structures that are stored in the 
knowledge base as class frames, subclass frames, object frames, subobjects frames, and slots. 

3.1.1   Objects and sub-objects. 

An object is an elementary unit of description. Anything can be an object: 



• Objects represent the knowledge being reasoned on by the rules. 

• Objects describe variables in the knowledge base. 

Objects can include sub-objects if additional levels are needed to define unique characteristics. For 
example, the object "Basin and Range land province" contains the sub objects Sonoran desert, Salton 
Trough, Mexican Highland, etc. that possess characteristics in addition to those of the parent object 
(Figure 1). 

/■A sonoran_desert 

-A salton_t rough 

*-A mexican_highland 

 A basin_and_ range_land_p rovince -~~~~ A sac ramento_section 

NAME : basin_and_range_land_province 
CLASSES : 

landjDrovince 
SUBOBJECTS: 

great_basin 
sonoran_desert 
saltonjrough 
mexican_highland 
sacramento_section 

Figure 1. Objects and subobjects for physiographic provinces and sections 

3.1.2 Classes. 

A class is a collection of objects that usually share properties. Functionally, classes act as a template that 
defines the characteristics its members must possess. 

For the landform identification problem, it is appropriate to design various classes from which the landform 
instances of a site will inherit various properties. From this point of view one may design classes for the 
various geomorphic processes, the climate, the types of landforms, etc. (Figure 4 to Figure 7). 

Objects and subclasses can obtain their characteristics dynamically from a particular class through a 
mechanism called inheritance. 

3.1.3 Class-instances (members) 

Descriptive information is expressed in class-member relationships that are stored in the knowledge base. 
The members of a class are its objects and are typically referred to as "instances of a class." 

Assuming that we have created a number of pertinent classes to describe landforms and their associated 
concepts, we need to make a good use of them by assigning the proper members/instances of each 
class. One particular use of the instances of a class is made for representing the landforms interpreted for 
a site. For example, when a new interpretation is a made of an alluvial fan landform, then that landform is 
made to be an instance, designated as af_1, of the class of alluvial landform landforms. If a second 
alluvial fan landform is being recognized then it takes the designation af_2 and it is considered an instance 
of the same class. If a playa is recognized then it is designated as pi 1, etc. and it is considered a 
member of the class of playas. 

Implicit in this formalization of the landform interpretation process, is that at any interpretive scenario we 
may need: 

•   to recognize more than one landforms at a given time and also 



•   to be able to exploit the spatial relations among the recognized landforms which is useful for 
establishing the regional context. 

FS-ULeK2 StL°WS a Simple Case 0f a suPerclass "landform generic" that contains the class of alluvial fan 
which has been assigned the instance af1 which was recognized as an alluvial fan. Obviously the ' 
properties o landform_generic are inherited in the class alluvial fan, and the properties of the later are 

Ä^Ä^ritÄ!!!-Figure 3 shows the same scenari0 of instance creation for **> 
§ 

Qian4fotm_qcacTK -L 

D dratnage_pattem - Unknown 

Q preaencs - Unknown 

O topography - Unkno' 

-Qalluwal.fafi 

drafriage^pattem» Unknown 

rur\. Bf-R.ma = 1 

preaeneo - Untmown 

topography - Unknown 

-A«n- 

■D drahage_pattem - efchotonfc 

■D num.ofjterm - Unknown 

■Q pretence ■ ok 

O topography »plain 

Figure 2: Dynamic object (af1): instance of a landform class created during the expert system 
consultation 

O '■«drform. generic 

adjBctnc.to • Unknown 

draftege.panern *Unknown 

iun_of_lterm - 1 

preience * Unknown 

topography« Unknown 

Q adj»cent_te> - ptaya 

•D dranege_partem - Unknown 

Q num_ofJtem» * 2 

Q preaanc- * Unknown 

■D topography - Unknown 

O »«>oant_ta - -fe%-al fin 

■Q drar«ga_pettam - Unknown 

'Q num_ofJtem» - 2 

Q pra«wnca - Unknown 

D topography -= Unknown 

Figure 3. Dynamic objects (af_1, pl_l): instances of two landform classes created durinq the expert 
system consultation w 

3.1.4   Class-subclass relationships and inheritance 

Classes can include sub-classes if additional levels are needed to define unique characteristics Such 
taxonomic information is expressed as class-subclass relationships. Describing classes through 
subclasses gives access to a hierarchical representation of objects. 

It is constructive, while building a knowledge base, to try to partition (compartmentalize) the knowledge 
base into as small chunks of knowledge as possible. This is true for both objects (classes) and rules 

L°nT5   /S H°a" and, W,hile
l
an effort has been made t0 add geomorphic, regional, and physiographic 

context into the knowledge base, it was also attempted the compartmentalization of the pertinent classes 
Figure 4 shows a hierarchical taxonomy of geomorphic processes in three levels The proDertv 
(geomorphic agent) is shown to be inherited but with different values for each geomorphic process 
Figure 5 shows in larger font a segment of this hierarchy. It should be emphasized that the alluvial fan 
landform class is a subclass of fluvial erosion landforms, with the value of agent being water Besides L 
property "agent" there are other properties that may also be inherited down the tree. 

!XUre, 5,f h.?u,S a t0P°9raPhic hierarchy where the mountains of the Basin and Range Province are a 
kind of tilted blocks and the Basin Floor is a kind of Plain. Figure 7 is class hierarchy^) Sate. 
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O g«omarpAie_proc«M 

Value 

oonatr uettve_geoaMrpMc_p r 

da*truct»«_gsonM>» rp*tic_p r 

oroqenetic _f aonorphic_p rocei 

phti _ tact onlca_ aao»» rphic. 

nuvW_ä^MMlttonr 

coluwaJ.a'apxi aft tort 

MriM.dapoatttot)' 

flutto _Mct«t rlna_di 

nu*at_»artna.. 

aaoaan_depoattton 

Q agent 

lki*al_aroaton/ 

#actat_er(Mton/ 

aaoaan.aroaton ^ 

mtcamc_aro«ion ^ 

coluvtaJ_eroak>n - 

BM niw_« roaion — 

flu*o_laciMtrtoe_e rotten \. 

Duwal_B)anne_ero 

■□agent 

phy*lc«l_ weathering s 

physico_cheniical_« 

ohanical_w*ath« rit|_d* 

Moch MHC •!_ tra ttw ring _ 

□ ■gent 

•D «port 

■Q neturaLmateriel 

□ iednwitaOon_enviraiiTwnt 

Figure 4. A hierarchical taxonomy of geomorphic processes in three levels 

Of eoiMirphtc.process - -Q dMtructJw.geonoprpNc. 

■{""] «gent * Unfcnowi 

fhmal_e roaion - 

ft*eW_«ro*ton 

aaoJtam_aroelon 

vofca*Jc_ero*fon 

eoluvlaJ_aroaton 

M*rln»_a roaion 

fluviojacust rine_e r oaion 

fluvial_a» rine.aroaion 

Figure 5. A partial hierarchical taxonomy of geomorphic processes in three levels 

O topographic, for ■_ type - 

■ountain« _a)nd_Rtountaln_ rt 

wJlaya 

part» 

vaJiey*_and_rMgae 

baaai_and_rangc 

"r-<-o. 
Mountains- 

HMuntato.ranfes.typ« 
^.^^-O tfltad_blockB 

^^"~*"--0 contaiantal_puafHng_and_eoi 

Figure 6. A partial topographic hierarchy 



O climate 

□ Value 

climate_arctic 

climate_arid 

O climate_dese rt 

climate_humid 

climate_tropical 

Figure 7. Climatic classes 

3.1.5 Class and object properties {slots) 

A property is a characteristic which can be associated with an object or a class. The characteristics of an 
object are its properties. A particular property when associated with an object is called a slot A slot in the 
knowledge base is a variable written as ObjName.PropName that has some value For example the slot 
landform.drainage_pattern might be Unknown or if Known, dichotomic. ' 

Most of the figures (Figure 2 to Figure 7) shown earlier to demonstrate class/subclass taxonomies 
contained properties attached as slots from the objects and classes. Figure 8 contains a very larqe 
number of properties for the object landform generic (not shown). These properties are inherited in the 
instances and subclasses of the landform_generic class. 



