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Forfellow surface networks researchers



Abstract
T he nature o f  data structures used for the representation o f  terrain has a great influence on the 

possible applications and reliability o f  consequent terrain analyses.

This research dem onstrates a concise review and treatm ent o f  the surface network data 

structure, a topological data structure for terrains. A surface network represents a terrain as a graph 

w here the vertices are the fundam ental topographic features (also called critical points), namely 

the local peaks, pits, passes (saddles) and the edges are the ridges and channels that link these 

vertices. D espite their obvious and widely believed potential for being a natural and intuitive 

representation o f  terrain datasets, suface networks have only attracted limited research, leaving 

several unsolved aspects, which has restricted the use o f  surface networks as viable digital terrain 

data structures. The research presented here presents novel techniques for the autom ated 

generation, analysis and application o f  suface networks.

The research reports a novel m ethod for generating the suface networks by extending the 

ridges and channels, unlike the conventional critical points-based approach. This proposed 

algorithm  allows incorporation o f  a m uch wider variety o f  terrain features in the suface network 

data structure.

Several ways o f  characterising terrain structure based on the graph-theoretic analysis o f 

suface networks are presented. It is shown that terrain structures display certain empirical 

characteristics such as the stability o f  the structure under changes and relationship between 

hierarchies o f  topographic features. Previous proposals for the simplification o f  suface networks 

have been evaluated for potential Limitations and solutions have been presented including a user- 

defined simplification. Also m ethods to  refine (to add m ore details to) a suface network have been 

shown.

Finally, it is shown how  suface networks can be successfully used for spatial analyses e.g. 

optim isation o f  visibility index com putation time, augm enting the visualisation o f  dynamic raster 

surface animation, and generating multi-scale morphologically consistent terrain generalisations.
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"Never again" cried the man, "never again will we wake up in the morning and think Who 
am 1? What is my purpose in life? Does it really, cosmically speakings matter i f  I  don't get 
up and go to work? For today we will finally leam once and for all the plain and simple 
answer to all these nagging little problems of Fife, the Universe and Fvery thing!"

"yin answerfor you?" interrupted Deep Thought majestically. "Yes. I  have. "

'Forty-two," said Deep Thought, with infinite majesty and calm.

"Forty-two!" yelled FoonquawL "Is that all you've got to show fo r seven and a half million 
years' work?"

"I checked it very thoroughly, " said the computer, "and that quite definitely is the answer. I  
think the problem, to be quite honest with you, is that you've never actually known what the 
question is. "

"But it was the Great Question! The Ultimate Question of Fife, the Universe and 
Fverythingj." howled FoonquawL

"Yes," said Deep Thought with the air of one, who suffers fools gladly, "but what actually is 

o/̂ gr

"Well, you know, it's ju st Everything... Everything... " offered Phouchg weakly.

"Exactly!" said Deep Thought. "So once you do know what the question actually is, you'll 
know what the answer means. "

From “H itchhiker’s Guide to the Galaxy” by D ouglas Adam s (1979)



Chapter 1

Introduction

1.1 Context

Digital elevation m odels (DEM s) are essential com ponents o f  wide ranging applications that 

require a representation o f  natural terrain. The applications could be as diverse as archaeology 

(e.g. viewshed analyses o f  ancient settlements; Lake and W oodm an 2003) to the modeUing o f 

zoological habitats (e.g. forest ecosystems; Mackey et al. 2000). Naturally, an enorm ous am ount 

o f  research has taken place in the various aspects o f  digital elevation modelling. Some recent 

significant works am ongst many others on digital elevation m odelling include von M inusio 

(2002), H utchinson and Gallant (2000) and the proceedings o f  the recent ASPRS conference on 

“Terrain D ata and A pplications" (URL #1).

D EM s are an outcom e o f the object generalisation o f  continuous terrain (Weibel and D u tto n  

1999) and consequendy inherit uncertainty arising out o f  the discretisation (von M inusio 2002). 

D ifferen t D EM s provide varying levels o f  description o f  the terrain continuity for example a 

raster D E M  will provide a m ore com plete description o f terrain heights com pared to a T IN  

(Kum ler 1994). Various terrain representations reveal varying levels o f  abstraction w hich is 

particularly relevant w hen the increasingly massive terrain datasets are stored in com puters, von  

M inusio (2002) provides a detailed discussion on the desired characteristics o f  a reliable D E M . 

T he choice o f  the D E M  to represent the continuous terrain i.e. w hether triangulated irregular 

netw ork (TIN) or raster or others is critical to the success o f  the terrain analyses.

I t is interesting how  different disciplines describe terrains. M athem aticians have m odelled 

terrains primarily with an aim to decom pose the shape o f  terrain into the basic descriptors or 

elements even if  it m eant over-simphfication (e.g. by using the simple geometrical shapes such
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as triangles) leading to potential loss o f  the structure. Such descriptions are generic (i.e. universal 

to all types o f surfaces), formal and robust such as required in com puter-aided design. T he aim 

o f  the m athem atical description is to produce a constrained global model o f  terrain. T he other 

large group o f  terrain researchers from  the field o f  physical geography use m ore compound 

descriptors (e.g. valleys, m ounds, scarps, drainage network) w ith m ore emphasis on the 

preservation o f  the structural inform ation o f  the terrain. A lthough the compound descriptors are 

m ore natural, their derivation is subjective to each individual, hence it is often difficult to derive 

an objective definition o f  terrain features^ These researchers are m ore interested in the process 

which resulted the surface, hence the descriptors are also symbolic o f  the factors in the process.

A simple example o f  such a fundam ental dichotom y is the description o f a terrain by these 

two disciplines. In  order to achieve a simple and tractable m odel o f  terrain, a typical algebraic 

definition o f  terrain will be as follows:

A  terrain is a smooth, doubly-continuous function of the form ^ f ( x , j ) ,  where  ̂is the height associated 

with each point (x,y). Further,

The local maxima or peak of the terrain is a point with a ĉ ro slope and a convex curvature.

D efinitions for o ther terrain features are defined similarly using m orphom etric measures. 

M ost physical geographers will however find these definitions very restrictive because, a) they 

do not include som e com m on terrain features such as lakes and overhangs crucial to certain 

applications e.g. runo ff modelling, and b) natural terrain features cannot be localised to a point 

because a peak with zero local slope will really be an exception rather than a rule in nature. In 

physical geography, the description o f  the terrain surface and terrain features is m ore indicative 

than precise. Therefore, as long as the shape o f  the terrain around an area could be classified into 

a terrain feature type, it is the responsibility o f  the geographer to locate the position o f the peak 

on terrain based on h is /h e r  expertise. Figure 1.1 shows the difference betw een an algebraic 

topology (as a Triangulated Irregular N etw ork or T IN ) and physical geography (drainage 

network) description o f  a terrain surface.

It follows therefore, that a com bination o f  these two ways o f  m odelling a surface should 

provide a com plete and robust approach for describing surfaces. In  o ther words, a data structure 

which could explicitly describe both  the structure (e.g. hills and valleys) and the form  (e.g. xyz 

coordinates) o f  terrain will be an ideal digital representation o f  terrain. A m ore general form  o f

W olf (1993, p24) highlights the importance o f  exact definitions quoting Werner (1988) and I hank et al. (1986).

15
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T erra in

M ath em atic ian 's  Model
■ Piecewise model of terrain 

surface as  tr iangular patches.

Representation simply requires 
the s to rage  of points and their 
topological relationships.

Physical G eographer's  Model
Drainage network model of terrain 
surface as  a network of ridge and 
channels.

■ Representation requires non-trivial 
derivation of consistent drainage 
network.

r

Figure 1.1 Representation of a terrain into two different models depending upon the  application.

16
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this requirem ent was stated by W olf (1993). W olf regarded that an efficient terrain data structure 

will contain bo th  the geometrical inform ation (e.g. coordinates, hne equations) and topological 

inform ation on the geometrical data (e.g. neighbourhood relationships, adjacency relationships) 

o f the terrain. However, as this thesis aims to show, the construction o f a topologically 

consistent terrain data structure is a non-trivial task because real terrains seldom  obey the 

constraints required by topological rules.

It is fairly straightforw ard to produce data structures that store the geometrical inform ation 

about a surface. W e simply need to collect certain points on the surface either on a regular 

lattice/grid  or irregular locations. In  fact for many surface apphcations, only geometrical 

inform ation is required for analyses. However, storing topological inform ation has a num ber o f 

significant advantages as follows:

■ I f  we assume certain hom ogeneity in surface shape (e.g. sm ooth and continuous), using 

a topological data structure will reduce the num ber o f  points required to construct a 

surface. For example, by storing only certain m orphologically im portant point (MIPs) 

(e.g. corners, inflexions) and their topological relationships we could reconstruct the 

surface by means o f  interpolating between M IPs. Thus the am ount o f  com puter disk 

space required to store the surface will be reduced significandy. Helm an and Hesselink 

(1991) reported  90% com pression o f  volum etric surface datasets in topological data 

structures.

■ Topological relationships are a m uch m ore efficient way to access a spatial database e.g. 

sophisticated spatial queries such as clustering would be easily im plem ented by 

perform ing trivial adjacency and proximity tests between the nodes.

■ Topological data structures could provide a unified representation o f the global 

structure o f  the surface. Thus, these data structures can be used for applications that 

require uniform  and controlled response from  the entire surface such as m orphing in 

com puter graphics and erosion m odelling in hydrology.

■ Topological data structures wiU be useful for the visualisation o f  the structure o f 

surfaces, particularly multi-dim ensional surfaces. For example, H elm an and Hesselink 

(1991) and Bajaj and Schikore (1996) reported  that rendering o f  volum etric surface

17
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datasets as skeleton-like topological data structure is faster and m ore com prehensible 

com pared to traditional volume rendering.

■ Bajaj and Schikore (1996) propose that topological data structures will be a simple 

m echanism  for correlating and co-registering surfaces due to the em bedded inform ation 

on the structure o f  terrains.

W hile the benefits o f  com bining topological relationships betw een m orphological features 

o f  terrains is clear, it is uncertain which M IPs and topological relationships should constitute a 

universal surface topological data structure. Clearly, each terrain should be characterised by 

M IPs suitable for a particular application. Many types o f  M IPs have been proposed  by 

researchers in different disciplines and referred with different names for example landform 

elements (Speight 1976), critical points and lines (Pfaltz 1976), surface-specific features (Fowler and Little 

1979), symbolic surface features (Palmer 1984), surface patches (Feuchtwanger and Poiker 1987) and 

specificgeomorphological elements (Tang 1992). T he com m on aim o f  these classifications has been to 

provide a sufficient resemblance to the surface relevant to a particular application.

The research presented in this thesis focuses on a D E M  that represents terrain as a graph 

between the im portan t m orphological features. H ence it com bines the above-m entioned key 

properties o f  a desirable D EM . In particular, the m otivation o f  the research reported  here was 

to refine and extend the surface netw ork (Pfaltz 1976) o f  a terrain. A surface netw ork is 

essentially a graph w here the local peaks, passes and pits are the vertices, and the local ridges 

and channels are edges (Figure 1.2). T he ridges connect the passes to the peaks and the channels 

connect the pits to the passes. Even w ith such a general description, the surface netw ork 

prom ises a num ber o f  unique properties, as follows:

■ A surface netw ork is m ade up o f  the fundam ental (Fowler and Litfie 1979) and minimal 

set o f  local topographic features hence it is highly com pressed (up to 90% com pression 

can be achieved by representing a terrain as a surface network), e.g. see H elm an and 

Hesselink (1991 ) and yet preserves critical terrain inform ation.

■ As a graph-theoretic representation o f terrain, a surface netw ork is an explicit 

expression o f  the terrain m orphological structure (e.g. watersheds) unlike T IN  or raster 

w here the m orphological structure has to be derived separately by post-processing.
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■ The graph-theoretic structure o f  the surface netw ork makes it amenable to formal graph 

based contraction, which has been proposed to be useful for generalisation o f  the 

terrain structure and no t merely the terrain database (W olf 1989, Rana 1998).

Thus, due to its explicit topographic design, the surface netw ork is a natural and intelligent 

data structure as a representation o f  terrains. How ever, a num ber o f  issues related to the four 

main aspects o f  surface networks, namely their m odel, autom ated generation, generalisation and 

practical use remain unresolved, which has prevented their use as a practical D EM . The goal o f 

the thesis has been to fiU the gaps. The rem aining part o f  this chapter wiU provide a background 

on the above four aspects, which wiU be used to highhght the unresolved issues and thus 

introduce the aims o f  the thesis.

A t this stage, a difference between the terms “data structure” and “data m odel”, used in 

the context o f  terrain datasets is proposed. It is proposed  that the term  surface data structure 

should merely imply a form at for storing the geom etric and topological inform ation (e.g. point 

heights and adjacency relationships) in a single construction. O n  the o ther hand, the surface data 

m odel should be an extended version o f  the surface data structure, where additional metadata 

inform ation characterising the surface (e.g. vaUeys, ridges i.e. characteristic properties o f  surface) 

is also incorporated to produce a representation o f  the surface. In  simple terms, a surface data 

m odel is a value-added product o f  the surface data structure and the surface data m odel 

explicitly represents the characteristics o f  the surface. Thus all surface data models can be 

regarded as surface data structures bu t the opposite is n o t necessarily true.