P geology = Unknown 

P hydrology = Unknown 

nD lf_drainage_pattern_texture = Unknown 

}D lf_drainage_pattern_type = Unknown 

|D lf_geomorphology_consists_of_materials - Unknown 

|D rf_geomorphology_consists_of_minerals = Unknown 

|D lf_geomorphology_controlled_by = Unknown 

|D rf_geomorphology_created_by = Unknown 

|D lf_geomorphology_effect_of = Unknown 

|D lf_geomorphology_geomorphic_origin = Unknown 

|D lf_gully_shape = Unknown 

[O lf_land_cover_ whole = Unknown 

f|D lf_land_use_whole = Unknown 

f/D lf_properties_depth_to_water_table = Unknown 

l/D lf_properties_drainage_condition = Unknown 

i/D lf_properties_resistant_to_erosion = Unknown 

'/D lf_P rope rties_seepage_ zones = Unknown 

/D lf_P rope rties_soil_depth_over_bed rock = Unknown 

/D lf_properties_soil_permeability = Unknown 

/D lf_P rope rties_soil_profile_C_horizon_bed rock = Unkno 

/D lf_properties_soil_type_USDA= Unknown 

;D lf_properties_soil_type_U9GS= Unknown 

/Ü2 lf_properties_surface_drainage = Unknown 

/D lf_properties_surface_rockiness = Unknown 

/O lf_properties_surface_stoniness = Unknown 

'D lf_relation_definite_indicator_of = Unknown 

'D lf_relation_is_a_cause_of = Unknown 

-D lf_relation_is_a_modification_of = Unknown 

"D lf_relation_is_complimentary_to = Unknown 

^D lf_relation_is_related_to = Unknown 

^D lf_ relation_is_simila r_to = Unknown 

^D lf_relation_possible_indicator_of = Unknown 

Ü lf_relation_precludes = Unknown 

^D lf_ relation, restricts = Unknown 

'D lf_site_occurs_a round = Unknown 

rD rf_site_occurs_at = Unknown 

ID lf_site_occurs_below = Unknown 

Figure 8. Partial properties of the class landform generic 
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3.2    Rule   structure   and   rule   evaluation 

To represent reasoning in an expert system pertaining to landform interpretation it is necessary to use 
situation-action statements that are stored in the knowledge base as rules. 

A rule is a chunk of knowledge representing a situation, usually an interpretation scenario and its 
immediate consequences. The format of a rule is expressed as: 

if... then ... and do... 

The "if" is followed by a set of conditions, the 'then" by a hypothesis or goal which becomes true when 
the conditions are met, and the "do" by a set of actions to be undertaken as a result of a positive 
evaluation of the rule. 

Therefore, a rule has three parts. The first part, comprised of one more lf-clauses, gives verifiable 
conditions/evidences that must apply if the second part, comprised of a hypothesis (conclusion), and the 
third part, comprised of one more do-clauses, are to be triggered by the inference engine. The "if" and "do" 
parts of a rule may contain actions the system initiates. 

The hypothesis is the particular name assigned to the conclusion of one or more rules. For example the 
hypothesis name H_alluvial_fan_surface_morphology is being assigned to the rule in Figure 9 which is 
used to identify an alluvial fan from its pattern elements. The inference engine attempts to conclude a 
boolean value for the rule's hypothesis through the evaluation process. The outcome of rule evaluation 
can result in a hypothesis receiving the value True, or False. 

In Figure 9 the list of tests in the left part is the Left-Hand Side (LHS) of the rule. It is where the 
conditions are expressed and tested. In the same part there are a number of actions indicated and 
preceeded by the ==> symbol. The Right-Hand Side (RHS) of the rule contains the hypothesis name 
h_alluvial_fan_surface_morphology and the actions previously explained. 

When the rule is found to be true, the RHS actions are triggered. They are called actions because they 
induce some change in the overall system or its environment. Figure 10 illustrates the types of actions 
that can occur when a rule is fired: 

i 
(1) topographic^forai k "plain" \J. 

(1) dr«inagejattem b ■oJchotonic 

(1) drainage.texture k "coar*e 

(1) KXUtooe k -light 

(1) land_cover k -barren","ahrufas 

(1) vegetation k "«hrubi-,-barren"^ 

ft) «paclal b fan «heeed- \^, 

(1) «hape_in_plen_view k -fan «haaad* <^, 

(1) •napOn.apact k '»eaäconicaP s^ 

(1) occurrence k -batmen mountain range Nghland and »road In,/ 

(1) landforauia_borderii^_on_Ki_higrier_«lda_to k -highland «n^/s 

(1) landfnrauB_borderi»g_on_itt_loi-er_tide_to k 'kroad.loat«,/ 

(1) locetkm_of_apex_of_fan b "on constricted valley.of highland 

Te« (1) valley_defcolmce._froai_hlahland_lntl>_a_re«aOwly_broaV' 

(1) loeatk>n_of_fan_sh«p«d_outlb>e k "along the bro*d_bKfe> lov/'i 

(1) iocatad_at b "upparaioat pleowont «k>pe_of_aiountafc_fron 

(1) topographic_araal_extent b from lea« than 1 «a, ail to «rare 

(1) topographlc_thlc*neaa k "ua to hundred« of feet- 

CD deeply_cut_by b "acme or nuaeroua proklnent fannead tn 

(1) do»ery_d«i»ectod_by k -onfar.araaiegeway« 

•»Writ« "thi«_it_the_reautt_of_elpa_writel 

->Let (1) aaV*el_fan_lthology -taaumabt range bedrock itholt 

->Let (1) «oi_texture.of_upaer_«lope« -coarte 

•»Let (1) «oi_tKturc_of_toe»lopra "fine1 

JtU r.7v/- -(1) H_ai«%*al_fan_favorable_«urface_«iorpriology^ 

Figure 9. The components of a rule for the hypothesis H_alluvial_faforable_surface_morphology 
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LIST OF RULES 

j= Rule 15 

If   Execute "Message"(@STRING-"@TEXT-l am trying to establish the hypothesis of alluvial fan, 
4/7rfExecute "Message"(@STRING="@TEXT=Now entering rule alluvial fan,@0K";) 
And topography is "plain" 
/4/?<7drainage_pattern is "dichotomic" 

Then h_olluuial_fan 
is confirmed, 
/4/7tfCreate Object af 1 lalluviaLfanl 
AndzU.topography is set to "plain" 
Andsf 1.drainage_pattern is set to "dichotomic" 
Andafl.presence is set to "ok" 
AndReset topography 

-AndReset drainage_pattern 

Figure 10. Possible actions initiated in rule evaluation: creation of an alluvial fan instance of the class of 
alluvial fans and allocation of values to its slots, based on user input. Resetting is a 
house cleaning routine. 

3.2.1  Single rule evaluation (backward and forward) 

The building-block of the most complex reasoning path is a single rule. All expert system tools process a 
single rule at a time. 

Rules can be structured to perform backward or forward chaining or both along reasoning paths. In 
backward chaining, a rule can be used to verify a condition in another rule. In forward chaining, a rule can 
trigger the activation or the evaluation of other rules. Some expert system tools provide mechanisms for 
only forward or only backward chaining, others provide for both, and yet others provide for the use of the 
same rule in a forward or backward chaining mode. In the last case, rule evaluation is bi-directional, that is 
the system can either prove the hypothesis (goal-driven) or draw conclusions from the conditions (data- 
driven). 

In the following, examples are provided of the type of backward, forward, and mixed chaining required for 
representing the reasoning path for landform interpretation. 

It should be also stressed that besides the choice for forward and backward chaining, there is an issue of 
forward and backward reasoning. Forward reasoning implies starting from what it is known and trying to 
prove the unknown hypotheses. Backward reasoning implies starting from what needs to be proved and 
request the pertinent data to prove it. Backward reasoning can be implemented in a forward or backward 
chaining mode. Forward reasoning can be also implemented in a forward or backward chaining mode. 
Therefore, the mode of reasoning is not bounded by the mode of chaining available in the tool, however, it 
is greatly facilitated by the availability of both methods of rule execution. 

Assuming that the value of a slot involved in one of the rule's conditions is known, by an action of a user 
volunteering (giving) the value of that property, the rule, as a chunk of knowledge, will become relevant 
and the system can use this rule to try to prove or disprove the hypothesis and make further inferences. 
This procedure of starting with data to evaluate rule conditions is called forward chaining. 
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Then 

topographicjorm is "plain" 
And drainage_pattern is "dichotomic" 
And drainage_texture is "coarse" 
And soil_tone is "light" 
And land_cover is "barren","shrubs" 
And vegetation is "shrubs" 
And special is "fan shaped" 
H alluvial fan is confirmed. 

topographic_forti k 'plain* y/ 

drainage_pattem k "if chotomic" \A 

drainage.texture h "coarse" y/\ 

toil.tone ■ "light" \/-. 

land_cover I* "barren","shrubs" \J^ 

vegetation b> "shrubs"^'' 

special k "fan shaped" \J'. 

->Let current_hypothe*i* "farugeomorphology'y/' 

11 IOI i_^ieuini* n.   r ' 

Yet H_rock_pedimertt ?■ 

Ye« H_pediment *p- 

.1 30 y/ Te» H_eiluvial_fan_favoreble_surfacs_morpholGgy y/- 

Yes H_momtän_wlley_fan ?- 

Yes H.baltena ?• 

(1) topographic_forB li "plain" \J> 

(1) drainege_pattem b "dKhotoaic" \J 

(1) drae-iago_texture ki "coarse" sj 

(1) »OILtone a "naht" 

(1) land_ce-«r b "barren","shrisbs* 

(1) vegetation b "shrubs",Tiarren">/y 

0 ) special b -fan shaped" y/ 

(1) sftape_ei_plan_w*ow k "Tan shaped" y/ 

Cl) shape_in_space k "seaäconical" \J^ 

(1) occurrence b "between mountari renge highland and broad \t\J< 

(1) landfor«_i«_bordering_on_rt»_hlghar_slde_to b "highland m\J~ 

(1) landfor«_is_borderina;„on_rls_lower_side_to b "broed_kj«lts/ 

(1) locatton_of_apex_of_fan h "on constricted velley_of Nafifan>/- 

Te» H) velley_det>oi*c*s_noe(_h*ghla«d_lnto_a_re*eävely_broa\/ 

(1) locatlon_or_r>n_shaeed_outlkie b 'alone the broad.basbt toy/ 

(1) loceted^et b "uppermost piedmont t4opa_of_Mountabi_fron 

(1) topographlc„areal_extent b "from less than 1 M)Mlto aura 

(1) toeoe.rephlc_thickneee b "up to hundred« er feet" 

(1) deeply_cut_by b "eoeie or nuaerous proalnent fanheed In 
(1) doseiy_Gissected_by b "onfan_drae*egenys 

->Write *this_tB_the_reeurt_of_dpe_write 

»Let (1) abu\lal_fan_lthofc)gy "mountain range bedrock Itholi 

->Let (1) sol_texture_of_upper_s*opes "coarse 

»Let (1) iod_tnxture_of_tocjlopc3 "feic 

J[1]r.7s/- -(1) H_aliiwai_fam_fevorafele_surface._»iorphol©gy<sy 

Figure 11. Evaluation by backward or forward mode of a single rule 
H_alluvial_fan_surface_morphology in different versions of the rule. 

3.2.2 Multiple rule evaluation by backward chaining on an unevaluated hypothesis 

Since a hypothesis has a value, it can appear in the LHS of a rule as a condition the system will verify. 
Figure 12 shows this situation where a rule whose hypothesis is "presence of rockfall" has an 
unevaluated condition which is itself another hypothesis "erosion_at_the_base_of_slope" that requires 
verification in order for the system to evaluate the "presence of rockfall" to "true." As a subtask in the 
evaluation of "presence of rockfall", the system will try to verify whether erosion_at_the_base_of_slope is 
true and must find one or more rules with erosion_at_the_base_of_slope as the hypothesis. At this point, 
the system needs to evaluate the conditions in the LHS of the rule leading to 
erosion_at_the_base_of_slope. 



Yes uridermining_of_a_river_bank. 

Yes river.bank *P\ 

by_st9' 

Yesparent_material_is_wel(_jointed_or_'Pv 

Yes steep.slopes 'pArockfalLru'p» 

n_ 1. *P Yes e rosion_at_the_base_of_slope *P' 

Yes loose_granular_material ?\ ^ 
'   >debris_fafl.?- 

Yes steep.slopes  r' 

Ye« perent_material_*_¥*S^ioimed_or_'pv 

Ye* «teep_»lope« 'p-ArockfalLnj'p- 

 Ye» ero«ion_at_the_bft»e_of_«lape  f' 

Ye« Ioo»e_gr»ntjer_m»ter1si ?v — 
-L >debr»_fel.?- 

Ye« «teep_«tope«   f' 

-Ye« proence_of_rock_fel *p r.1 67 *p- 

-Ye«pre«ence_of_debri«_fBi ? r.166 *?- _lend«»de *? 

Figure 12. Hypothesis as a condition 

3.2.3 Multiple rule evaluation by backward chaining through AND/OR tree 

The structure shown in Figure 13 represents a typical AND/OR rule diagram wherein multiple rules share 
the same hypothesis. The first tier from the hypothesis is always an "or" decision while the second tier is 
an "and" decision. This arrangement of rules is expandable and may be used repeatedly at many levels of 
depth and can involve many rules as shown in Figure 14. 

In the above cases, there might be conflicts between rules because more than one rule may lead to a 
single hypothesis. There are special mechanisms, called conflict resolution strategies in expert system 
tools to help us deal efficiently with such conflicts in a user-defined fashion. 

Ye« parent_m8terial_i$_wel_jorited_or_iPv 

Ye« steep_ilope* '?-4rockralLnj#?*. 

—— Ye» ero«ion_et_the_ba»e_of_»lope *?' 

Yesloo4e_granular_materlal *?■ 

Ye« «teep_ilopef V■ > _«.'?- 

-Ye« pre«ence_of_rock_fB» *? r.1 67 rp~ 

~Ye«pre»ence_of_debn«_fM *? r.166 *?- -h_tond«lide *? 

Figure 13. Typical AND/OR rule diagram generated by the hypothesis hjandslide 



braut* 'MMM««' »mw^/ 

O) Wt^ofrapliy Equal ^ 

->Oe»wQfcj.cT ,»f_'\Wfc\/^n] r.23s/| 
->Do lyfcAW.fawljw.ots/' 

*>»»«0) Ifl.tapo« 
»»wt O) m^r^r« 

Exocuts -MsMttfe- »STO^/ 
O) tn.Upo«r«ptiy Equal ^ 
O) tfl.^rakwga^atttm s/ 

-»CrMUO»j*ct *H_,\*4a\y~J[l] r.«v/ 
->DD **«)»l.«*»_or_it«*ws/ 

->lte»et 0) Ml-tai 

»bMt (1) **i.*r< 

Execute "te*Mffe* »STM^/ 

<tm*t*ul_1v*t>*4)*cwnt_\/-4l11 r.22 s/ 
<t*tay*t> jw_of_ltoin« > s/7 ' 

br*eut« ■MHIIII' #STT»^v 

<kfcjs«_fwit>.(KO»=wir_to b S^-4[l ] r.21 j/ I 
<toe*«eml>TKn_of_rt8mi > l'?/ 

<lp«*TywTtl>*d)acant_tc k "a? 

i (1>h_b««in_«fW_r«jS/-(1] r.SOv/ 

«'•STMs/x 

> (1) ■w«>_or_ta««_Mr\/' 

Figure 14. Backward chaining with multiple hypothesis 
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4.       Additional types of rules and inference paths required for 
expanding  the previous approaches 

In the present conceptualization and formalization effort for a proper representation of the landform 
interpretation reasoning, it is postulated the use of the following types of rules. 

4.1 Rules   which   pertain   to   the   interpretation   of 
 landforms   from   their   pattern   elements.  

These rules may be activated in a backward mode when the user wishes to suggest a possible landform 
hypothesis to be investigated or in a forward mode when the user, having no idea about the presence of a 
certain landform hypothesis, wishes to be prompted and to provide pattern element values of a site which 
may eventually lead to a landform hypothesis. For example, in Figure 9 the indicated rule "H_alluvial fan 
surface morphology" can be suggested for evaluation by this or similar rules, or the user may volunteer 
the value of any of the pattern elements appearing in the left part of the rule, an action which will activate 
the rest of the pattern elements for competing the rule evaluation in a forward manner. 

4.2 Rules   which   pertain   to   the   interpretation   of 
 landforms   from   their   g e o m o r p h o I o g i c   indicators  

These rules may be activated in a backward mode when the user wishes to suggest a possible landform 
hypothesis to be investigated or in a forward mode when the user, having no idea about the presence of a 
certain landform geomorphic hypothesis, wishes to provide geomorphic indicators of a site which 
may eventually lead to a landform hypothesis (Figure 15). 

IF 
I s composedjDf "crudely_sorted_and_stratified_alluvium_with_or_without_d 

ebris_flow_deposits" 
Yes downslopejocation 
Is current_hypothesis        "fan_geomorphology" 
THEN true H_alluvialJan_favorable_geomorphic_process 

Te» lconstructional_landfDrMl<iyv 

composed.of k "cn«lely_«orted_«iid_«tr«tified_«lluvn™_\/-A.      „„...,._«_,.,        ,. n ,!.oO 
r™— ' . J^r.129v/ Y« H_aJuv»l_fBn_favorable_geomorphic_procesi   f r132   f~ 

YM doimalQp«_loc«tton \J^/ 

current_hypothesis b "fen_geoe»rplioloo;y"\J' Te» H_«lluvial_fen_f«vorable_«urf»jce_morpho*ogy\J r.131 \J— 

Figure 15. Simplified geomorphic origin rule (backward and forward) 

4.3    Rules   which   pertain   to   the   interpretation   of 
 landforms   from   their   regional   context.  

The use of regional context may have various intentions. In this formalization of regional context, when 
any two landforms are found, the system checks their spatial proximity. The reason being that certain 
landforms are known to be adjacent to certain other landforms, e.g. floodplain to terrace, playa to valley fill, 
valley fill to alluvial fan, alluvial fan to alluvial fan (bahada), alluvial fan to pediment. Only when the regional 
context rules find two legitimate landforms next to each other, they prove the hypothesis of an adjacency 
of those landforms. Adjacencies not known to the system should not be permitted, implying that the 
system must prompt the user for this "inconsistency" so that he could check the situation and perhaps 
run the system again. 