In the literature the term  D E M  has often been restricted to a raster, also called gridded, 

lattice and cellular, elevation data structure. This definition seems to be a rather im m ature use o f 

the term  D E M  and propose that the term  D E M  be used for any data structure that satisfies the 

following properties:

■ It provides the three-dim ensional geographic coordinates for each representative point 

o f  the topographic surface.

■ It provides the description required to reconstruct the continuity o f  the topography.

■ Optionally, it should be amenable to practical use in terrain analyses e.g. hydrological 

analyses.
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Figure 1 .2  (a) A contour representation of a terrain and (b) the corresponding surface network.

Numbers in the  paren theses  of fea tures  in (a) are their respective elevations and the 

n um ber on the links of the graph in (b) are weights associated with edges.
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Therefore, the above definition will also include a triangulated irregular netw ork (TIN) o f  a 

terrain as a D E M  while a bunch o f  scattered elevation values or digitised contours will n o t be 

classified as D EM s. Also, the term  D E M  here only implies the natural topography thus it 

excludes vegetation and anthropogenic features which may exist on terrains. Some researchers 

also use the term  digital terrain m odel (DTM). A digital surface m odel (DSM) on the o ther hand 

could consist o f  all desirable features including the terrain.

1.2 Unresolved issues and aims of the thesis

T he concept o f  the surface netw ork has evolved from  a culm ination o f  ideas mainly from  

m athem atics, physical geography and com puter science. This m ixed lineage is due to the fact 

that terrain m odelling is actually a part o f  the broader research on m odelling o f  scalar two- 

dim ensional functions regarded as two-dim ensional surfaces; specifically,

■ Terrain is assum ed to be a scalar function such that the scalar property ^ and

■ Terrain is C- continuous (so there are no overhangs), defined over a dom ain that is 

simply connected (so there are no holes), and bounded by a closed contour line.

T he research on terrain modelling has taken place in disciplines such as physical and social 

geography (e.g. terrains and socio-econom ic surfaces), com puter science (e.g. digital images), 

m etrology (metal surfaces), physics (e.g. crys tallographic surfaces) and m any others. K o en derink 

and van D o o m  (1998) provide an excellent review. T he following rather long set o f  b rief 

descriptions list the sequence o f  events related to the conceptual developm ents o f  surface 

netw orks, and link the lineage o f  the ideas from the various disciplines.

T he prim ary origin o f  surface netw ork research lies in the realisation o f  the fundam ental 

topographic features. Fundam ental topographic features are characteristic local topographic 

features that are com m on to all terrains and contain sufficient inform ation to construct the 

w hole terrain, thus taking away the need to store each point on the surface.

T he concept o f  critical points o f  a surface (where ô^/ôx—0: /̂5y —̂  namely the local maxima 

{S';^/Sx->0, ^ /(^ > 0 ) , minima ^/<5v-<0, ^/<^^<0), saddles also called passes ^/Sx->0,

S ' o r  vice versa) and slope lines (lines norm al to contours) also called topographic curves 

and gradient paths o f  surfaces, were proposed as early as the mid-19^'^ century by 

m athem aticians (De Saint-V enant 1852 reported  by K oenderink and van D o o m  1998, Reech
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1858 reported  by M ark 1977). In  physical geography, Cayley (1859), based on contour patterns, 

first proposed  the subdivision o f  a topographic surface in to  a fram ew ork o f  sum m its (local 

peaks or maxima), immits (local pits or minima), knots (local saddles o r passes), ridge Hnes 

(slope Hnes from  saddles that reach up to a summit) and course Hnes (slope Hnes from  saddles 

that go down to a minima) (Figure 1.2). MaxweU (1870)^ m aintained Cayley’s definition o f 

sum m its and im m its and added that a pass is the low po in t connecting two summits and a bar is 

the high po in t connecting two immits. As can be seen in Figure 1.2, for a terrain a bar and a 

pass are really the same critical point. MaxweU proposed the foUowing relations betw een the 

num bers o f critical points on terrain, which were later proved by M orse (1925) using differential 

topology:

summits — passes + 1 

immits — bars +  1 

. summits + immits — 2 — (bars + passes) I  2 or 

summits + immits — passes — 2

MaxweU also described the partition o f  the topographic surface into HiUs (areas o f  terrain where 

aU slope Hnes end at the same summit) and Dales (areas o f  terrain where aU slope Hnes end at 

the same immit) based on the fundam ental topographic features.

T he earHest graph-theoretic representation o f  the topological relationships betw een the 

critical points o f  a terrain is the Reeb G raph  (Reeb 1946 reported by Takahashi et al. 1995). 

Reeb graph basicaUy represents the spHtting and merging o f  equi-height contours (i.e. the cross- 

section) o f  a surface as a graph. T he vertices o f  the graph are the peaks, pits and passes because 

the contours close at the pits and the peaks, and spHt at the passes. Consequently, the edges o f 

the Reeb G raph  turn ou t to be the ridges and channels.

In  a significant related developm ent in m athem atics, M orse (1925) derived the relationship 

between the num bers o f  critical points o f  sufficiently sm ooth functions, which is know n as the 

Critical P o in t T heory o r M orse Theory. M ore speciftcaUy, M orse derived that for a two- 

dim ensional function y  w ith the foUowing properties:

'I'hc anxiety by which Maxwell presented his paper is quite amusing. His note to the editor o f  the journal reads “An exact 
knowledge o f  the first elements o f  physical geography, however, is so important, and loose notions on the subject are so prevalent, 
that I have no hesitation in sending you what you, I hope, will have no scruple in rejecting if  you think it superfluous after what has 
been done by Professor Cayley.”

22



Introduction

■ / i s  sufficiently sm ooth i.e. / e  C-. Thus, it is possible to calculate the curvature at each

point on the function hence cases like overhangs and lakes do no t exist,

■ F or aU points b on the b o u n d ary /^ ) < /z )  where i is an interior point.

■ All critical points o f  /  are non-degenerate i.e., the H essian m atrix H{p) o f the 2"^

derivatives, o f critical points has a nonzero determ inant (i.e. singular or regular). The

Hessian matrix for a p o in tp(:x,j) is defined as:

m  =

the following relationships exist between the critical points o f / :

\Po\ > 1  

\Po\ - |T / | > 1 

\Po\ - \P,\  +  \P2 \ = 2

w here Po, Pi and P2 denote the sets o f pits, passes and peaks o f / respectively. The last equation 

has been referred as the M ountaineer’s E quation (Griffiths 1981 reported by Takahashi et al. 

1995) and the Euler Form ula (Takahashi et al. 1995).

T he function /  that satisfies the above properties is called a M orse function. The generic 

nature and wide applicability o f  M orse Theory led to the expansion in interest in the critical 

points o f  surfaces am ongst various disciplines.

W arntz (1966) revived the interest o f geographers and social science researchers into 

critical points and lines when he applied the “HiUs and D ales” concept for socio-econom ic 

surfaces, referred to as the W arntz netw ork (A term  apparently first used by M ark 1977).

A data structure identical to Reeb graph is the contour tree (Morse 1968, 1969). A 

contour tree represents the adjacency relations o f  contour loops. The tree like hierarchical 

structure, develops due to the fact that each contour loop can enclose m any o ther contour loops 

bu t it can itself be enclosed by only one contour loop. As is evident, the contour tree is the same 

as the Reeb graph. Interestingly, K w eon and K anade (1994) proposed  another similar idea called 

the Topographic Change Tree. As in the case o f  the Reeb graph, the vertices o f such a contour 

tree and topographic change tree are the peaks, pits and passes.
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Pfaltz (1976) proposed the graph representation o f  the W arntz netw ork and called it the 

surface netw ork (Mark 1977 used the term  Pfaltz’s graph). W hile the topology o f  Pfaltz’s G raph 

was based on a W arntz network, Pfaltz added the constraint that the surface will have to  be a 

M orse function. Since Pfaltz was in the com puter science field, his w ork attracted the attention 

o f  researchers in three-dim ensional surfaces such as in medical imaging, crystallography 

(Johnson et al. 1999, Shinagawa et al. 1991) and com puter vision (K oenderink and van D o o m  

1979). Pfaltz also proposed a hom om orphic contraction o f  a surface netw ork graph to reduce 

the num ber o f redundant and insignificant vertices. A long the similar lines, M ark (1977) 

proposed  a pruning o f  the contour tree to rem ove the nodes (representing contour loops), 

which do not form  the critical points, i.e., the vertices o f  the contour tree, and called the 

resultant structure the surface tree. This essentially reduces the contour tree to the purely 

topological state o f  a Pfaltz’s graph. T he Reeb graph, Pfaltz’s graph and Surface tree have 

fundam ental similarities and are actually inter-convertible (Takahashi et al. 1995).

N ackm an (1984) proposed  a new construction for the graphs o f  critical points, called the 

Critical Poin t Configuration G raph (CPCG), to be a surface netw ork under m ore general 

conditions than those in the Pfaltz’s graph.

W olf (1984) extended Pfaltz’s graph by introducing m ore topological constraints in order 

to be a consistent representation o f the terrain. H e p roposed  assigning weights to the critical 

points and hnes to indicate their im portance in the surface and thus he proposed  the name 

weighted surface netw ork (WSN) for P fatlz’s graph. W olf dem onstrated new weights-based 

criteria and m ethods for the contraction o f the surface networks. Later, W olf suggested that in 

order to visuahse a W SN for cartographic purposes and be useful for spatial analyses, the 

vertices could be assigned metric coordinates (W olf 1990). The resultant representation is 

term ed m etric surface netw ork (MSN).

Feuchtw anger and Poiker ( 1987) proposed  another topological m odel for terrains, which 

was essentiaUy a com bination o f  ideas from  the Interlocking Ridge and Channel N etw ork 

(W erner 1988), Hihs and Dales, C ontour Tree, Surface Tree, and Pfaltz’s G raph. Sadly, although 

interesting, the idea did no t advance beyond the Entity-Relationship M odel o f  the data structure.

Recent works have m osdy focussed on the autom ated extraction o f  surface networks from  

raster and T IN  D EM s, which wiU be discussed in a later section.

1.2.1 M odel

T he basic construction o f  the surface netw ork m odel has n o t changed since the proposals by
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Pfaltz (1976) and W olf (1988, 1990) thus their description o f  surface networks has been used 

throughout the following section. T he original descriptions have been extended in places where 

it was felt necessary for better com prehension.

1.2.1.1 C o n c e p t

T he surface netw ork represents a terrain, assumed to be a two-dim ensional M orse function, as a 

weighted, directed, tripartite graph W  = {Po, Pj, Pr, E), where Po, Pi, P2 are the three vertex sets 

representing the sets o f all pits, passes and peaks, respectively, while E  is the set o f  all edges 

(Figure 1.2). In  addition a consistent w eighted surface netw ork (WSN) satisfies all the following 

rules (after Pfaltz 1976, W olf 1988):

Rule 1: IFis planar (W olf 1988).

This means that an intersection o f  edges i.e. intersection o f  ridges and channels is no t allowed, 

which is namral because except at the critical points, there can only be one type o f  slope line 

passing through a point.

Rule 2: The subgraphs \PoyPj\ and {Pi,P^ are connected (Pfaltz 1976).

This means that channels connect pits and passes, and ridges connect peaks and passes. This 

property im parts a global and unified structure to surface network, which makes it am enable for 

spatial analyses such as hydrological modelling.

Rule 3: \Po\ - \Pi\ +  | / ^ |  = 2 (Pfaltz 1976).

I t states that the num ber o f  pits minus the num ber o f  pass points plus the num ber o f  peaks 

m ust always be two, as also required for the terrain to be a M orse function.

Rule 4: For all v g  Pi  ̂ -  od(y) = 2 (Pfaltz 1976); 

i d  and o d  stand for in-degree and out-degree respectively.

This rule requires that exactly two incom ing edges (channels) and exactly two outgoing edges 

(ridges) should be incident at a pass thus excluding the existence o f  degenerate passes.

Rule 5; If val{u, v]) = w) = 1 then there m ust exist Vj^ v,- such that

(u,V;), G Æ"(Pfaltz 1976);

val stands for valency, and u G Po, w   ̂ P2 ,1 <  i,/>  \Pi\-
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This condition requires that if  there is a path  from  pit u via pass Vi to peak iv, which consists only 

o f  edges with valency one, then there exists another path  from  pit u to peak w via a distinct 

saddle vj.

Rule 6a: If (u ,f) is an edge o f a circuit in the bipartite graph \Po,Pi\ then

va1{y^W) #  2 for all P 2 (Pfaltz 1976), and

Rule 6b: If (vju) is an edge o f a circuit in the bipartite graph \Pt,P^ then

#  2 for all u g  /^ (P fa ltz  1976).

This property asserts that a graph configuration as shown in Figure 1.3 is no t allowed, because it 

implies a violation o f  Rule 1. A nother way o f  stating this rule is that v) + vaK̂ v̂  < 3

for all w G Po, V G Pi  ̂ w &  /^ (P fa ltz  1976).

y

Figure 1.3  Incons is ten t topology (from Wolf 1990).

Rule 7: wt{e^ > 0 for all e/ G E  (W olf 1988); 

wf stands for weight and 1< / >  \E \

This means that all the edge weights m ust be greater than zero. For instance, if  h[u), h{v) and h{w) 

represents the elevations o f  a pit, pass and peak, respectively, then the weight o f  a channel is h{î  

— h{u) and the weight o f  a ridge is h{ip) -  h{v).