The following example (Figure 16) shows that rule 2, which is activated when the number of landforms 
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found to belong in the alluvial fan and the playa classes are each greater than one, examines if the 
interpreted alluvial fan object is next to a playa object and vice versa. The hypothesis "adjacency of alluvial 
fan to playa" is suggested by the user for backward evaluation in Figure 17. Upon that suggestion the 
system is prompting the user to provide his interpretation about the proximity of the various landforms 
(Figure 18, Figure 19). Upon obtaining satisfactory answers about the proximity of the said landforms 
the system is setting the unknown values of the "adjacent to" slot for both landform instances 
(af 1 »alluvial fan and pl_1=playa) to their verified values "playa" and "alluvial fan" correspondingly (Figure 

In Figure 21 it is shown the rule "adjacency of alluvial fan to playa" being invoked by the context 
mechanism linked to the Basin and Range physiographic rule. This is but one reasoning scenario there 
are alternative methods for invoking this regional context rule. The context mechanism is a weak link 
which connects the two knowledge islands. 

Rule 2 

If   <lalluvial_fanl>.num_of_items is greater than 1 
/4/7tf<lalluvial_fanl>.adjacent_to is "playa" 

^/7rf<lplayal>.num_of_items is greater than 1 

>4/7rf<lplayal>.adjacent_to is "alluvial fan" 

r/?ff/?adjacency_of_alluuial_fan_to_playa 
is confirmed. 

Figure 16. Simplified regional context rule concerning two landform types 

Figure 17. The user is suggesting certain hypothesis to investigate including the one for the check of 
adjacency between landforms 
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SESSION CONTROL 

lühat is the adjacent_to of af_l ? 

select an option 

Figure 18. The user provides input as to which landform is next to another landform: playa is next to an 
alluvial fan 

IP! SESSION CONTROL 

U/hat is the adjacent_to of pl_1 ? 

elect an option 

alluvial fan l)K 

Figure 19. The user provides input as to which landform is next to another landform: alluvial fan is next 
to playa 



O •■«-fo i-«_ generic 

adjacent, to - Unknoxr 

■Q drt_naga_patt»rn ■ Unfcnown 

mm «f HIIM ■ | 

O praianca ■ LMoToinn 

■Q toeography - Ur__x>' 

^C] adja©afit_.to - IWcnowt 

-G drarag*. pattern > Untenovrn 

~n num_of_rt«r« - 1 

"-□ pr«»«nc8 IT Ur*nawn 

XQ Topography - unkrio_-t 

Q adjacent, to - play« 

■__] dr_r»age_p_rtar-i- Unfcnewn 

[~] num_of_itBm« • 2 

■Q pretence - Urtm^wn 

■Q topography - Unfcnowr, 

■O •d)icent_to ■ «HtMaLfan 

■D drainage, pattern ■ Unknown 

■Q num_af_rtar« - 2 

Q pretence = Unknown 

■Q topography - ur*no*-i 

Figure 20. The adjacency rule has been proved and the slot adjacencyjo of all interpreted landforms 
have taken the proper value 

Execute "Meeeega* p^, 

(1) llfl.topojnphy Eeis/A 

(1) llfl.drainage.p.tta,/^ 

-»Cr.eteObjact ,lf_'V>/4[1] r.3sj\ 
-»Oe laHuilaLranl.mis/' 

-»Reset (1) lin.toposv 
->«<«1 (1) im.dreln* 

[1] l_basin_and_ran_v'- 

Exacuta •Manags1 P&J, 

(1) Hfl.toeography Eqs/\ 
(1) llfl.dralnage.patte^ 

-»CreateObJect ■pL.'Mv/Jll] r.6\/- 

-»Do lplayal.nura_of_K/'' 
-»Reset (1) liri.topog> 

-»Reeet (!) iiri._r.ina 

[1] odJacency_ef_allu\/. 

[1] h_baa__and_reng>/' 

,'[1] M-elluvleLfen^ 

;->- -HI] rupcayav''"-- 

Execute'Meaaoae'a>S>/s 

Vei (1) meny.mo.ntels/Vl] Ms/-[l] h_besir_end_renav/-. 
Yet (1) m%rt_or_\tts\J' 

<lall_vie_fenfe>-.nen_cs/ 

lalluvla_fant».ad'Jac»s/A "> 
lpl«y.l».n.n_of_itervA/[11 r'lV-H] »eljaie.itcy_.f_.iius/ «lplayal>.n«m_of_iter\/-v 

•=lplaY»»».«_J«cent_to \J> 

Figure 21. The rule of adjacency is connected here by a context (weak) link with the rules concerninq 
pattern elements and physiographic analysis 

4.4     Rules    which    pertain   to 
physiographic   regions 
their   indicators. 

the   interpretation   of 
(provinces,    sections)   from 

The use of physiographic context may have various intentions. In this formalization of physiographic 
context, the user is able to perform physiographic region analysis in two methods. 

In the first, the user can suggest a physiographic region hypothesis and in this case the system will 
prompt him for the physiographic indicators so that to prove or to disprove the set hypothesis. 

h„^h_8r MS n° Pri01; knowled9e so that to suggest the investigation of a specific physiographic region 
hypothesis, then the physiographic analysis rules will request the user for the needed physioqraphic 
indicators so that to search the knowledge base for a match with any of the available physiographic 

Figure 22 shows a simple rule for the hypothesis of Basin and Range with only two evidences This rule 
may work in a backward or forward fashion. 
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In the second method, upon performing the physiographic analysis explained above, the system guides 
the user to interpret the physiographic parts of a physiographic region and subsequently the landforms 
that may be found there. For example in the case of the Basin and Range province, the user is guided to 
decide between (Figure 23, Figure 24, Figure 25) 

• the piedmont landforms 

• the basin floor landforms, and 

• the mountains of the range landforms. 

Upon the user selection of a piedmont landform, the user is guided for the landforms of the piedmont, 
e.g., alluvial fan, pediment, etc. 

The above process may work in a forward fashion as well. That is, upon proving the hypothesis of an 
alluvial fan landform, the user is guided into the hypothesis of a piedmont, and subsequently to that of the 
Basin and Range physiographic province. 

LIST OF RULES 

Rule 16 

If   Execute "Message"(@STRING-"@TEXT=l am trying to establish the hypothesis of Basin and F 
And there is evidence of many_mountain_ranges 
Andth&re is evidence of more_or_less_parallel_mountain_ranges 

Then h_basin_and_range 
is confirmed. 

Figure 22: Simplified rule for physiographic region identification 

Ye« (1) H_f>n_pie*iont.co«lBC«it_«luv«LI*'p—[1]r.38 ? 

Ye» (1) H_elkjvid_fai_f»vor«He_terran *p [1 ] r.37 f ■tM(1)H_pic*»it_fklpe_ter«tirm f [1]r.13 f 

Yet (1)H_roc*_pe<4mem_f»*orette_tefr8in 9 (l]'-39 ?^ret (1) H_moi*itaii_end_range_fBvcr*le_tef *p [1 ] r.12 9 

Yl«(l)H_>llu*l_ftet_<ivor«t«_terr>(n 9 [1] f.l 6 ? -^.YM (1) H_bMr_(loor_l«rafDmi 9 [1 ] r 14 9 

Y~(1)Hj>l«y«_f»»r«Me_Mrr«n f [l)r.T7 f 

[1 ] H.botin_Bfid_renge_l«natorm 9 

Figure 23. A partial reasoning path connecting the hypothesis of the Basin and Range province and 
the alluvial fan landform 
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Yes H_basin_floor_landform 9- .134 ? 

Ye* H_piedmont_landform \J r.1 33 \J- 

Yes H_mountain_and_range_landform 9 r.1 35 9 

H_ba*in_ar\d_range_landform \J 

I 

Figure 24. A partial reasoning path connecting the hypothesis of the Basin and Range province and 
the piedmont landforms 

Yes HJake_plain ? r.143 ? 

Yes H_sand_sheet *p r.141 ? 

Ye« H_aluvial_flat 9 r.139 ? 

Yes H_ailuviat_pl9in 9 r.138 9 

Yes H.playa 9 r 137 9 

Yes H_fan_piedmont 9 ' 154 9 

Yes M_rock_pediment 9 '152 9 

Yes H_pediment 9 r.1 SO 9 

-Ye» H_eiluvial_f»jn_f»vorable_»urface_mo rphology \J r. 1 49 ^/ 

Yes H_mountein_valley_fBn 9 r.1 SI 9 

Yes H_be«er» 9 '1s3 9 

Yes H_tan_*rt 9 r 155 9 

Yes H.allusteLpleln 9 ' 140 9 

Yes H_beach_plain 9 ' 14? 9 

■148 9 

Yes H_basin_floor_landfGrm r? — 

Ye» H_piedmont_landform \/— 

H_mountaln_and_range_landform 9 — 

Yes H_mountalns 9 

Yes H_ranges 9 

Figure 25. A partial reasoning path connecting the hypothesis of the basinjloorjandforms, 
piedmontjandfroms, and mountain_and_range landforms with a variety of landforms 
expected in the Basin and Range province 

4.5    Rules   which   pertain   to   the   interpretation   of 
landforms   from   a   combined   evidence   of   pattern 
elements,    geomorphic   origin,    regional   context,    and 
 phys i o g r aphic   context. 