R u le  8: F o r  all u g P q, v/, Vj & Pi, F ^ a n d  w) g .E h o ld s

w{u,Vi)+  = w{u,v])+  (W olf 1988).

This m eans that for all paths from  pit u to peak iv the weight is the same, no  m atter which 

saddle po in t is passed.

Rule 9a: If val{u,}^ =  2 with e,i and ei2={u,^) then w(e/y) = w(e,2) (W olf 1988).

Rule 9b: If vaJ(v,^^j =  2 with e/y=(r,w) and e,2 =(v,w) then w(e,i) = w(ei2) (W olf 1988).

This means that all channels from  a pit to a pass have the same difference in altitude; the same 

holds for ridges, too.
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T he p ro o f o f  the above rules is available in Pfaltz (1976) and W olf (1988) and it will no t be 

dealt with here.

Î.2.Î.2 Shortcomings o f  the WSN m odel and topological rules

Although the w eighted surface netw ork m odel provides a natural and sophisticated 

representation o f  the terrain, it has been considered merely as an interesting proposal by 

geom orphologists. Pfaltz (1976) him self was aware o f  the several flaws and com m ented about 

the topological properties o f  the surface netw ork that is unknown whether these properties are 

sufficient to guarantee the realigahility of C  (surface network). It is therefore no surprise that W SN is 

no t m entioned am ongst m ost G I science textbooks as a D E M . I t is p roposed  that the surface 

netw ork m odel suffers from  the following three main drawbacks:

(i) Non-representation o f  all terrains and terrain features.

■ N o t all terrains can be realised as surface networks.

The fundam ental shortcom ing o f the surface netw ork m odel is the assum ption that natural 

terrain is C- continuous everywhere so that features such as overhangs (e.g. glaciated terrains, 

dunes, plateaus), holes (e.g. karstic terrains), break in slope (e.g. alluvial fans, scarps) are absent, 

and the critical points and Lines are clearly defined on the terrain. This requirem ent is clearly an 

exception than a rule especially for natural D E M s, which are used to generate surface networks. 

Com m only available D E M s are often full o f  sensor and interpolation noise (von M inusio 2002), 

and d o n ’t represent the relief below water level (isolated islands or large flat areas inside terrain). 

Therefore, it is clearly no t possible to realise the surface netw orks for aU types o f  terrains, 

especially those w hich do not have the entire set o f  critical points and lines required for the 

surface networks.

■ Problem s in representing well-behaved terrains.

As described in the last point, it is an oversim plification to assum e that natural terrains are 

M orse functions. T he rules presented in section 1.2.1.1 e.g. Rules 3 and 4 simply ignore the 

chaotic behaviour o f  weathering processes, which leave the terrain in a state o f  constant 

inequihbrium^. H ow ever, it w ould also be unrealistic to suppose that it is im possible to derive 

surface networks except possibly in small patches. T hese exceptional terrain patches could be

’ PFalt  ̂ (1976) suggests that points in incquiUbhum e.g. degenerate points could be decom posed into non-degenerate points but 
does not provide any proposals.
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regarded as well behaved terrains or functions. D ifferent kinds o f  limitations exist in 

representing well-behaved terrains.

A com m on concern am ongst geom orphologists regarding W SN is that it does no t 

represent m any im portant hydrological features e.g. junctions and bifurcations because the 

ridges and channels could only m eet at the critical points. As a solution, W olf (1990) suggested 

that the channel junctions and ridge bifurcations could be represented as infinitesimally closely 

located pit-pass and pass-peak pairs (Figures 1.4, 1.5) and term ed the new W SN m odel as MSN. 

W hile the proposal from  W olf (1990) correctly adjusts the graph topology at the location o f 

channel junctions and ridge bifurcations, the connections o f  the edges incident at the artificial 

peaks/p its/passes is arbitrary. For example, it assumes that free passes and peaks will be 

available, which could be used to connect the new artificial peaks/p its/passes to the graph 

(Figure 1.4b).

Similarly, the gullies (small channels) on hül faces connecting to the main channel, features 

com m on to any m ountainous terrain, are no t included. These gullies, called the inner leaves o f  

the channel netw ork in the interlocking ridge and channel netw ork m odel (Figure 1.6) by 

W erner (1988), are a prom inent terrain feature and relevant in hydrological modelling for 

catchm ent analyses. Again, the problem  here is that these gullies start from  a point on  the hiU 

face (called source nodes; W erner 1988), w hich is no t a critical point.

(ii) Scaling

Terrain features are organised in a hierarchy, expressed as a variation in their spatial extents 

(Fisher at al. 2004). For example, a gully on a slope face has small spatial extent com pared to the 

channel it drains into (Figure 1.6). The position o f  the feature in an hierarchical arrangem ent can 

be regarded as the scale o f  the feature. Fisher et al. (2004) dem onstrated that a location on the 

terrain could be a part o f  different feature types at different scales. Therefore, a terrain is 

inherendy com posed o f multi-scaled features. I t therefore implies that a terrain w ould have 

multiple surface networks representing the feature scales o f  a terrain. T he existing surface 

netw ork m odel (or for that m atter M orse Theory) does no t address how  such individual surface 

networks could be unified into a single surface netw ork m odel o f  a terrain.

(Hi) Uncertainty

W hile there is no denying the fact that the abstraction o f  a terrain as a surface netw ork could 

significandy reduce the disk space requirem ents o f  a terrain, it is also necessary to realise that the
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F igure 1 .4  (a) Two channel junct ions (in circles) in a surface  netw ork  and (b) their 

decomposit ion into an infinitesimally closely located pair of pits and p asses  

(modified af te r  Wolf 1990).
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Figure 1.5 (a) A ridge bifurcation (in circle) in a surface network and (b) their decomposition into 

an infinitesimally closely located pair of pass and peak (modified after Wolf 1990).

i1

Figure 1 .6  A mountain with gullies on slope faces (Source: Anonymous).
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surface netw ork is an approxim ation o f terrains based entirely on a minimal set o f  line and point 

topographic features. As m entioned earlier, the surface netw ork would inevitably fail to capture 

all the variations present in terrain, which could lead to a considerable am ount o f  uncertainty in 

the D EM . In general, the uncertainty will depend upon  the deviation o f  the terrain from  an 

ideal M orse function and would vary spatially across the terrain. A t present, there are no 

proposals for ascertaining the uncertainty associated w ith a surface network.

1.2.2 Generation

The process o f accurate autom ated extraction o f  a surface netw ork from  the digital elevation 

dataset (e.g. raster, T IN , contour etc.) lies betw een the surface netw ork m odel and its use in 

practise. The m ethods o f  surface networks extraction have ranged from  the simple manual 

(W olf 1988) and triangulation (Takahashi et al. 1995) m ethods to the com plex surface fitting 

(Pfaltz 1976, W ood 1998). The different m ethods were chosen depending upon the researchers’ 

belief in the best way o f  extracting the critical points and lines. There have been many 

suggestions for detecting the critical points and lines o f  a surface. This thesis focuses on the 

afore-m entioned four works in some detail as they represent the culmination o f  the m ost widely 

im plem ented ideas, used specifically for surface networks.

1.2.2.1 Autom ated extraction

In short, the generation o f  a surface netw ork involves two steps — (i) extraction o f  the critical

points and (ii) connecting them  with the critical lines. T he three main categories o f  m ethods, 

including a manual m ethod, for surface netw ork extraction are as follows:

(i) Manual Extraction

W olf (1988) reported a successful generation o f  a topologically consistent surface network. His 

success lies in a manual extraction o f  the surface netw ork from  contour maps. H e picked the 

critical points from  the contour map using a digitiser and established the topological 

relationships i.e., the ridges and channels, by visual inspection.

(ii) Triangulation

Takahashi et al. (1995) proposed a m odified version o f  the eight-neighbour m ethod detection o f 

the critical points (Peucker and Douglas 1975) for grid surfaces. T he eight-neighbour m ethod 

com pares the height o f  a point, p{ij), w ith its eight neighbours in a 3x3 square surrounding p  

(Figure 1.7) and classifies the point as a critical point based on the criteria in Table 1.1.
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Takahashi et al. (1995) showed that the eight-neighbour m ethod  based detection is 

dependent on the value o f  the threshold and this ambiguity could cause the loss o f  the 

M ountaineer’s Equation constraint i.e., pits -  passes + peaks ^  2. They suggested that in order 

to satisfy the M ountaineer’s Equation, the contour changes should be determ ined according to 

the neighbour heights and no t according to the threshold. They suggested the use o f  the 

Delaunay triangulation (Guibas and Stolfi 1985) to triangulate the 3 x 3  square, centered at p, 

and determ ine only the adjacent points (am ongst the 8 surrounding neighbours) o f  p  (Figure 

1.8). The point is then classified according to the criteria given in Table 1.2.

However, in the case o f  degenerate passes (Figure 1.9a) there will be m ore than 4 sign 

changes as three or m ore equi-height contours are merged. Takahashi derived that any 

degenerate pass can be decom posed into non-degenerate ones, m, where m = {Nc — 2) /  2 

(Figure 1.9d). By solving this equation, we can find out that the num ber o f  sign changes, Nc, at a 

degenerate pass will be equal to 2 + 2/^ (w = 1,2,...).

The algorithm  to decom pose a degenerate pass by Takahashi et al. (1995) is unique and 

noteworthy. The steps are as follows :

(a) G enerate a counter-clockwise (CCW) list o f  the adjacent neighbours o f  this pass, which in 

this case is {p\,pi,p^,p^,p% p(„pi] (Figure 1.9a).

(b) D ivide this list into an upper sequence, which has the higher neighbours, i.e, {p\],{p^. Pa] 

and {pr,} , and a lower sequence, which has the lower neighbours, i.e., {p2],{ps] and [pq]. 

Reduce the neighbours list by selecting the highest neighbour from  each upper sequence and the 

lowest neighbour from  the lower sequence. F or example, in the current example the original 

neighbours list is reduced to \pi, ps, p ,̂ pG, p i, p \]  (Figure 1.9.b) by rem oving/)4, because p^ is 

higher in the sequence { pi,, p^]. N o te  that if  the Hst has m ore one neighbour then the reduced 

begins w ith a lower neighbour to ensure that the four alternating upper and lower neighbours at 

the pass are selected correctly. Also it can be seen from  the reduced hst that there are 6 sign 

changes therefore, the num ber o f  denegerate passes m is 2.

(c) P u t all the elements o f  the reduced hst except the first two i.e., [ps,pG,pn,p\], in a trading hst 

to further reduce the neighbours hst.
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/  - 1  r j  -1 i  - 1  , 7 i - l  , 7 + 1

i ,  7 - 1 P ( U ) i ,  7 + 1

/ + 1 ,  j - 1 / + 1 ,  j 1 + 1 r 7 + 1

F igure 1 .7  Point p ( / j )  in a grid (data  view) and its 8 ad ja c en t  neighbours  (a f te r  Takahash i e t  

al. 1995).

Peak |A. 1 > Tpcak |A -I = 0 N,= 0
p it |A. >Tp„ |A +1 = 0 N. = 0
pass |A. 1 + |A .j > Tp_ N,= 4

|A +1 The sum  of all positive height differences be tw een  th e  point and its 8 neighbours

|A -I The sum  of all negative  height differences be tw een  th e  point and  its 8 neighbours

Nc The nu m b er  of sign ch an ges  i.e., Z |A +| + |A .j a ssocia ted  with th e  point

Teak Threshold height for a point to  be a peak.

Tpit Threshold height for a point to be a pit

Tpass Threshold height for a point to  be a pass .

Tab le  1.1  Criteria for classification of critical points in th e  e igh t-ne ighbour m ethod  (a f te r  

Takahashi e t  al. 1995).
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F ig u re  1 .8  Point p  in a grid (analytical view) and  its 7 ad ja c en t  neighbours  (hollow circles) 

(af ter  Takahashi e t  al. 1995).

peak |A*| >0 |A-1 = 0 M  = 0

p it |A.| >0 |A+| = 0 N,= 0

pass |A +1 + |A .| > 0 N, = 4

IA +1 The sum  of all positive height differences be tw een  th e  point and  its 8 neighbours

|A -I The sum  of all negative  height differences be tw een  th e  point and  its 8 neighbours

Nc The nu m b er  of sign c h an ges  I.e., S |A +| + |A .| a ssocia ted  with the  point

T a b le  1 .2  Criteria for the  classification of n o n -d eg en e ra te  critical points based  on Delaunay 

triangulation (af ter  Takahashi e t  al. 1995).
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F igure 1 .9  Decomposition of a d e g e n e ra te  pass  (modified from Takahashi e t  al. 1995).  

Figure shows th e  neighbours  and  their  heights.  Higher ne ighbours  a re  placed inside 

a grey  region, (a) The original neighbour list, (b) th e  reduced neighbour list, (c) th e  

list in th e  first turn  of th e  loop in th e  algorithm, and (d) th e  final se t  of neighbours  

which will define the  pass.
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(d) Select the last four elements i.e., {ps, p(„ pn, p \ ] , o f  the trailing list as representative neighbours. 

Rem ove the last two elements, which are {pq,p\) in this case, o f  the representative neighbours, from 

the trailing list.