While a landform hypothesis (e.g., alluvial fan) may be true because of the pattern element rule, it may not 
be true from the geomorphic, physiographic, or regional rules. The following type of rule (Figure 26) aims 
at grouping these partial evidences for a landform into a more integrated evidence. 

Figure 27 shows how, in a backward or forward reasoning mode, the system is using two different rules 
for proving or disproving of the hypotheses: 
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• H_alluvial fan favorable surface morphology, and 

• H_alluvial fan favorable regional environment 

Subsequently, these are combined in the hypothesis "H_alluvial fan favorable terrain" (Figure 26). 

If 
terrain is a member of |landform| 
And there is evidence of H alluvial fan favorable climate 
And there is evidence of H alluvial fan _favorable_physiographic section 
And there is evidence of H alluvial fan favorable_pattern_elements 
And there is evidence of H alluvial fan favorable surface morphology 
And there is evidence of H alluvial fan favorable site 
And there is evidence of H alluvial fan favorable association 
And there is evidence of H alluvial fan _favorable_geomorphic_process 
And there is evidence of H alluvial fan favorable regional environment 
Then H_alluvial_fan_favorable_terrain is confirmed. 

_ terrain Member landforml  f*<. 

™ Ye« (1) H_alluviaLfan_favorable_eliniate 'pil 

Yes (1) H_alluviaLfan_faw>rable_phy5iographic_»ection ?J 

Yes (1) H_alluvial_fan_favorable_pattern_elements *?, 

 Yes (1) H_alluvial_fan_favorable_surface_morphology ?\ 

Yes (1) H_alluviaLfan_favorable_site ?\ 

Yes (1) H_alluviaLfan_fa\orable_association *p» 

Yes (1) H_alluwal_fan_favorable_geomorphic_process "p- 

Yes (1) H_alluviaLfan_ravorable_regionai_en\ironment   f/ 

->Reset (1) H_playa_favorable_terrain ?' 

=>Let (1)currenl_hypothesis "H_playa_fawrable_terrain" ?' 

»let (1) current_hypothesis "constraints messages of alluvial  f*', 

=>Let (1)current_hypotnesis "engineering propertie* of alluvia?') 

[=>Let (1) current_tastt "engineering application" Vf 

Yes (1) H_fan_pieo*nont_coalescent_alliiviaLfan_favorable_te ?■ 

»[1] r.8 ? Yes (1) H_Blluvial_fan_favorable_terrain *p 

Yes (1) H_rock_pediment_favorable_terrain ?• 

Yes (1) H_aHuvial_f!at_fa«3rable_terrain ?• 

Yes (1) H_playa_fawrable_terrain V- 

Figure 26. An evidence combining rule for the alluvial fan favorable terrain 
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(1) topographJc_fcrm b "stlam" *?, 

0) drainage „pattern k "cichotomic" ?! 

(1) dramage_texture k "coarse" *?1 

(1) mi-ton« ■ Tight" ?$ 

(1) !and_cover k "barren","shrubs" *?.E 

(1) vegeteuon k "shrubs"p"barren" *?.¥ 

(1) spedei k "fan shaped" ?A 

fl) *hape_in_plan_v*w k "fan thaped" *?A 

(1) shape_in_ space k '»emicontcal" *? J 

(1) occurrence k "between mount» range highland and broad lowland baim' *pv 

(1)lerxrt>rm_is_borderpig_on_rts_r«gher_side_to k "hignJend mountain rangt9s 

(1) tandform_i«_bordermg_on_rEs_lower_side_to k "broedjowlend basin" O^ 

(1) tocaoon_of_a«>ex_of_fen k "on constricted va«ey_of righlend mountains"?-- 

Tet O)valey_debounces_from_hsghlarid_mto_a_relethely_broad_tovvland f 

(1) loc«ion_oLfan_sheped_outlr>e k "»long the bro«d_be»in lowland" *fl 

Cl) located.at b "uppermost piedmont slope„of_mountain_fronf f't 

(1)topogr«phic_ereeLextent k from less than 1 sqmi to more than 40sqn9'/ 

(1) topographic_övckness k "up to hundred« of feet" V'/ 

(1) deepry_cut_by k "some or numerous prominent fanhead trenches issuing 9'l 

(1) cto»ely_d»sected_by b "onfen_drem«gew»ys" 9'l 

->Write "this_is_the_resurt_of_dpa_write" *?$ 

«»Let (1) alluviaLran.ithotogy "mouman range bedrock (thotogy" ?1 

■>Let (1) sol_texture_of_upper_ssopes "coarse" ?J 

->Let (1) so«_texture_of_toeslopes "fine" ?' 

Yes (1) teonstructioneljandforml ?* 

(1) composed_of k "variously_sorced_and_stratified_aiuvsjm_wth_or_with<'pv, 

0) creteted_by_geamarphic_proce*s_of k "deposition" r?- 

">Let (1) current_hypothesis "H_piedmontJendform" ?' 

»Let (1)current_hypothens "H_basci_floorjandform" *[>/ 

}[1]'??- 

terrasn Member Uandforml ?, 

Yes (1) H_a.uviaLfari_fevorable_c.mate ?, 

Ye» (1) H_e»uw«l_f«n_fi«robte_jshyiiogrephic_«sct»sn ?, 

Yes fl) H_a«uviaLfan_faMjrable_pattern_eWBents ?, 

—Ye* (1) H_eiluvial_fan_fawrable_surface_morphoiogy r?- 

Yes (1) H_a§jVHl_f8n_fi«>rable_site ?■ 

Ye« (1) H_a«uvBLfar_fawrable_assodaöon ? 

/Yes (1) H_eJuvial_fan_ravoraEle.geomorphK:_process ? 

'Yes (I) H_a»uy8Lfan_f»wrabte_regional_enyiror»iient *?■ 

«>«sset fl) Hj*>ya_fevorable_terrari ?• 

'->Let Cl)current_hypothesis "H_playB_fBvorable_terrari" 9' 

->Let (1) cur/ent_hypothesis "constraints messages of alluvial fan favorc*le ?' 

->Let 0)c/'rent_hypoOiesis "engineering properties of alluvial fan favorable?' 

-»Let (1) current_tast "engreermg applcabon" ?< 

Wl]rS?/ 

Figure 27. The alluvial fan landform is being inferred from surface morphology (pattern elements) and 
geomorphic indicators 
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Additional examples of rules and reasoning paths 

5.1     E x a m p I e   1 

These rules (Figure 28), reflecting landform identification by pattern elements, adjacency rules, and 
physiographic context are reasoning backward by suggesting each hypothesis, or forward by volunteering 
the current task -being pattern element, geomorphic origin, or physiographic context. 

Execute "Me»»age* »STRIIs^. 

Te» (1) current_ta»k_rc \/\ 

<laNuvial_fan l> .num_of_it«^v 

<lalluvial_fanl> .adjacent.v/-" 

<lplayal>.num_of_item* > \J' 

<lplayal>.adjacent_to It '\J> 

»[1 ] r.1 sj—[1 ] adjacency_of_alluvial>y 

Execute 'Meoage' • STRHs^. 

Te» (1) current_ta»k_phy\s/v 

Te» (1) many_mountain_r»y/-' 

Te» (1) more_or_le**_parN^ 

^[1 ] r.3 \J [1 ] h_ba»in_and_range \J 

Execute 'Mecsage* »»STRIK^i 

Te» (1) current_ta*k_lfpe^O 

(1) llfI.topography Equal t\/\ 

(1) llfl.drainage_pattern K^v 

»CreateObject ■pl_'\lpla^-' 

«>Do lplayal.num_of_item>l/
/' 

=>Be*et (1) llfl topographs^/'/ 

»Re*et (1) llfl drainage_\</' 

[i]'.5\y- -[1] h_playa \J 

Execute "Message" ©STRING*"?-. 

(1) llfl.topography S "plain" ?^>[13 r.4 ?- 

(1) llfl.drainage.pattern Is "noi?' 

-[1]h_dummy_1 9 

Execute "Me»*age" *STRI\^ 

Te* (1) current_ta»k_lfpe\/o 

(1) llfl.topography Equal t\^\ 

(1) llfl.drainage_pattern S^v 

=>CreateOfaject ,af_'\lalli\/-' 

->Do lelluvial_fanl.nuin_of\/' 

=>Reset (1) HfLtopographs^'y 

->Be»et (1) llfl.drainage.r^/' 

ni'W- -[1 ] h_alluvial_fan \J 

Figure 28. Rules reflecting landform identification by pattern elements, adjacency rules, and 
physiographic context (backward or forward) 



5.2    E x a m p I e   2 

(1) topographic form * "plain's,/ 

(1) dralnaae_pattern b "dichotomic" 

(1) dreknage_texture b "coerae"\/ 

0) rat.ton« b "light" \/ 

(1) tand_cover b "barren","shrubs'\^ 

(1) vegetation b "ehrub«"("barren"\/ 

(1) special fa "fan shaped" \/ 

(1) shape_m_pJan__v*ew k "fan shaped" \J\ 

(1) •hape_in_space b "••niconieal" <^/ 

(1) occurrence fa "between mountain range highland and broad b\/ 

(1) lenrfforvt_M„bordering_on_its_hejrter_side_to fa "highland m*s/ 

(1) tendfDiwJk_bardertog_on_lt«_lowar._aida_to fa •broad_towfa\/ 

(Diocation_of_epex_of_fan » 'onconstrictedN*ley_of highiandmounters 

Ye» (1)valey_debour>^t_frorn_h^f-iand_jnto_a_retat[s«yJsroad_>ov4and *? 

(1) loca:ion_of_fBn_»rieped_outir« a "along the broedjaetin lowland" *p 

O)!oc«ted_at ■ 'uppemo«ple<lmorit9tope_of_fw?unts*n_frort' *p 

(1) topographies re»f_extem k "from to»» than 1 *q m to moro than 40 «qn? 

0) topographic_thid(ne»« k "LBS to hundred« of feet' *p' 

CD deepry_cut_by a "tome of numerous prominent fanheed trenchei »suing *P 

CD do*ery_d«tected_.by ft 'onfacdrahegeways;' ? 

=>Wnte "thisJs_.ttie_reMJt_or_dpa_wrtte" 9 

■>Let (1) aHuMBl_fanJitnology "moLiitari range bedrock Kthology" *p' 

«>Let CD«o*-.texture_of_upper .slopes "coarse' 91 

=>Let CD•oi_texture_of_toe*k)pe$ "fre1 V1 

! SESSION CONTROL ! 

LUhat Is the Value or locatlon_of_apeH_of_fan ? 

ffT^tffTS^IP—'^**fflS  S—S S   £ 2 3  IS 

on constricted valley_of highland mountains H III» 
■ S. 5-2:-5 

I'M MM« 
XS.-S CS::iX 
sc:-at m m 

iCUr-'?- -fn H_afcivW_fan_fav< Ehgtegy ♦ 

Figure 29. The user is answering the queries of the system, providing each pattern element value 

g 
(1) topographic for ai a "plain" \/ 

(1) drainage_pattem b "dichotomic" s^ 

(1) drsänage.texture b "coarse" \^ 

(1) aolL-tone b -light 

(1) land_ cover b "barrenVihrufes 

(1) vegetation b "shrubs",Starren' \Jx 

(1) apBCtal b "fan »hepad" v/ 

(1) Bhape_ai_plan_*ev b "fan shaped" sj\ 

(1) *hapc_in_,space b "»e> conical" N/\v 

(1) occurrence b "between mountain range highland and broad k^\ 

(1) l«#idform_M_borderi»g_oR_rts_Mgher_slde_to b "highland ""S^O 

[1) landform Js_bordering_onJts_tower_ssde_to b "broadjowlfs/^ 

(1) lwcatton_of_apox_.of_fan fa "on constricted valfey.or hi^tmrrsj^ 

Tes CD >^ley_debounce»_frc>ai_raghiend_into_a_re»atiwely_bro«>y//* 

(1) locatton_of_fen_shaped_outllne b "along the broad_bas*n ta\J'!a 

(1) located.at b *uppermo«t piedmont s*ope_of_.mountaJn_fron 

(1) topographic_are«l_axtent b "from lew« then 1 »a ail to mare 

(1) topographic _thteknoaa b "up to hundrede offset" 

0) deepry_cut_by b "aoaie or numerous prominent fanhead tn 

(1) do*ety_dM»ected_by b "onftm_dr«inageway* 

»>Write *this_is_the_reaurt_of_dpa_write 

->Let (1) aaXrv4aJ_fan_lthoiogy "rcountain range bedrock ttholi 

->Let (1) sol_texture_of_upper_stopes "coarse 

=>Let CD soi_texture_of_tocslopG» "fine 

jnir./v/- -(1) tt_aluvtaJ_fv_favorable_surface_Btorpho4ogy^ 

Figure 30. The user has answered all queries of the system regarding pattern elements correctly and 
the hypothesis of an alluvial fan from surface morphology has been established as true 
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5.3    Example   3 

topographic.forai b "plain' \J* 

draänage_partern b "dichotoaic" \J\ 

H Idrainaga.texture Is 'cwrn' 

soi_tone b night' \JX 

tand_cover k "barren","»hrubs" \JN 

vegetation b "shrubs"tT»arren" \/\ 

•pedal b "fan «taped' \J\ 

•hape_m_plan_vunr b "Tan shaped"\^0 

*hape_in_space b 'seniconjcaT \/, 

occurrence b "between Mountain range highland and broa^\ 

landforB_ls_bordenyig_on_ns_hlgher_slde_to b "MgMancv/v 

Iandform_is_borderin9_on.jts_lower_side_to b "broad_kn^- 

locatlon_of_apei_of_fan b "on constricted va)Hey_of hkjK/-^ 

Tes vaiiey_debowices_froei_highland_into_a_ralativery_b»^/ 

tocation_of_fan_shapad_outlbie b "along the broad.basimy/ 

located.at b "uppermost piedmont alope_of_nountain_frn^'y 

topographic_areaJ_extent b "from less than 1 sg mi to m<\/'y 

topographK_thick7ieas b "up to hundreds of feet"» 

deeply_cut_by b "sasie or numerous prominent fanhead tK/1 

ctosely_als*ected_by b *onfan_draimgew*vs' sj'n 

->Write "this _is_the_result_of_dpa_ write' sj'ft 

»Let aluvtal_fan.Ethology "Mountain range bedrock ittto 

»Let soil_te«ure_of_upper_s(opes "coarse" 

«•Let soil_texture_of_toeslopes "fine" 

Tes IconstructionalJandforal >^\ 

composed.of b "vartously_sorted_and_stratrned_aHu>*«»^v 

cretated_by_aeomorpNc_proces*_of b "deposition' \J- 

«>Let current.hypothesis "H_piedsiont_landforBi"s^^ 

-»Let current_hypothesis "H_basin_floor_bindfbria"^' 

lr.71 \Js 

.70^- 

Tes H_alkivial_fan_favorabte_cliraate \/\ 

Vas H_aluwal_fen_favorabla_physiographic_Mction \jA 

Tes H_aMuviet_fan_favorable_pattern_elements ^\ u 

'Tes H_aiuwal_fan_favorable_surtface_morphology "VVX 

Tes H_aHuvial_fan_favorable_site >^0 

Tes H_aHu*ial_fan_favorable_assoclalion^^ 

—Tes H_aluviaLfan_favorable_georaorphic_process \J— 

Tes H_albn*el_fan_favorable_regional_eri*ronnient \J^. 

">Rseet H_playa_favorable_terrain \J'/ 

Figure 31. The user has answered all queries of the system regarding pattern elements and 
geomorphic context correctly and the hypothesis of an alluvial fan from surface 
morphology as well as the hypothesis of an alluvial fan favorable terrain from geomorphic 
processes have been established as true 
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Ye» N_aluvial_fafi_favorable_ciaiate N^» 

Ye« H_aIuv«el_fa«i_favora«ie^y»>graphic_tection \j\ 

Tel H_alluvial_fan_favorable_natten>_ote»»entt \jS 

^e« H_alkivial_fan_ravorable_aurface_a>orphoiogy yA 

Tet H_»IIUYiaI_f»n_favorable_»ite \A 

Tu« H_alw*al_fan_f*vorabte_ac»oeiation v^ 

-70\/ Te« H_alluviai_fan_favorab4e_9ea«norpräc_ijr<>ce*< >^- 

Ye« N_alluvial_fan_rawiirable_reqJanal_envirorwent ^y^ 

-»Iteiet H_ptaya_favorable_terrain ^^ 

«>Let currem_hypothe»i« -H_playa_favorabte_terraBi->y\ 

-»Let current_hypothest> "conatralntt Menage« of »»inthj'i 

->Let current_hypotr»iii 'en^iewrmg proportion of aJuvs/7 

»>Let current_ta«k "engineering: appfecation' 

r.72^. 