(e) R epeat steps (c) — (d) untill the trailing list is reduced to a lower and a upper neighbour o f 

the pass, w hich in this case are {p i,p \) .  T he final neighbours list o f the decom posed pass has 

the first two elements o f the trailing list and the two elements remained after step (v) thus in this 

case the final neighbours o f p  are {p i ,p \  ps,pe]-

O th er degenerate points such as flat regions could either be iteratively sm oothed or 

perturbed  to in troduce a slight inclination in the terrain. The m ethodology to connect the points 

is quite simple. It is based on the assum ption that a ridge line is the Hne o f  steepest ascent from  

a pass while a channel is the line o f  steepest descent. Therefore, the ridge (channel) Hne is traced 

by m oving to the highest (lowest) neighbour and repeating the tracing until a peak (pit) or the 

boundary is reached.

(in) Polynomial surface fitting

Recall from  the last chapter that according to the M orse Theory, a point is a critical point o f the 

surface if the local slope at the point is zero. However, no t all points that have zero slopes are 

critical points. In  order to classify the locally flat areas into a peak or a pit or a pass, we have to 

know  the local curvature using the second derivative o f  the height function at the candidate 

point. T he local curvature can also be used to detect w hether the candidate point is a ridge or 

channel. T he second derivative can be used to classify the critical points and Hnes in two ways. 

Firstly, the easier m ethod  is to com pare the curvature along the three orthogonal com ponents 

(Table 1.3) (W ood 1996). The com ponents x  a n d j  are no t necessarily parallel to the axes o f  the 

D E M , bu t are in the direction o f  m axim um  and m inim um  profile convexity. Secondly, the 

eigenvalues and eigenvectors o f  the Hessian m atrix (see section 1.2) can indicate the gradient 

flow at the critical po in t (Figure 1.10). A critical po in t is a peak if  the two real parts (Ri, R 2) o f 

the eigenvalues o f  the Hessian matrix are positive indicating a gradient flow away from  the 

critical point. A critical point is a pit if  the two real parts o f  the eigenvalues o f  the Hessian 

matrix are negative indicating a gradient flow towards the critical point. In  the case o f  the pass, 

the tw o real parts o f  the eigenvalues are o f  different signs. In addition, at a pass the eigenvector
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along the positive eigenvalue indicates the ridge line while the eigenvector along the negative 

eigenvalue marks the channel direction.

In order to calculate the derivatives, the local surface around a critical po in t can be 

interpolated as a polynomial o f  the desired sm oothness. F or example, it could be m odelled as a 

biquadratic function (Evans 1980, W ood 1996) or a bicubic function (Bajaj and Schikore 1996). 

It is clear that the complex polynomials will provide a significantly generalised surface 

approxim ation and will take longer time to be solved. A com plex polynomial will also require 

bigger kernels or filters and these leads to w ider unclassified along the borders. For instance, the 

surface around a D E M  grid cell can be represented as the following continuous quadratic 

function, made up o f  the sum o f  six terms (W ood 1998):

Various m ethods have been used to solve the surface polynomials for the coefficients such 

as simple com binations o f  neighbouring cells (Evans 1980, Zvenburgen and T horne 1987) and 

matrix algebra (W ood 1996, K idner et al. 1999). T he properties o f  the continuous surface fitted 

on the discrete D E M  values can now  be derived analytically from  the continuous function. For 

example, Evans (1980) defines steepest slope and aspect as follows:

slope — arctan (d- + e~yi- 

aspect — arctan (e/d)

Second order derivatives such as longitudinal and cross-sectional curvature can also be 

derived from  the quadratic function (W ood 1998) (Table 1.3).

A potential uncertainty with these surface measures is that they represent the value o f  the 

m easure at a point at the centre o f  the quadratic function (W ood 1998). This could potentially 

lead to an incorrect feature classification if  the centre o f  the critical po in t or Hne is offset 

considerably from  the centre o f  the area o f  interest. W ood suggested that testing the quadratic 

patch for a type o f  conic section i.e. w hether elHptic or paraboHc or hyperboHc or planar could 

unambiguously determ ine the feature type and surface flow direction. Incidentally, the first three 

conic section types represent the critical points and Hnes, namely pits and peaks (elHptic), 

channels and ridges (paraboHc) and passes (hyperboHc).
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W ood (1998) used a raster D E M  and classified cells by passing a square filter w indow  also 

called kernel across the D EM . T he filter w indow  is at least 3 cells by 3 cells wide and could 

increase to the num ber o f  cells along the shorter side o f  the D EM . The possibility o f  increasing 

the filter w indow  means that features o f  varying scales could be extracted. T he procedure for 

connecting the critical points is m ore developed than the previous one because the inform ation 

about the ridge and channel axes is also available (W ood 1998, W ood and Rana 2000). T he steps 

are as follows:

a) Identify the passes,

b) M ove upw ards in the direction o f  any ridge axes that fall w ithin the area o f  interest a new 

grid is reached,

c) Recursively repeat (b) until no higher cell is found,

d) Repeat steps (a) — (c) bu t m oving downwards along a channel axes.

1.2.2.2 Limitations

(i) Scale dependency

Scale dependency refers to the subjectivity in m easurem ents arising out o f no t including the 

multi-scaled nature o f  m ost spatial datasets e.g. terrain features in D E M , population density

patterns in dem ographic maps and m any others. Many feature extraction m ethods are scale-

dependent because they only explore a fixed space around a po in t to classify the po in t into a 

feature type. Therefore terrain features that could fit with in the search space are extracted. 

Takahashi et al. (1995) and W ood (1998)’s surface netw ork generation m ethods suffer from 

scale dependency in different ways.

■ Scale dependency o f  Takahashi et al. (1995) M ethod.

A lthough Takahashi et al. (1995) realised that “it is possible that small undulations hide large 

undulations in the case o f  steep m ountain regions” i.e. terrain features exist at multiple-scales, 

they used wavelet filtering to eliminate such “small undulations” . Therefore, it can be said that 

their surface netw ork extraction m ethod ignored the scale dependency o f  features. In  addition, 

since the triangulation-based detection uses only the eight surrounding neighbours for the 

classification o f  the critical points, it has a fixed scale o f  observation. In  a later work, Takahashi 

(1996) suggested referring to the scale-space theory (Witkin 1983, L indeberg 1994) prior to the 

extraction o f  the surface network. However, it is uncertain how  the current m ethod  o f  triangula-
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F eatu re

Peak

D e riv a tiv e  Expression D escrip tion

Ridge

Pass

Plane

Channel

Pit

>0

>0

> 0

=  0

< 0

< 0

>0

=  0

<0

=  0

=  0

<0

Point th a t  lies on a local convexity in all 

d irections (all neighbours  lower).

Point th a t  lies on a local convexity th a t  is 

o r thogonal to a line with no 

convexity/concavity .

Point th a t  lies on a local convexity th a t  is 

o r thogonal to a local concavity.

Points th a t  do not lie on any  surface 

concavity or convexity.

Point th a t  lies in a local concavity th a t  is 

orthogonal to  a line with no 

concavity /convexity .

Point th a t  lies in a local concavity in all 

d irections (all neighbours  higher).

T ab le  1 .3  Morphometric Features  described by second  derivatives (af ter  Wood 1996).

P eak: R i, Rz >  0 Pit: R i, Rz >  0 Pass: R i <  0 , Rz > 0

F igure 1 .1 0  Critical points of the  surface and  the  configuration of their  e igenva lues  and 

e igenvectors .  Ri and Rz are  th e  real parts  of th e  eigenvalues.
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tion can be extended to detect larger features.

■ Scale dependency o f  W ood (1998) method.

The W ood (1998) m ethod allows a multi-scale extraction o f  the surface network but since only 

the cell at the centre o f  the filter windows is classified, the num ber o f  cells which could be 

classified reduces as the filter window grows in size (Figure 1.11a). In addition, the extraction 

methodology doesn’t distinguish between a feature which can be identified with both  small and 

big filter windows (Figure 1.11b).

9 by 9 filter window 

7 by 7 filter window 

5 by 5 filter window 

3 by 3 filter window

(a )

(b )

F igure 1 .11  Scale dependency of the  Wood (1998) method, (a) The top-left corner of a 

ra s te r  and the first cells th a t  could be classified based on different filter window 

sizes and (b) two peaks with similar local shape but with different extents .

(ii) D elineation o f  topological Hnks

■ Broken surface networks.

M ost know n m ethods for the generation o f surface networks, including Takahashi et al. (1995)
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and W ood (1998) m ethods, the surface netw ork is built incrementally by tracing the ridges and 

channels from  the passes. It is assum ed that by tracing the steepest (shallowest) gradient 

(Takahashi et al. 1995) or the ridge (channel) axes (W ood 1998) starting from  a pass wiU 

ultimately lead to either an peak (pit) or to the edge o f  the D E M  (external pit or peak). However 

as discussed in this section, D EM s o f  natural topography are seldom  sufficiently sm ooth enough 

for a successful delineation o f  the ridges (channels). As a result, ridges and channels d o n ’t 

necessarily term inate at peaks and pits respectively.

■ ju nc tions, bifurcations are no t extracted.

B oth the Takahashi et al. (1995) and W ood (1998) m ethods d o n ’t locate junctions and 

bifurcations in the way suggested by W olf (1990).

1.2.3 Simplification

Pfaltz (1976) noted  that in spite o f  the significant abstraction achieved by surface networks, they 

may carry too  m uch inform ation by storing m inor peaks, passes, and pits e.g. display at small 

scales. H e proposed  a simplification o f  the surface netw ork graph w ith the aim o f  extracting 

“ those points o f  equilibria which correspond to the m acrostructure o f the surface, and suppress 

points which are part o f a local m icrostructure” (Pfaltz 1976). Pfaltz proposed  an iterative 

simplification o f  the surface netw ork by hom om orphic contractions such that the resultant 

surface netw ork is isom orphic to the parent surface netw ork graph. W olf (1988) categorised the 

two possible types o f  hom om orphic contractions, which always result into a topologically 

consistent surface netw orD . They are defined as follows:

(i) (fo — Zo)-contraction (W olf 1988)

Let,

•  Surface N etw ork,

•  jo =  Pass with Peaks R(yo) = {^o, and the difference in height along an adjacent ridge

{̂yo, Kp) Kp) ^ -  1,2, ...., n-l w here n =  degree o f  the peak

•  Set o f  adjacent passes to L(%)) = (7 o ,J i , j 2, . .

T hen , the (y„, :^o)-contracted graph IP'’is the graph with the following properties:

See Pfallz (1976) and W olf (1988) for the proof.

41



Introduction

V ertex set K (IF ) -  V ’ -  V -  {jo, %,},

Edge s e tE ( lE )  = £ ’ = E  + {{y\, i ) ,  (ji, i ) , . . and

Edge elevation drops:

/'(y,, = h{y,, -  h(jo, to) + ^(yo, ^  for J = 1 ,2 ,..., n-\.

h{e) — h{e) for all o ther edges e’ E E(1E)

This transform ation, w hich contracts the subgraph \yo, to] and converts the original surface 

netw ork on to  a condensed one is called (jo, to)-contraction (Figure 1.12a). T he contraction 

rem oves the peak to and its highest adjacent passjo  together with the entire critical hnes incident 

w ith at least one o f  these critical hnes. But this elimination causes the loss o f two properties o f 

surface netw orks, which are (a) the condensed subgraph [P), P ’2] is no longer connected 

(violation o f  P I) and (b) od(y  ̂ =  1 for I  =  1,2, . ..., n-l (violation o f  P3). T he topological 

consistency is restored  by connecting loose passesji to t i  e., the edge set o f  IE ’contains the old 

edge set E(1E) and the new hnks t) -  The m ost im portan t part o f  the contraction is the choice 

o f  Jo, w hich ensures that the elevation differences along the new  hnks are always greater than 

zero. This idea actuaUy originated from  M ark (1977), where he proposed  m ethods for the 

generahsation o f  surface trees. Positive elevation differences are essential for the reahsation o f  a 

topographic surface for instance a situation w here a higher pass connects to a lower peak is 

unnatural.

(ii) (aTo-  jb)-contf action

A (xo — jo )-con traction  can be similarly defined for the contraction o f  the subgraph [xo, jo] 

(Figure 1.12b). T he only difference is that the pass jo  that is rem oved is the lowest pass 

connected  to the p it Xo-

A surface netw ork can be condensed by repeated (̂ o—̂ o)-contraction and (xo— Jo)- 

contraction until a desired level o f  simphcity or an elementary surface network (ESN) is achieved. An 

elem entary surface netw ork is the m ost basic topologicaUy consistent form  o f surface netw ork 

w ith a single pass w ith exactly two ridges and channels incident on the pass. F or example, the 

surface netw orks produced after generalisation show n in Figure 1.12 are elementary. The 

boundary peak and pit is im m utable as a contraction o f  these will lead to a collapse o f  the 

surface netw ork graph.

A typical surface netw ork contraction sequence is as follows:
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Step 1. For all internal .v e e 7̂  {
Calculate (:[); /' = \ ..id {x ),k  =  \..od{:^) ;

Add to contraction sequence listR
}

Step 2. Sort R in ascending o r d e r .
Step 3: If R[0]g /̂|{

Do [.V|) - j „  ] - contraction on R[0] .
} else {

Do [ J , ,  contraction on R[0] .

}

Step 4: If ir is NOT elementary OR
NOT generalised enough {Go to Step 1.}

Exit

IV arc the  w eigh ts  a ssoc ia ted  w ith  pits a n d  peaks.

(a ) (b )

Ki Ki

X

Ko

X

Ko

O'

Kl

G

Kl

Figure 1 .12  (a) (/o -^o)-contraction and (b) (Xo-/o)-contraction of a surface network.

1.2.3.1 Selection criteria for simplification

M ark  (1977) and  \X o l f  (1988) p ro p o s e d  tha t  any  p 'pe  o f  w eigh ts ,  u sed  to  select critical p o in t s  for 

c o n tra c t io n  sh ou ld  be b a sed  o n  the eleva tion  o r  in genera l  o n  the value o f  the  m a p p e d  property '

43



Introduction

o f  the critical po in t because this would ensure a topologically consistent surface netw ork after 

generalisation. They suggested the following im portance measure:

(i) H eight o f  the Peak and Pit.

= I I

= I I
(x,) is a pit, (^ )  is a peak, h denotes height and w denotes weight.

H eight o f  the critical point is perhaps the simplest and m ost obvious w eight that could be

assigned (Mark 1977).

(ii) T he m axim um  o f  the elevation differences between a peak or pit and all its adjacent passes.

w{x) -  max { h{y]) -  h{x) }

= max { /,(^^) -  //(%,) }

{xi,y]) G E  and (^^,j^) e  E.

This m easure can be used to rem ove peaks and pits, ranked on the basis o f  the ridge and

channel, w ith the m axim um  drop in elevation, linked to them.

(iii) T he m inim um  o f  the elevation differences between a peak or pit and all its adjacent passes.

«/(%,) = min { h{yj) -  h(x}) } 

w(̂ )̂ = min { /,(:̂ x:) -  /)(%,) }

{xi,jj) G E  and (%t,j^) E E.

This m easure can be used to rem ove peaks and pits, ranked on the basis o f  the ridge and

channel, w ith the smallest drop in elevation, linked to them.

(iv) T he sum o f  the elevation differences between a peak or pit and all its adjacent passes.
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^  }

{xi,jj) E E  and {ik,j]) e  E.

This measure can be used to selectively rem ove pits and peaks w ith a low num ber o f  crossings. 

H ow ever as can be seen this measure could be misleading because it will be biased by the 

heights o f the points.

(v) The sum  o f  the elevation differences between a peak or pit and all its adjacent passes 

normalised by the degree o f the peak or pit.

-

E E, (%, Jj) E E  and « denotes the degree o f  the critical point.

The idea behind this measure is the same as in m easure (iv) but this one normalises the elevation 

differences. However, this is an unnecessarily involved way o f  finding crossings. T he degree o f 

the peak or pit is perhaps m ore suited. Still, the norm alised sum could prove to be useful for 

som e other purpose.

W olf (1988) proposed that the geometrical errors observed while creating simplified 

contour maps using line simplification m ethods could be avoided by m aking the contour maps 

direcdy from  the generalised surface networks. This was particularly useful for cartographic 

purposes.

1.2.3.2 Limitations

D espite the simplicity and robustness o f  the m ethod  for the surface netw ork contraction 

proposed  by Pfaltz (1976) and W olf (1988), it has three main limitations w hich restrict its use as 

a practical terrain generalisation m ethod:

(i) Limitations o f  weight measures

A ccording to W eibel and D u tton  (1999) the first step in the generalisation o f  spatial datasets is 

the cartometric evaluation o f  the dataset which involves an assessm ent o f the dataset in order to
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select the portions suitable for generalisation. F or example, in the case o f  a surface network, 

cartom etric evaluation involves the assignm ent o f  weights (based on elevation differences) and 

using it to rank (by using the selection criteria) the peaks and pits for contraction. M ark (1977) 

and W olf (1988) have argued that all weights and selection criteria m ust be based on elevation. 

H ow ever, it is simple to prove that elevation and elevation differences provide little inform ation 

about the im portance o f  a po in t (Franklin 2000). F or example, two peaks could have ridges with 

equal elevation differences but o f different extent. Pfaltz (1976) first raised the potential 

arbitrariness in assigning weights and selecting points for contraction. M ost crucially, the 

existing w eight m easures do no t take into account the m orphom etric m easures such as slope etc. 

In  addition, it is unclear how  critical points with equal weights should be ordered for 

contraction.

(ii) Sequential contraction

Pfaltz (1976), M ark (1977) and W olf (1988) proposed  an iterative and sequential (based on rank) 

generalisation o f  a surface netw ork until a surface w ith a desired simplicity has been reached. 

H ow ever, it is som etim es desirable to influence the generalisation sequence for the sake o f 

structural integrity (Pfaltz 1976, W olf 1988) or w hen the sequence could be anom alous (e.g. two 

points w ith equal weights). Currently, there are no proposals to achieve an arbitrary 

generalisation sequence.

(iii) Purely topological nature o f  generalisation

T he existing generalisation m ethod for surface netw orks is only able to achieve terrain 

simplification at a topological level i.e. whilst there is a terrain corresponding to the original 

surface netw ork, simplifications in surface networks do no t have a m orphologic expression. For 

example, i f  after a generalisation three new  ridge edges are created, there are no corresponding 

ridges produced directly in the digital elevation model. This is perhaps the m ost critical 

lim itation o f  existing generalisation m ethods and prevents it from  being used as a practical 

terrain generalisation m ethod. W olf (1988) did no t consider the construction o f  the generalised 

m orphology based on changes in the topological Hnks and merely triangulated the critical points 

left after generahsation.

1.3 Structure of the thesis

Surface netw orks have received intensive research inputs from  researchers in mainly com puter
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science (vision, graphies), geographic inform ation science (terrain modellers) and, to a limited 

extent, by social scientists. The research o f  surface networks can be broadly divided into three 

m ain areas namely 2iUtomated generation, generalisation, and Tipplication. T he core o f  the research 

undertaken during the doctoral research has also been accordingly divided in to  these three main 

topics. I t is reflected clearly in the organisation o f  the thesis. These chapters are m ostly self- 

contained descriptions on these areas and include a conclusion either during the descriptions or 

at the end o f  the chapters. This has been done to ensure a consistency o f  thought. These 

chapter conclusions are brought together in the final thesis conclusions.

C hapter 2 presents novel techniques for an autom ated generation o f surface networks. 

Tw o m ain key proposals in this chapter are regarding a new data structure to store surface 

netw orks and the storage o f  ridge junctions and channel bifurcations. T he new  data structure to 

store surface netw orks ensures that both  geom etrical and topological inform ation about terrain 

is preserved.

W olf (1984) and m ost GIS literature in general use the term  generalisation as synonymous 

to the sim plification o f surface networks. However, it is proposed that generalisation be 

considered as bo th  simplification and refinem ent. Simplification o f  a data structure involves 

rem oval o f  redundan t a n d /o r  undesired details while on the contrary, refinem ent introduces 

details in to  a coarse data structure. The literal use o f the term  generalisation merely means 

developm ent o f  a hypothesis/princip le/conclusion by approxim ation o f  many observations thus 

logically it is also vahd for refinement. Therefore, in the following text, the term  generalisation 

m eans bo th  simplification and refinem ent o f  surface networks. C hapter 3 identifies a num ber o f 

issues related to  vertex-im portance based simplification o f  surface networks. I t presents new 

weights m easures for characterising the structure o f surface networks and proposals for the 

refinem ent o f  surface networks.

C hapter 4 is largely a dem onstration o f  the ideas and techniques developed in the previous 

sections. Three types o f  com m on terrain analyses namely viewshed analysis, terrain 

generalisation and visualisation o f  landscape evolution are presented w here surface networks 

help in im proving the com putation time and quality o f  the terrain analyses.

C hapter 5 contains a summary o f  the research and presents the directions for future 

research.
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Chapter 2

Automated Generation

2.1 Automated generation of surface networks

D espite being a potentially useful representation o f  terrain, surface networks have n o t been 

widely im plem ented in GIS. The lack o f  robust techniques for the autom ated generation o f 

surface netw ork is one o f  the main reasons. A num ber o f  unresolved issues in the existing 

autom ated m ethods for the extraction o f  surface networks were highlighted in Chapter 1. This 

next chapter presents a novel solution for the autom ated generation o f  surface networks. In 

addition, the chapter will also address the m ore conceptual (philosophical) shortcom ings in 

designing an autom ated algorithm. M ost com putational geom eters are indifferent to the 

philosophical bottlenecks because the unresolved issues arise from  the very origin o f  the 

discretised m odelling o f  originally continuous terrain and hence are inherently irresolvable using 

Euchdean-geom etry based mathematics and scientific practise. These philosophical arguments, 

which are now  being widely formalised, com prise o f  uncertainty related to the semantics involved 

in the description o f  topographic features. In  a related argum ent, W eibel and D u tton  (1999) 

used the term  Object Uncertainty for the inherent deviation o f  a m odel from  the reality. M odel 

uncertainty can be categorised into two types, namely as quantitative and qualitative (non- 

quantitative). Quantitative uncertainty is a straightforw ard com parison o f  a particular 

quantifiable measure between two datasets one o f  which could be raw data and the other 

m odelled version o f  the dataset. F or instance, in Figure 2.1a the conversion o f  a continuous 

terrain to a T IN  version, introduces a well-defined loss o f elevation values. Qualitative 

uncertainty arises w hen the continuous terrain is m odelled using subjective m easure descriptors 

(Figure 2.1b). For instance, the representation o f  continuous terrain as a surface netw ork
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I

(a )

I

(b )

F igure 2 .1  Quantitative vs. Non-Quantitative model uncertainty. Ttie loss of height and shape 

information during a conversion of a ras te r  surface to a TIN as  shown in (a) can be 

evaluated to a som e precision however the representation of a ras te r  (a s sum ed  to be a 

continuous) surface as  a se t  of fea ture  lines and points a s  shown in (b) involves 

unknown and subjective choice during conversion hence uncertainty will remain non- 

qualitative or a t  best a probability.
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involves the classification o f the surface into fundam ental topographic features. How ever, the 

classification o f  the surface (raster cells in this case) involves m orphom etric properties to define 

a topographic feature (e.g. a peak). The choice o f  m orphom etric properties therefore influences 

the feature identification step. B ut labels such as peak etc. are inherently vague i.e. w hat the 

extent o f  a peak is? - is it the whole m ound? O r is it the certain area around the tip o f  a m ound? 

The chapter first discusses the issue o f  subjectivity in feature labelling and proposes a 

com putational solution for the autom ated extraction o f a consistent surface netw ork from  

raster, T IN  and contour based terrain datasets.

2.2 Novel solutions to unresolved issues

2.2.1 Stating sem antic uncertainties in labelling terrain

As m entioned in C hapter 1, the argum ent that a surface netw ork is made up o f the fundam ental 

local topographic features i.e. peaks, pits, passes, ridges and channels, is central to the surface 

netw ork’s superiority over other terrain data structures. The notion that these m orphological 

features are the only fundam ental features on terrain is debatable. This was also highlighted in 

the previous chapter since geom orphologists have proposed  o ther types o f  m orphological 

features to be significant for certain terrains. T herefore this becom es the first assum ption in 

modelling o f  terrain using surface networks i.e. a fram ew ork o f  peaks, pits, passes and ridges, 

and channels is universal to all terrains. But debatable issues in the semantics o f  feature 

classification still remain.

H ow  can we objectively define any topographic features? F o r example, the mathematical 

definition o f  a peak states that a peak is a point w ith a local convex curvature and zero slope. 

However, our general understanding o f w hat a peak is generally based on an area-basedjregional 

(Fisher et al. 2004) view o f  a terrain. For example, in term s o f strict m athem atical definitions, a 

hill w ith a flat top may no t be considered to have a peak (Figure 2.2a) bu t if  asked, m ost o f  us 

would instincdy identify a peak on such a hill. This sort o f  semantic uncertainty arises due to the 

unclear notion  o f  the scale o f  observation.

The term  scale has been used to indicate bo th  the extent o f  the study and sampling 

resolution (Fisher et al. 2004). For example the answer to the question “w hat is the scale?” could 

mean the area o f  the local terrain patch used to identify features or the cell size o f  the given 

raster D EM . The latter definition seems to be an incorrect representation o f the concept o f 

scale as coarser scale does no t necessarily have to m ean the lack o f  features with small 

geographical extents and vice versa (H utchinson 1996). A t the same time, a surface netw ork
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derived from a 50 m  spatial resolution raster surface wiU likely be different from  one extracted 

from  a 100 m spatial resolution raster surface. I t is non-trivial to correlate the two concepts (i.e. 

area and resolution) there as bo th  contribute to give scale effects. There are in fact three main 

types o f approaches to understand the multi-scaled aspects o f  terrain. A  num ber o f  studies have 

tried to present the variations in certain m orphom etric properties under gradual resam pling o f 

surfaces to coarser spatial resolutions. The assum ption is that the resam pling filters out smaller 

topographic features, thus is a simple and effective technique for generating a multi-scale terrain 

dataset for use in regional terrain analyses (e.g. global climate models or regional hydrological 

models) and save storage space. Figure 2.2a shows how  the coarsening o f  the surface can 

possibly highlight the true feature. This approach has been primarily been popular w ith early 

researchers in geography. Lately, another approach for the notion o f multi-scale made popular 

by W ood (1996) and Fisher et al. (2004) is to gradually expand the extent o f  the local area o f 

interest on the terrain (also referred to as kernel and filter sizes in raster based terrain analysis). 