Ye» H_rockje*riem_fav«Dr»rjte_»urface_morphology5J 

Ye« H_rock„pe*T>ent_fB*jrebte_geomorphic_proce*» *? b> 
Yei H_e»j^aLttet_favorerj«e_i<jrfBce_morphology Jß-^_^        _ 

Ye« H_aluv<a(_flat_fawraUo_geomorpr»c_proce«< V""""^ 

Ye« H_fan_piec*tiont_coaie«cent_8Huv(al_fBn_favürable_turface_iT!oSr^ 

Ye» rLfan_pie*iont_co«le«cent_alluvi8Lfan_favDrable.5eomorpric.9 

Ye» Hjlaya_f8vorabte_«urface_morphology JJ^___^ 

Ye« H_plays_faw)rable_geomorpr»c_procesi f-^*^ k* 

lmont_coale«cent_ a*j4«al_fen_fa»rab(e .terrain 5J— 

alluvial. fan_favorable_ terrain v^— 

rock_pedmenr._fawrable_terra!n J^— 

Laa\MaLflat_fa\orarj*e_terrain "Ä— 

Ye« H_playa_fBvorable_terrain JJ— 

Figure 32. The user has answered the queries of the system regarding ail aspects of reasoning for 
alluvial fan favorable terrain and therefore the combined evidence rule has been established as 
true, while the rest of the hypotheses concerning the other landforms (pediment playa etc ) 
have failed 

,Ye« H_fan_pl«*)ont_coale«cent_a!luvial_far_fa«:rab!e_terrati JJ -.1 02 JJ 

^Te« H_alluvtal_fafi_favorable_terrain \J r.101 \/- 

-Yes H_rock:_pednient_fawrable_terra»i JrJ r.l 03 Wt 

-Ye« H_alluvl«Lfiet_fa'«rable_terrefi 55 r.eoJJ 

Yet H_playa_rawreble_terrer ™ß- 

Ye« H_pted»jont_«lope_lamttfomi \J- 

Yei H_mountatn_and_rarige_favorabte.terrain JJ&- 

-Yes H_baain_floor_landform Wt- 

Figure 33. The established hypothesis of an alluvial fan favorable terrain proves true the hypothesis of 
a piedmont slope landform 

-^2S»-Ye« H_piedmont_«lope_landform \J f .77 \J- 

Yes H_mountain_arid_range_favorable_terrain JljJ r.76 JJ 

-Yes H_basin_floor_landfbrm JK r.78 Wh 

H_ba*in_and_range_landform \J 

Figure 34. The established hypothesis of piedmont slope landform proves true the hypothesis of a 
Basin and Range landform 
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5.4     E x a m p I e   4 

In this example the system starts by the user giving the top goal "acquire from user the number of 
landforms of the site" (Figure 35). This goal, upon getting from the user the required number for 
landforms (Figure 35), asks for the pattern elements of each landform as it is showing in the following 
examples (Figure 36, Figure 35, Figure 37). Upon getting the pattern elements of each landform (Figure 
36, Figure 35), it creates unknown landform instances IfJ (Figure 38), tests the landforms as to their 
type (Figure 35), performs regional and physiographic analysis, and at the end it creates the identified 
instances (objects) of each identified object Figure 38. 

IP! SESSION CONTROL 

What is the num_of_iterns_initial of If ? 

OK 

M 

Name (1) llfl.num_of_items_init© [1] r.3 9—HI aquire_from_user..number# 

* RULE 3 
If 

1) llfl.num_of_items_initial is assigned to 
llfl.num_of_items_initial 
Then 
There is evidence of 

aquire_from_user_number_of_initiaUandforms_of_the 
_site 

E 

E 

Figure 35. The user is giving the top goal "acquire from user the number of landforms of the site" 
which requests the number of landforms to examine. The user responds for two 
landforms. 
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What is the topography of lf_l ? 

Figure 36. The system gets from the user the values of the pattern elements 

—(1) ceata.requlreeLlnstaneeflj- - - . 

Execute 'Message- »STRIS/ '"-. 

Name <lin».top.9raphy <I^-X[1] r-BB^H] mitl.llntlon_.r  pattev/--. 
Name <lirt>.aralnage_patt>s/'

X 

Execute 'Message' ©STRIh^A 

Strategy ©PT6ATES-FALSs/\ ~-, 
->Let (1) current_task_IK/-^7[1] r-77\/-^t1] evaluate_all_landform.v/ 

»Strategy OPTGATES=TPs// 

Figure 37. The system proceeds with contexts through the various tasks 

Z2 



O Iandrorm_B*nenc 

ifljacincy.. mitten 
m|»cint_to 

Cgyntfr 
countar2 

Q drainaga.patti 

num of If n« 

num_of_ltyrnt_Wtl»l 
praaance 
topography 

adjacency.ralation 
adJicincy_relation_vtrlfted 
adJacant_to 
countir 

countarZ 
drain apt  na»«m 

name 

num_of_ltamt 
niim_of_it»mi_lnltial 
praaanca 
topooriohv 

-A(+»'-i 

■A t+>*f_2 

tdjacency.rvlation 
a dja cincy_n i^l of\_w«n f ted 
ldJtc»nt_to 
countar 
CDunt«r2 
dralnaga pattam 
nam* 

num.ofjtems 
num_of_ltamsjflltlal 
praaanca 
toooflraonv 

■A (+X'-1 
•A (+>ir_z 

BdJacMicy_rautlon 

adjacancy_relatlon_v 
adjac»r>t_» 
countar 
courttarz 

-Odrainagt.pattam 
name 
nurn_orjttmi 

num_or_ltims.inltl3l 
presence 
topography 

adJacancy_ralation 
adJacency_reiation_v 
idjacant_to 
countar 

counter2 

■O flrainaga_pattem 
name 
num_ofjtems 
num_of_items_initial 
prasanca 
topography 

Figure 38. The system has created the initial instances of the two landforms and then upon infering 
their type, it copies them under the proper landform classes as their instances. 
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6.       Knowledge Acquisition  and  Compilation 

As it was explained during the identification and formalization stages of the landform-related knowledge, it 
was necessary to expand the landform-pattern element approach to include an expanded range of landform 
indicators such as additional pattern elements, indicators of regional context, indicators of physiographic 
context, and indicators of geomorphic process context. 

This knowledge was compiled and, systematized to a certain degree, with great difficulty because of the 
variety of opinions in the textbooks regarding the landform indicators and their values and also because 
the systematic organization had to be made in an adhoc trial-and-error manner. 

The results of this collected and systematized factual (qualitative and declarative) knowledge is presented 
in the tables of this section. It is organized into classes (Pattern Elements, Geomorphology, 
Geomorphometry e.t.c). Each class is characterized by attributes (slots) and attribute values. 

The following landforms and physiographic regions are described in Tables 8-15: 
Alluvial Fans 
Valley Fills 
Playas 
Continental Alluvium 
Physiographic Context 
Sonoran Desert 
Great Basin 
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TABLE   8 
ALLUVIAL   FANS 

EVIDENCE 
CLASS 

Slot Value 

Pattern Elements 
Drainage Pattern dichotomic, 

radial-braided 
Gullies no, few 
Tone light gray 
Topography fan-shaped 
Vegetation natural cover 

scattered scrub, grass 
Distinguished from from Deltas by its perspective slope toward apex 

Geomorphology 
Landform Type depositional 

alluvial deposit 
fluvial landform 

Climate arid 
semi-arid 

Process fluvial 
Agent loaded stream 
Water Regime ephemeral 

intermittent 
Stream Process braided 
Drainage Texture (density) 
Depositional Mechanism abrupt change of stream gradient & velocity 
Depositional Area on adjacent plane 

in front of a valley mouth 
Geomorphometry 

Planimetrie Shape fan shaped outline 
3d Shape (geometric 
shape) 

conical 
a cone radiating downslope 

Shape Boundary distinct 
Concavity/Convexity concave radially 

convex transversely 
Highest Portion apex 
Lowest Portion outer fringe 
Surface Height low 
Size (radial extent) few hundred meters to tens of kilometers 
Surface Slope 1 to 10 degrees 

gently sloping 
Profile Development/gullies little 
Surface Verbal Description a fan rises gently towards its apex at 1-10 

degrees, the fan slopes gently towards its outer 
fringe 

Material 
Rock 
Origin of Material sediment from loaded stream 
Kind of Material bed load (larqer particles rolled alona stream bed) 

suspended load (smaller particles picked up and 
carried forward in suspension) 

Sediment Composition sand and gravel, also a small portion of silt & clay 
(more in humid climate) 

Spatial Distribution • coarsest material near apex 
• finer material near the margin of the fan 
• apex contains boulders & cobbles 

Regional context 
adjacent to flat plain 

35 



EVIDENCE 
CLASS 

Physiogr. Context 

TABLE   8 
ALLUVIAL    FANS 

Slot 

higher than 
lower than 
contained in 

contained in 
contained in 
contained in 
contained in 

out of 
lower than 
lower than 

Value 

valley mouth 
plane 
valley mouth 
adjacent plane 

Mountain Range Province 
Sonoran Desert Section 
Great Basin Section 
piedmont 

pediment 
of a piedmont 

piedmont junction 
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TABLE   9 
VALLEY    FILLS 

EVIDENCE 
CLASS 

Slot Value 

Pattern Elements 
Drainage Pattern Parallel, braided 
Gullies none 
Tone uniform light gray 
Topography filled valley bottoms 
Vegetation natural cover 

cultivated 
Geomorphology 

Landform Type depositional 
alluvial deposit 
fluvial landform 

Climate arid 
semi-arid 

Process fluvial 
Agent loaded streams 
Water Regime ephemeral 

intermittent 
Stream Process braided 
Drainage Texture 
Depositional Mechanism loaded streams shift channel and deposit vast 

amounts of alluvial deposits during severe storms 
Depositional Area flat valley bottom 