Figure 2.2b shows the use o f  the adaptive fdter size to explore the feature extent and type. Yet 

another approach, m ore popular with researchers from  com puter vision, has been to sm ooth 

the surface with a m ean/average filter while keeping the spatial resolution unchanged. This is an 

iterative process and often involves feature-sensitive sm oothing functions such as non-hnear 

anisotropic diffusion (Perona and Malik 1990). Figure 2.2c shows a possible outcom e o f  a 

sm oothing operation that could result in the correct identihcation o f  the feature type.

As also stated in Chapter 1, the role o f  scale is therefore crucial in an acceptable 

description o f terrain w ith any type o f feature labelling. I t follows therefore that all feature 

extractions are scale-dependent i.e. they are valid only for the given scale o f  observation. But 

still, a vast am ount o f research has been done particularly in the field o f  com puter vision 

(Lindeberg 1994) to develop techniques to represent the scale-space o f  a terrain (analogous data 

will be visual scenes in the case o f  com puter vision) in to  a m odel which stores features from 

across the scales. Various scale-space m odels have been proposed by com puter-science 

researchers which vary in the way the scale levels relate to each o ther in the scale-space hierarchy. 

F o r example, in the Gaussian scale-space m odel each scale is derived by Gaussian sm oothing 

(also referred as convolution) o f  a scale one level below in the hierarchy. Each scale level is 

identified as an event related to the appearance and disappearance o f  features during sm oothing. 

Please see K oenderink (1984) for a detailed treatm ent on  Gaussian Scale-space.

O ther research in GIS has focussed on various descriptions and visualisation o f 

uncertainty in feature extraction arising due to scale-dependency (W ood 1996, Fisher at al.
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Scale Coarser
Regional

(a )
Resam pling  
to coarser 
cell size

A O I Extent A O I Extent

(b )
Varying  
f i lte r  size

(c ) Sm oothing  
by a m ean  
f i lte r  (fro m  
le ft to  rig h t)

Figure 2 .2  Three types of approaches fo r modelling the scale-space.
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2004). Thus it is relatively less formal com pared to the com puter science research on scale- 

space. However, even m ost formal scale-space m odels are still in the developm ental stage 

because the conversion o f  image-space (the term  used in com puter vision to represent the raw 

data e.g. D E M , photographs) to object-space (the term  used to represent a m odel o f  reality 

automatically interpreted from  the image-space) is non-trivial and perhaps im possible due to our 

inability to completely transfer our hum an logic to m achine languages. This fact has led to the 

notions o f acceptable error and fitness for purpose in evaluating the robustness o f feature-extraction 

algorithms and resultant outputs.

It is im portant to m ention here that there are a num ber o f  o ther terrain data structures 

principally quadtrees (Gaede and G unther 1998), hierarchical T IN  (De Floriani and MagiUo 

2001) and wavelets (Gallant and H utch inson  1996) that can store a terrain at various levels o f 

details. However, these multi-scale data structures are generally generated mainly for a fast data- 

com pression and access purposes therefore m orphology preservation is no t always a priority. 

K idner et al. (2001) provide a review and solutions o f  such techniques. I t is actually difficult to 

develop a description o f  a multi-scale terrain data structure that includes topographic features. 

In  nature, the evolution o f  topographic features (and their extent) do no t always follow a 

chronological order across the extent o f  terrain.

In addition to the scale-dependency, there is one m ore fundam ental problem  with the 

previous algorithms. These algorithms deliberately assum e away the variability in terrain 

m orphology under the influence o f  the superb m athem atical tractabihty o f  M orse Theory  and 

Pfaltz’s graph. As m entioned in the last chapter, a sm ooth  doubly-continuous terrain that 

behaves as a M orse function is rare in nature. However, elementary surface networks do occur 

in nature (Figure 2.3). Therefore, in order to represent the entire terrain as a surface netw ork, it 

seems there is no alternative to adopting a hybrid approach, where the surface netw ork is made 

up o f  genuine and hypothetical topographic features. In o ther w ords, for the sake o f 

com pleteness o f  geographic coverage, non-topographic feature points could also be inserted in 

the Pfaltz’s graph but their addition would follow the topological constraints im posed by Pfaltz 

and Wolf. The latter means that the non-topographic locations/poin ts on the terrain would 

assum e a pseudo-topographic feature label and w ould have to follow the topological rules 

regarding connectivity and weights. T he hybrid approach is similar to the proposal by W olf 

(1990) for resolving the issue o f  junctions and bifurcations (see section 1.2.1.2). This approach 

was suggested by Pfaltz (1976) in order to decom pose non-topographic features. A nother 

example o f  this approach is the decom position o f  degenerate passes as proposed  by Takahashi
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F igure 2 .3  (a) Topographic map of a part of Salisbury area in England showing a pass 

feature  (courtesy: S tree tm ap.co .uk) and (b) the  aerial photograph of area  

(courtesy: GetMapping.com).
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et al. (1995). A t this stage, following the thoughts presented above, it is relevant to propose the 

com position o f an ideal surface netw ork data structure. I t is p roposed  that an ideal surface 

netw ork should confirm  to the following three main properties:

•  It should be consistent with the topological rules as proposed  by Pfaltz (1976) and W olf 

(1984).

•  Being a sparse data structure, it should particularly try to reduce uncertainty in 

m orphology and elevation arising from  the minimal sampling o f  terrains.

•  It should be amenable to com m on terrain analyses such as drainage netw ork extraction.

W ith these aims in mind, this research has developed a m odel for the practical 

im plem entation o f a surface netw ork data structure which is based on a com bination o f  both  

topological and m orphom etric properties o f  terrain structure.

2.2.2 Automated extraction o f surface topology

T o  reiterate the observations in C hapter 1, it is im portant to emphasise at the onset that no t aU 

terrains are amenable to surface netw ork representation. They are simply n o t true M orse 

functions and one o f  m ost obvious proofs o f  this statem ent is that in terrain, it will be a rarity 

w hen the M ountaineer’s Equation is satisfied. In  fact, it will be show n later that it is relatively 

easy to derive a topologically consistent surface netw ork which follows all the rules specified by 

Pfaltz (1976) and W olf (1984) except the M ountaineer’s Equation. The M ountaineer’s Equation 

has litde im portance for the structure o f  surface netw ork and is based on a terrain that has 

evolved in a certain hom ogenous and isotropic manner. This is clearly an unrealistic assum ption 

and expectation. However, a num ber o f  o ther properties o f  the surface netw ork e.g. strict in

degree and out-degree o f  passes, positive weights, and com pactness (i.e. no holes) are relevant. 

This section wiU dem onstrate an unconstrained surface network (see also Ran a and Morley 2002), 

w hich is produced by relaxing the M ountaineer’s Equation condition bu t at the same time is 

able to represent m any types o f  m orphological features w ithout violating the o ther eight rules 

set by W olf (1984).

There are two main two ways o f constructing surface networks from  raster and T IN  

D EM s.
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(i) Identify passes and develop topology by tracing the ridges and channels to 

the peaks and pits respectively from the passes.

This is the m ost com m only used m ethod  for the construction o f  surface networks am ongst 

b o th  com puter graphics (Takahashi et al. 1995, N atarajan and Edelsbrunner 2004, N i et al. 

2004) and G IS (W ood 1998) researchers. In  this approach, correct identification o f  critical 

points is m ore im portan t than critical Hnes.

o  Pros:

■ This is a well-defined m ethod that would w ork well for terrains with well-defined 

topographic features. In  the w orst cases, the researcher wiU at m ost have to incorporate 

erroneous topological connections by suitable m anipulations o f  topological links (e.g. 

treatm ent o f  junctions and bifurcations dem onstrated  by W olf (1990) and degenerate 

passes by Takahashi et al. (1995)).

o  Cons:

■ T he success o f  this m ethod is based entirely on the detection o f  passes. As discussed 

in the previous section, it is no t always possible to identify features due to the scale- 

dependency o f  feature extraction.

■ N o t all channels and ridges on terrain originate and term inate at the critical points (e.g. 

see Figure 1.6).

■ T he ridges and channels are created by respectively tracing the steepest upslope and

dow n slope paths originating from  a pass. Figure 2.4 shows the ou tpu t o f  such path

tracing from  W ood (1998). As can be seen clearly, ridges and channels are no t always 

the steepest upslope and dow nslope paths respectively.

(ii) Identify ridges and channels using morphometric analysis o f plan curvature and

resolve the start-nodes, end-nodes, and intersections o f ridges and channels into

consistent surface network features.

T his is a novel proposal presented in this work. In this approach, the critical lines are given 

im portance over critical points.
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Flo EdI DiofHty Into. Anolyso Holp

Status: Vector removed.

Figure 2 .4  A topological network of ridges (white lines) and channels (black lines) bounded by 

pits, peaks and passes  (from Wood 1998). Note, many ridges and channels do not 

follow true  ridge and channel locations.

o Pros:

The identified ridges and channels would be the true natural ones.

Most types o f ndges and channels (i.e. including those ones on hill slopes) can now be 

included in the surface network and thus it will be a comparatively m ore accurate 

description o f the terrain. It will also be shown later how  this approach provides a 

good approximation o f the idea o f  interlocking ridge and channel networks proposed 

by W erner (1988). The interlocking ridge and channel network is considered to be one 

o f  the m ost realistic representations o f  fluvial terrains (Mark 1979).

o  Cons:

It will be shown later that the conversion o f  raw ridge-channel networks into surface 

networks requires the addition o f  pseudo-feature nodes to complete the topology.

I he algorithm is relatively slower than the previous approach because o f the high 

am ount o f post-processing required to resolve the topology.
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This chapter will p resent the ridge-channel netw ork based approach to generate the surface 

networks. But hypothetically there are m any other ways. O ne such idea which can be modified 

for surface networks is as follows:

(iii) Self Organising Networks

Self-organising networks (SONs) are one o f  the latest ideas in m odelling large and complex 

systems (e.g. com m on examples include biological processes and scientific collaborations) 

whereby small com ponents o f  the systems synenergistically group together to form  large 

structures (Lucas 2004). In  the dom ain o f  GIS, the concept o f  SO N s have been used in cluster 

analysis and feature identification^ In a som ew hat similar vein, M ark (1979) presented an idea o f 

simulation whereby he simulated ridge netw orks by form ing m inim um  spanning trees from  sets 

o f  random ly located peaks. M ark’s approach can be m odified to simulate hypothetical surface 

networks and iterated until it m atches natural morphology. For example, starting with just the 

critical points, topologically consistent networks can be produced by random ly connecting the 

po in t features at the same time observing the nine topological rules. Adm ittedly this approach is 

likely to produce m any meaningless outputs however it would be interesting to observe the 

difference between the hypothetical and real surface network. A disadvantage o f this approach is 

that it will only generate a topological surface netw ork, and therefore will no t be suitable for 

modelling the terrain morphology.

2.2.2.1 Ridge-Channel Network Algorithm

Figure 2.5 shows the sequence o f  stages in the generation o f  a surface netw ork from  a raster 

terrain dataset.

The algorithm flow can be broadly subdivided into four main steps as follows:

Stage I Assign a universal p it/peak.

Stage II C onstruct a completely connected ridge-channel network.

Stage III C onstruct surface netw ork graph.

Stage IV C onstruct surface netw ork model.

' Bem d Fritzke maintains a website with tools for cluster analysis and feature mapping. 
http://www.ki.inf.tu-dresden.de/~fritzke/research/incremental.html (A ccessed on 16 June 2004)
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F igure 2 .5  Flowchart for s tag es  II- IV to construc t surface  netw orks from ra s te r  

Stage I: Assign a universal p it/peak.

In  this step, it is decided w hether the terrain is surrounded by a universal peak or pit. M ost 

researchers derive surface networks bounded by a universal pit.

Stage II: Construct a com pletely connected ridge-channel network

T he aim o f  this step is to identify the ridges and channels and then create a set o f  connected 

ridge and channel edges. T he majority o f  the effort in developing a robust algorithm  has been 

spent in developing this step and Stage III. This step consists o f  four further sub-steps as 

follows:

Stage II. la: Construct a contour map of the terrain

T he aim o f  this step is to generate a contour m ap o f  the raster terrain, which can be used for 

visual verification o f  the quality o f  the feature identification. C ontour maps by virtue o f  their 

design reveal m orphological variations relatively better and explicitly than raster map 

visualisation. Typically, a perspective view o f  the surface is produced in order to visualise the 

structure o f  the terrain, however, even in 2D , contours can reveal a lo t o f  detail about the 

structure o f  terrain com pared to the perspective view o f  the raster terrain (Rana and Dykes 

2003).
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Stage Il.Ib: Smooth the raster terrain

The aim o f  this step is rem ove noise present in the raster terrain for a better feature 

identification. N oise in a D E M  originates from  m any sources (von M inusio 2002) and it’s not 

always easy to trace the origin and am ount o f  noise. N um erous sm oothing filters have been 

proposed  in the literature. Filters such as non-linear anisotropic diffusion will tend to preserve 

the original structure o f  the terrain. A ccording to Takahashi et al. (1995) and N i et al. (2004) 

sm oothing rem oves m inor m orphological variations and helps in generating a consistent surface 

netw ork and is generally a standard pre-processing step in m ost algorithms.

Stage 11.11: Identify the ridges and channels

In this step, ridges and channels are identified from  the sm oothed raster terrain. As discussed in 

C hapter 1 there are many ways o f  extracting these topographic features. The approach chosen 

here is a variation o f  the simple eight-neighbour m ethod  proposed  by Fowler and Little (1979). 

The proposed algorithm differs in one im portan t aspect in that classification o f  a cell to a 

feature type is based upon the plan curvature and no t the elevation o f adjacent cells. Plan 

curvature is the curvature o f  the surface in the direction perpendicular to the slope direction 

(Figure 2.6). A channel has a negative (concave) plan curvature while a ridge has positive 

(convex) plan curvature. The use o f  plan curvature ensures that feature classification is based on 

the shape o f  the local neighbourhood and no t mere elevation difference as the latter could 

provide misleading results. The basic logic behind the proposed algorithm  is that ridges and 

channels generally have high plan convexity upstream /upslope  and low plan convexity 

dow nstream /dow nslope. This is due to the continuous and gradual effects o f  erosional 

processes on these features.

(a ) (b )

F igure 2 .6  (a) Positive plan cu rva tu re  with d ivergen t flow lines and  (b) negative  plan 

curva tu re  with convergen t flow lines (modified af te r  Peschier 1996).
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A 3 by 3 cells w indow  (Figure 2.7) is passed over each cell o f  the raster terrain and the 

central cell o f the w indow  is classified as either a ridge or channel based on a com bination o f 

two criteria (Figure 2.7). The first criterion tests w hether the central cell has a positive or 

negative plan curvature to test if  it belongs to features w ith local positive curvatures (ridges) or 

local negative curvatures (channels) respectively. T he second criterion identifies the feature type 

and orientation. The use o f  plan curvature to classify cells produces m uch better results 

com pared to use o f  conventional elevation-based m ethods (e.g. Fowler and Little 1979). The 

m ethod is simple and highly adaptable. Figure 2.8 shows a com parison o f  the feature extraction 

based on elevation, plan curvature (proposed algorithm) and sophisticated conic-section fit 

(W ood 1998) m ethods for an area in Salisbury region, UK. Figure 2.8 shows that the curvature- 

based feature extraction m ethod accurately extracts m ost o f the features. I t is particularly 

im portant to note that in com parison to  the conic-section based m ethod, the proposed 

algorithm  correctly identifies feature orientation and preserves feature connectivity.

Admittedly, the proposed classification is simple as it only tests for eight possible 

orientations o f features am ongst all possible directions. Ow ing to this limitation ridges and 

channels at some places appear broken. Therefore, the broken channel and ridge segments are 

connected by another 3x3 cell filter. The filter passes over each cell and tests w hether the central 

cell is blank, if  so it then tests w hether cells diametrically opposite along the eight directions in 

the filter have the same classification. I f  the opposite cells have the same feature type then the 

central cell in the filter is assigned the feature type o f  these cells. A n example o f  a broken 

channel is shown in Figure 2.9. Blank cells represent unclassified cells and cells with “c” are 

channel cells. A side effect o f  the filling filter is that it tends to expand the thickness o f  cell 

clusters (Figure 2.9b). Therefore, a thinning filter is applied to reduce the cluster to single cells 

so that the ridges and channels can be extracted in vector form.

Stage II. Ill: Evaluate the feature identification visually

In  this step, the features extracted are overlaid on the contour m ap o f  the terrain produced in 

Stage II.la  to evaluate the accuracy o f  the extracted feature types and their orientation. I f  the 

feature identification is no t satisfactory then Stage II.I -  I I .I l l  are repeated till a satisfactory 

feature representation has been developed.

Stage 77.7 IT" Kemove isolated ridges and channels below a threshold length

T he aim o f  this step is to rem ove any insignificant depressions and elongated m ounds that
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cl C2 C3

C4 C5 C6

C7 C8 c9

C rite rion 2"'* C rite rion F eatu re

c4 > c5 & c6 > c5 & c2 > c5 & c5 > c8 N-S channel dipping south

c4 > c5 & c6 > c5 & c8 > c5 & c5 > c2 N-S channel dipping north

c4 > c5 & c6 > c5 & c2 = c5 & c5 = c8 N-S channel no dip

c2 > c5 & c8 > c5 & c4 > c5 & c5 > c6 E-W channel dipping e a s t

c2 > c5 & c8 > c5 & c6 > c5 & c5 > c4 E-W channel dipping w est

o
V

c2 > c5 & c8 > c5 & c4 = c5 & c5 = c6 E-W channel no dip

c l  > c5 & c9 > c5 & c3 > c5 &  c5 >  c7 NE-SW channel dipping SW

c l  >  c5 & c9 > c5 & c7 > c5 & c5 > c3 NE-SW channel dipping NE

c l  > c5 & c9 > c5 & c3 = c5 &  c5 =  c7 NE-SW channel no dip

c7 >  c5 &  c3 >  c5 &  c l  >  c5 &  c5 >  c9 NW-SE channel dipping SE

c7 >  c5 &  c3 >  c5 &  c9 >  c5 &  c5 >  c l NW-SE channel dipping NW

c7 >  c5 &  c3 >  c5 &  c l  =  c5 &  c5 =  c9 NW-SE channel no dip

c4 < c5 &  c6 < c5 & c2 > c5 & c5 >  c8 N-S ridge dipping south

c4 < c5 &  c6 <  c5 &  c8 > c5 & c5 > c2 N-S ridge dipping north

c4 < c5 & c6 < c5 &  c8 = c5 & c5 =  c2 N-S ridge no dip

c2 <  c5 &  c8 <  c5 &  c4 >  c5 &  c5 >  c6 E-W ridge dipping e a s t

c2 <  c5 &  c8 <  c5 &  c4 <  c5 &  c5 <  c6 E-W ridge dipping w est

o
A

c2 <  c5 &  c8 <  c5 &  c4 =  c5 &  c5 =  c6 E-W ridge no dip

i n
u

c l  <  c5 &  c9 < c5 & c3 > c5 &  c5 > c7 NE-SW ridge dipping SW

c l  < c5 & c9 < c5 &  c3 < c5 & c5 < c7 NE-SW ridge dipping NE

c l  < c5 & c9 < c5 & c3 =  c5 &  c5 =  c7 NE-SW ridge no dip

c7 <  c5 &  c3 <  c5 &  c l  >  c5 &  c5 >  c9 NW-SE ridge dipping SE

c7 <  c5 &  c3 <  c5 &  c l  <  c5 &  c5 <  c9 NW-SE ridge dipping NW

c7 < c5 & c3 < c5 & c l  = c5 & c5 = c9 NW-SE ridge no dip

Figure 2 .7  3x3 fea tu re  extraction f ilte r  w indow and the criteria  fo r fea tu re  classification.
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Figure 2 .8  Comparison of fea ture  extraction m ethods  in a terrain around Salisbury, UK.

(a) Elevation based flow asse ssm en t ,  (b) d escen t of plan curvature  and (c) conic

section analysis. All the  m ethods used the  sam e  input DEM and param eters .  Red cells 

a re  ridges and blue cells a re  channels. The contour overlay can be used to observe  the  

robustness  of the  fea ture  extraction algorithm. The cell size of DEM is 10 m and has

502x501 cells and contour interval is 20 m.

2 .8  (a )
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2 .8  (b )
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2 .8  (c )
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(a )

(b )

Figure 2 .9  Fill-in-tlie-gap filter used to connect broken features, (a) Simple case, where the 

filter produces good results and (b) where it produces problematic outputs.

might appear as channels and ridges respectively. These could be natural features or can also be 

erroneous outputs produced during the feature identification process.

S/ase II. K.’ Create connected ridges and channels

The aim o f this step is to link the unconnected ridges and channels to ensure a fully-connected 

graph. Idgure 2.10a shows the state o f a to pical vectorial output, with broken links, from the 

steps so far. 1 he entire area is sloping to the south-east. In this case o f a clearly non-M orse 

function terrain, a representation o f the m orphology of the terrain as a surface network will 

recjuire some sort o f manipulation o f links even leading to the generation o f pseudo-feature 

nodes mentioned earlier. For example, the isolated channel on the mountain slope shown inside 

the box in Figure 2.10a will have to be linked to either another neighbouring ridge or channel. 

Another similar situation is the unidentified eroded parts o f the ridges and channels.

O ne way o f achieving complete connecdvit}' is it to extend the unconnected downslope 

end o f each feature dll it is connected to another feature. The extension can be based on a 

simple linear extension along the axis o f the feature or could be based on steepest downslope 

path based on height or aspect. O ther m ethods for extending the features may be possible. 

1 lowever, even in the best feature idendficadon, inevitably, there will be some topologically 

inconsistent and unrealistic links following the extension. Figure 2.10b shows the output o f such 

an extension procedure following a linear extension and Figures 2.10c,d show steepest drop and 

aspect-based downslope paths respectively. Each o f the extension approaches provide van ing
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(d)(c )(b)(a )

F igure 2 .1 0  (a) Broken surface network topology. Snapping the unconnected downstream ends of channels and downslope unconnected 

end of ridges by (b) linear extension, (c) s teepes t  downslope path and (d) aspec t path. Solid lines are  original links and dashed  

lines a re  extensions. Blue lines are  channels and red lines are  ridges. Compare the  m ethods for accuracy for links in the  red box 

in NE part of the  area.  The small boxes are  an artefact of ras ter  to vector conversion. >
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levels o f  success, depending upon the area. In  som e places (especially w hen the separation 

between broken nodes is small) a m ere linear extension o f  the link will be sufficient (especially 

cartographically) as the latter two m ethods will introduce paths that may be morphologically 

sensible bu t may be undesirable.

Some o f  the extensions also create a morphologically meaningless configuration o f  links, 

however, we now  at least have an opportunity  to create a com plete graph. F or example, 

com pare the extended part o f  the incom plete ridge at a pass location, show n in the box in the 

N E  o f  the area in Figures 2.10a,b,c,d. Arguably, a detailed algorithm  can be developed which 

could evaluate the configuration o f  broken links in the context o f  local links and extend the 

broken Links accordingly unlike the rather bhnd approach presented above. Such an algorithm  is 

how ever hkely to involve subjective decisions such as the type o f  hnks which are to be extended, 

under w hat conditions the links are to be extended, and where to connect the broken links. In 

either approach, as will be shown later, the non-m orphological artificial Hnks can be resolved 

into consistent surface netw ork topology under certain assum ptions. The aim here is to preserve 

as m uch original height inform ation as possible even at the expense o f  morphologically 

meaningless topological Hnks.

Stage III: Build surface network graph (SNG)

In this step, the framework o f  intersecting ridge and channel segments is converted into the 

surface netw ork data structure. T he algorithm  proposed here differs significantly from  other 

algorithms hence the foUowing Hst o f rules provides the fundam ental characteristics o f  the 

proposed  m odel for surface networks.

Rules:

Each ridge and channel segm ent is converted/m odeU ed into an elementary surface 

netw ork (ESN) by representing the upslope nodes and dow nslope nodes into artificial 

peaks, pits, and passes and connecting the ridge/channel segm ent suitably to ensure 

positive weights (Figure 2.11). Each ESN  is m ade up o f  three artificial edges and one 

real edge. T he real edge is used to represent the type o f  segments. T he topology o f 

ESN  is constructed such that the height variation along the ridge and channel segm ent 

can be included in to  the ESN. F o r example, an ESN  for a ridge segm ent has a peak as 

the upslope node so that a ridge can be drawn from  it to a lower pass. Similarly, an 

ESN  to represent a channel segm ent starts from  a higher pass and term inates at a
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Conversion o f a ridge 
segment to elementary 
surface network

o o •
Peak Pass Pit

Ridge Channel

Conversion o f a channel 
segment to elementary 
surface network

Leader Node

Figure 2 .1 1  Conversion of ridge and channel seg m en ts  to e lem entary  

surface network. Dashed edges  a re  artificial.

lower pit. The artificial edges are added to the pass to ensure that the ESN follows the 

Rule 4 (see section 1.2.1.1). I ’his approach is in correspondence to the ones followed 

by Pfaltz (1976), W olf (1988, 1990), and fakahashi ct al. (1995) to store junctions and 

bifurcations, which are essentially degenerate passes by decom position into non

degenerates. The approach presented here however will be able to represent any type 

o f  intersections i.e. not just a degenerate pass.

The elevation o f  the upslope node o f  a ridge segment is assigned to the upslope peak 

o f  the ridge segm ent’s ESN  while the elevation o f the downslope node is assigned to 

the pass o f the ridge segm ent’s ESN. The elevation o f  the upslope node o f  a channel 

segment is assigned to the pass o f the channel segment’s ESN while the elevation o f 

the downslope node is assigned to the downslope pit. Such assignments o f  elevations 

ensure that height variation along the ridge and channel segment is accurately stored. 

The rest o f the peaks and pits are assigned an infinitesimally higher and lower elevation 

value respectively, in relation to the elevation o f  the connected pass.
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■ The upslope ESN  nodes are referred as the origin nodes and the dow nslope nodes are 

referred as the receivernoAfi. Receiver nodes have a leadernoàç: which is used to decide 

the link com bination at intersections (see next section). In  the case o f  ridge and 

channels segments, the leader nodes a peak and pit respectively (Figure 2.11).