Geomorphometry 
Planimetrie Shape plane 
3d Shape (geometric shape) gradually gently sloping plane 
Shape Boundary 
Concavity/Convexity plane 
Highest Portion near the highlands 
Lowest Portion near the valley bottom 
Surface Height bw 
Size 
Surface Slope gently sloping away from the highlands 
Profile Development/gullies little 
Surface Pattern rock islands 
Surface Verbal Description flat valley bottoms gradually sloping from the 

highlands, interrupted occasionally by rock islands 
^Material 

Rock 
Origin of Material alluvial sediments from highlands 
Kind of Material alluvial sediments 
Sediment Composition sand and gravel, also a small portion of silt & clay 

(more in humid climate) 
Spatial Distribution coarsest material near the highlands 

finer material near the valley bottom 
Regional context 

lower than highlands 
alluvial fans 
bahadas 

contains playas 
adjacent to alluvial fans 

bahadas 
Physioqr. Context 

contained in Mountain Range Province 
contained in Sonoran Desert 
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EVIDENCE 
CLASS 

TABLE 
VALLEY    FILLS 

Slot 

contained in 
contained in 
out of 
lower than 
lower than 

Great Basin 

pediment 
pediment 

Value 

piedmont junction 
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TABLE   11 
PLAYA 

EVIDENCE 
CLASS 

Slot Value 

Pattern Elements 
Drainage Pattern none 
Gullies none 
Tone light, scrabbled 
Topography flat basin 
Vegetation barren 

cultivated 
Geomorphology 

Landform Type depositional 
fluvial landform 
dry lake bed 

Climate arid 
semi-arid 

Process fluvial 
Agent shallow temporary lake 
Water Regime ephemeral 

intermittent 
occasionally covered with shallow sheets of water 

Stream Process 
Drainage Texture none 
Depositional Mechanism interior drainage & closed basin 
Depositional Area base level plains of topographically closed drainage 

basins 
Geomorphometry 

Planimetrie Shape flat plane 
3d Shape (geometric shape) plane 

horizontal 
Shape Boundary 
Concavity/Convexity plane 
Highest Portion plane 
Lowest Portion plane 
Surface Height base level basin 
Size few sq. m to 9.000 sq. km 
Surface Slope horizontal in slope 
Profile Development/gullies none 
Surface Pattern temporary shallow lake, usually light photo tones 
Surface Verbal Description lakebeds of baselevel plains of desert closed basins 

with internal drainage occasionally covered with 
shallow sheets of water, with little or no vegetation 

Material 
Rock 
Origin of Material alluvial sediments 
Kind of Material 
Sedimentary Composition stratified silt & clays with large soluble salt 

quantities 
Spatial Distribution 

Regional context 
adjacent to 
contained in closed basins 
contained in 

Physiogr. Context 
contained in Mountain Range Province 
contained in Sonoran Desert 
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EVIDENCE 
CLASS 

TABLE    11 
PLAYA 

Slot 

contained in 
contained in 
contained in 
contained in 
out of 
lower than 
lower than 
lower than 
lower than 

Value 

Great Basin 
valley fills 
continental alluvium 
intermont basins 

pediment 
alluvial fans 
bahadas 
piedmont junction 
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TABLE    12 
Continental Alluvium 

EVIDENCE 
CLASS 

Slot Value 

Pattern Elements Slot Vafeje 
Drainage Pattern internal, 

dendritic 
Gullies few 

U-shaped 
Tone uniform light gray 
Topography broad flat plains 
Vegetation natural cover 

cultivated 
:Qeofnon3hology : 

Landform Type depositional 
alluvial landform 
fluvial landform 

Climate arid 
semi-arid 

Process fluvial 
Agent loaded streams 
Water Regime ephemeral 

intermittent 
Stream Process braided 
Drainage Texture coarse (regional) drainage 
Depositional Mechanism loaded streams, originated in mountains, deposit 

vast amounts of alluvial deposits on adjacent planes 
during severe storms 

Depositional Area flat planes (adjacent to mountains) 
GeGSTwrphometry 

Planimetrie Shape broad flat plane 
3d Shape (geometric shape) flat plane 
Shape Boundary 
Concavity/Convexity plane 
Highest Portion 
Lowest Portion 
Surface Height low 
Size • very broad planes in regional scale 

• cover thousands of square miles 
Surface Slope flat 
Profile Development/gullies few U-shaped, 

badland erosion features alonq its edges 
Surface Pattern buffalo wallows 
Surface Verbal Description flat plains covering vast regions, occasionally 

broken by small circular flat bottomed depressions 
caused by wind erosion 

Material 
Rock sedimentary 
Origin of Material alluvial sediments from highlands 
Kind of Material alluvial sediments 
Sedimentary Composition sand and gravel also a small portion of silt & clay 

(more in humid climate) 
Spatial Distribution coarser particles settle near the basin margin 

finer material is deposited near the basin center 
Regional context 

adjacent to alluvial fans 
bahadas 

lower than highlands 
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EVIDENCE 
CLASS 

Physioqr. Context 

Slot 

TABLE    12 
Continental Alluvium 

contains 

contained in 
contained in 
contained in 
contained in 
out of 
lower than 
lower than 

Value 

alluvial fans 
bahadas 
playas 

Mountain Range Province 
Sonoran Desert 
Great Basin 

pediment 
pediment 
piedmont junction 
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TABLE   13 
Evidence of the Basin and Range Province 

(Physiographic   Context) 
EVIDENCE 

CLASS 
Slot Value 

Province 
province description mountain ranges separated by desert basins 
province size qreat (1/10 of the USA) 

Ranqes 
geometry ranges are roughly parallel 

a general straightness is more worthy than the opposite 
appearance                   one or more (parallel) ranges 

ranges are smaller and larger 
the bulk of a range is fairly continuous 
within a range no great and sudden variation in height 
ranges are not deeply notched & segmented 

length                          50-75 miles commonly 
width                          6-15 miles are common 

Mountains 
(tectonic) process         tilted faulted, folded & eroded blocks, 
Planimetrie shape plainly unsymmetrical (tilted faults blocks) 
mountain border the course of mountain front marks usually a great fault 

Valleys 
shape V-like 
frequency mature dissection by angular valleys 
slopes frequent occurrence of ravined slopes 

the meeting of valley floor & mountain side is abrupt 
Basins 

shape jasin are almost level 
shape concave basins filled with sediments 

Drainage 
pattern centripetal (internal) 
ending eads to enclosed basins 

playas 

43 



EVIDENCE 
CLASS 

Geomorphomet 
JX  

Hypsometry 

Erosion cycle 

Drainage 

Tectonism 

TABLE    14 
Identification  of Sub-Physiographic  Units 

slot 

general 
description 
relative height 
range size 

Basins 

Sonoran  Desert 
value 

Great Basin 
value 

mountain ranges 
intervening desert planes 
much lower in altitude 
mountain ranges are 
smaller 

3000 ft contour 
indicator 
usual heights 

ranges % 

pediments % 

an insignificant portion 
lies above 3000 ft 
more than 1/2 of surface 
is below 2000 ft 
1/5  is covered by 
mountain ranges 

mountain ranges intervening desert 
planes 
much higher in altitude 
mountain ranges are larger (lengths 
of 50-75   & widths of 6-15 m iles 
are common)  

a significant portion lies above 
3000 ft 

basins % 

overall degree 
of erosion cycle 
relative age of 
ranges 
relative degree 
mountain 
erosion cycle 

2/5 of the area is covered 
by pediments 
2/5 of the area is covered 
by basins  

the erosion cycle has 
proceeded further here 
mountain ranges are 
perhaps older 
greatly eroded mountain 
forms of a long erosion 
cycle  

degree of 
unification/indep 
endence 

union of basins in a 
common drainage system 

drainage 
integration 

centripetal 
drainage 

tectonic 
Planimetrie 
shape of 
mounts outline 

drainage is more 
integrated (mainly in 
pediments) 
much of area has no 
centripetal drainage 

tectonic 
interpretation 

evidence of 
pediments 
evidence of 
concave basins 

most of the ranges are 
without the straight base 
lines relied on fault origin 

a minority of mountain 
ranges was interpreted as 
fault blocks 

pediments are much more 
prevalent 
large areas are without 
concave basins of internal 
drainage     

ranges most frequent altitudes are 
7000-10,000 ft above sea level 
1/2 of the area is covered by mount 
ranges 
pediments are less prevalent 

1/2 of the area is covered by basins 

erosion cycle has proceeded less 
here 
ranges are in a younger erosion 
stage 
eroded mountains possibly at the 
first erosion cycle 

independence of drainage basin 

drainage is either not or less 
integrated 

interior drainage (centripetal) is 
highly characteristic  

the meeting of the valley floor and 
mountain range is abrupt and 
straight base lines are evident 
(faulting) 
majority of ranges are eroded tilted 
fault blocks (plainly unsymetrical in 
slope)   

pediments are less prevalent 

concave basins of internal drainage 
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