■ Intersection o f  segments i.e. junctions, bifurcations and others are stored by Linking 

the receiver nodes o f  the incident ESN s w ith the origin nodes o f  the ESN s leaving the 

intersection. The linking up process is done in the following m anner to ensure 

consistent topology:

O A list o f  the type o f  leader nodes at the intersection is prepared in a clockwise 

arrangem ent, starting with the receiver nodes. Figure 2.12 shows various 

com binations o f  receiver and origin nodes at the intersections. For example, the 

list o f  leader nodes in the case o f  the intersection shown in Figure 2.12a is 

{peak,peak,peak} and in the case o f  Figure 2.12e is {peak,pit,peak,peak}.

o  The links are developed between the consecutive leader nodes List based on  their 

types. I f  two consecutive leader nodes are o f  the same type then they are merged 

to a single node (Figures 2.11a,b,c,d). I f  pair o f  consecutive nodes is o f different 

types then a node com m on in the ESN  o f  the two segments is used to connect the 

two ESN  (Figures 2.11e,f,g).

This m ethodology w ould w ork for m ost cases o f ridge and channel segment 

intersections however there are two im portan t exceptional cases which involve some 

pre-processing and exceptional handling before im plem enting the above rules.

Rules for exceptional cases o f ridge and channel segm ent intersections:

I f  the two endpoints o f  a ridge/channel segm ent are at the same elevation then the elevation o f 

one o f  the random ly selected nodes is lowered sLightly. This approach is similar to the Takahashi 

et al. (1995) w ho suggested tilting the terrain to introduce a slope in the case o f  flat areas. In  the 

case o f  a loop o f  channel/ridge segments or non sloping ridge such as found along crater 

boundaries, firstly the loop is broken into four separate segments and secondly if  the origin and 

receiver nodes are at the same elevation then the rule above is im plem ented (Figure 2.13).
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(c ) o

(d)

o
Peak

o
Pass

• • o...

Pit

• •

f f \\

Ridge Channel

Figure 2 .1 2  The configuration of leader nodes a t  the  various types  of ridge 

and channel intersections and their respective decompositions. See  

tex t  for the  com m entary . Dashed edges  a re  artificial.
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(e )

(f)

(g)

0 - #

o . „

o#

o o •
Peak Pass Pit

Ridge Channel

F igure 2 .1 2  The configuration of leader nodes a t  the  various types  of ridge 

and channel intersections and their respective decompositions. See  

tex t for the  com m entary . Dashed edges  a re  artificial.
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\  /

o o e
Peak Pass Pit

f  f

■ O  • •

o ®

O  Ô

Ridge Channel

Figure 2 .1 3  Representation of a loop of ridge se gm en ts  around a c ra te r  by 

decomposition into e lem entary  surface networks. Dashed edges  

a re  artificial.

74



Automated Generation

W ith the above simple rules, it is now  possible to store any set o f  connected ridge and 

channel segments as a consistent surface netw ork topology. The above proposal based on ESN 

has the significant advantages over o ther m ethods in that it allows an arbitrary topological 

arrangem ent o f ridge and channels. Figure 2.14a shows an arbitrary fram ew ork o f  a ridge and 

channel segments based on an island surrounded by a universal pit. Figure 2.14b shows the 

surface netw ork representation o f  the island derived by following the proposed  methodology. 

Figure 2.14b shows a m arked deviation from  the conventional surface netw ork and the m ost 

p rom inent deviation is the absence o f  natural critical points as the start and end points o f  ridges 

and channels. The structure how ever captures the geom etry o f  the ridges and channels 

completely. This is one o f  the main advantages o f  the proposed  model. In addition, it still 

provides the abihty to assign weights along the real edges o f  FSN , which can be used for the 

simphfication o f  surface networks. A lthough, the artificial edges and p eaks/p its/passes seem to 

create a scatter o f nodes and appear unnam ral in the figures, they are in fact unnoticeable 

because o f  the very small separation in both  x,y and z coordinates. T he following section 

dem onstrates examples o f  the im plem entation.

The storage form at o f  the SN G  dataset is described in the Appendix.

Stage IV: Build surface network m odel (SNM )

T he SN G  data form at only stores the topology o f  the surface network, which does no t provide 

enough inform ation about the m orphology o f  the terrain. In  this step, the SN G  is converted 

in to  an essentially arc-node type data structure whereby the geom etry o f  the edges is also stored. 

Such a dataset is useful for the following two im portan t reasons:

•  The uncertainty related to the missing elevation and m orphological inform ation in the 

surface netw ork data structure can be reduced. Thus, SN M  can be used to reconstruct 

a terrain surface e.g. as a T IN  and for visuahsation o f  terrain structure.

•  Algorithm s are now  available (Bremer et al. 2003) for T IN  data structure which can 

incorporate the changes in topology following a contraction.

A record o f  the real/artificial nam re o f  the edges is stored in the SNM  so that in a practical 

apphcation e.g. visuahsation or converting a surface netw ork into a T IN , the artificial edges 

could be left out from  the processing. T he Appendix describes the form at for the SNM  storage.
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(a )

o oo

(b )

Peak Pass Pit

Ridge Channel

Figure 2 .1 4  (a) An arbitrary configuration of leader nodes at th e  various 

types  of ridge and channel intersections and (b) their respective 

decompositions. See  tex t  for the  comm entary .
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2.2.3 Implementation

T he proposed algorithm has been tested on two terrains from  the Salisbury area in England and 

the Isle o f  Man. The algorithm has been developed for feature recognition from  raster terrain 

datasets. The software developed for the autom ated generation o f the surface netw ork has been 

im plem ented in the popular GIS software A rc /In fo  and A rc View 3.2 developed by ESRI. These 

software were chosen because they contain m any useful terrain analysis functions and thus help 

in speeding the software developm ent process. F or example, A rcln fo  provides robust and fast 

functions for the com putation o f  plan curvature (based on Zvenburgen and T horne  1987), 

sm oothing (mean filters), and raster to vector conversion. The A rclnfo  scripting language A M L  

and ArcView’s scripting language Avenue were used to write the software. AM L scripts were 

used for feature recognition and Avenue scripts were used to construct the surface networks 

from  the unconnected ridge and channel segments.

Figures 2.15a and 2.15b respectively show  the hill-shaded view and surface netw ork graph 

o f  the terrain in a part o f  Isle o f  Man. Figures 2.16a and 2.16b respectively show  the hiU-shaded 

view and the surface netw ork graph o f  the relief in a part o f  the Salisbury area in England. 

D espite a few morphologically undesired links, a visual com parison o f  the two figures reveal 

that the feature recognition has been successful in capturing m ost o f  the linear features on the 

terrain, independent o f their geographic extent. T he difference between the conventional 

surface network and the proposed m odel is also apparent. F o r example, the prom inent pass to 

the N W  o f  the area in Salisbury terrain (shown in a circle in Figure 2.16b) is only stored as a set 

o f  intersecting ridges and channel ESN  s. In  a conventional representation it would only be 

stored as a single peak even though the m orphology and heights around the peak area are no t 

uniform  at all. In  simple terms, it can be said that the proposed  m odel is m ore faithful to the 

actual terrain m orphological variations com pared to the conventional surface netw ork model.

2.3 Discussion

The proposed algorithm for autom ated generation o f  surface networks differs from  

conventional m ethods (Takahashi et al. 1995, Schneider and W ood 2004) in that it gives m ore 

significance to the linear topographic features based on the belief that hnear features are m ore 

crucial for defining the m orphology o f  a terrain and the o ther m ethods are m ore vulnerable to 

scale-dependency o f  feature recognition.

O ne o f  the debatable aspects o f  the p roposed  algorithm is the extension o f  unconnected
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Figure 2 .1 5  (a) Hill-shaded view of a part  of Isle of Man ras te r  terrain (cell size 100 m, 

135x121 cells) and the corresponding, (b) surface network model (peaks , pits and 

passes  are  not displayed to reduce clutter) with contours (20 m interval).
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Figure 2 .1 6  (a) Hill-shaded view of a part  of Salisbury ras te r  terrain (cell size 10m, 

329x379 cells) and th e  corresponding (b) surface network model (peaks, pits and 

passes  are  not displayed to reduce clutter) with contours (20 m interval). See  tex t 

for com m entary  on the  fea tures  in th e  circle.
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dow nslope ends o f  features and the resultant morphologically meaningless links between 

features. Arguably, one can even challenge w hether the resultant ou tpu t is a true surface 

network. T he answer is no. H ow ever at the same time, it is im portan t to no te  that the p roposed  

surface netw ork m odel is superior to the conventional ones, as it allows the encoding o f  

problem atic m orphological features, while n o t deviating significandy from  the fundam ental 

properdes o f  a surface, i.e. a fram ework o f  im portant points and lines on terrain and m aintains 

the topological reladons between critical points and lines.

T he proposed  algorithm  does suffer from  the following com putational issues that need to 

be addressed in fum re work:

Issue 1. N um ber o f  sm oothing iterations

This aspect rem ains one o f  the subjective issue o f  the proposed  algorithm  and relates to the 

choice o f  sm oothing iterations necessary to achieve satisfactory feature extraction. There is 

always a risk that excessive sm oothing can obliterate features. In  addition, the notion  o f  iteration 

also takes away the desired fully automated characteristic o f  the algorithm. It is non-trivial to 

derive an appropriate num ber o f  sm oothing iterations that will be sufficient to generate a 

reliable identification o f features. However, based on empirical evidence, a m ethodology for an 

approxim ate assessm ent is proposed. Figure 2.17 shows a gradual variability observed in feature 

classification w ith varying num ber o f  sm oothing iterations for the Salisbury data. T he y-axis is 

the variance o f  the feature grid. In  order to detect breakpoints, it can be useful to break the 

continuous trend into individual linear trends. O n  the curve in Figure 2.16, four tangent lines 

have been m arked and num bered. M ost m eaningful are lines 1 and 4 which represent the trend 

o f  the curve for a m inim um  num ber o f  iterations, and for a large num ber o f  iterations, w here 

the curve is levehng off. In  Figure 2.17a, lines 2 and 3 are relatively arbitrary bu t simulate 

sections o f  clearly different trend in a case o ther than for this area.

T he intersections o f these trends (or the breakpoints) signify changes in feature scale which 

can be used to identify the num ber o f  iterations. In  this case, the intersection betw een the first 

trend and the second trend occur around ten iterations, the intersection between the second and 

third trend occur after around 30 iterations and so on. T hese breakpoints are also apparent in 

the feam re extractions (Figure 2.17b) although the changes across the breakpoints are no t very 

pronounced. In  m ost cases, the num ber o f  intersections corresponding to the first o r second 

intersections w ould be sufficient. A nother interesting aspect o f  Figure 2.17b is that after a 

certain num ber o f  iterations, sm oothing doesn’t significantly affect the overall feamre 

classification pattern, corresponding to the leveling o ff o f the graph in Figure 2.17a.
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T he operator will have to  identify these trend lines and hence the breakpoints to  find a 

good  estimate o f  the iteration limit. In  the actual case o f  Figure 2.17a, w here lines 2 and 3 are 

relatively arbitrary, we m ight choose the intersection o f  lines 1 and 4 as representing an estim ate 

for the iteration Emit. T he choice o f  limit can be checked visually by m atching the feature 

extraction against the original con tour m ap to ensure tha t m ajor features are still correctly 

represented. A  final possibility, n o t illustrated on  Figure 2.17a, is that we choose an iteration 

limit that corresponds to a 90% reduction  from  the variance after 1 iteration to  the asym ptotic 

value after 'many' iterations. This m ethod  is based purely on the limiting statistics and the 

variance curve and does n o t require estim ation o f  sections o f  com m on trend  in the variance.

The effect o f  sm oothing on  the feature classification should be expected to  vary according 

to the terrain. F o r example. Figure 2.18 shows the effect o f  sm oothing on  the feature 

classification o f  the Isle o f  M an area terrain. I t  can be seen that after 10 sm oothing iterations 

feature classification varies only slightly, w hich is also apparent by the intersection o f  the trend 

no. 1 and 3 (Figure 2.18a). This example provides added support to  the hypothesis that the 

feature classification variance versus sm oothing iterations p lo t provides an indication o f  the 

structure o f  the terrain.

Issue 2. Feature classification m odel

The proposed  algorithm  for feature extraction evaluates only eight cardinal directions at a cell 

for the possible flow direction. T he algorithm  doesn’t employ any threshold (e.g. regarding 

curvature differences) to  constrain the feature classification. As a result, the feature extraction 

produces broken and  in places doubtfu l feature classification. W hile the broken features can be 

connected w ith p ost processing, it is non-trivial to  produce robust threshold  param eters.

Issue 3. Unclassified cells at boundary

All raster based feature extraction algorithms suffer from  the lim itation that the edges o f  the 

a s te r  terrain rem ain unclassified as the filter w indow  is square and edge cells will have parts o f 

the filter w indow  outside the raster terrain In  the p roposed  algorithm  the to p  tw o row s, b o ttom  

two row s, left-m ost tw o colum ns and  right-m ost tw o colum ns rem ain unclassified. A  simple 

solution to  solve this problem  is to  use an input raster terrain larger than the o u tpu t area.

Arguably, there are similarly m any o ther m ethods w hich could be developed. U nderlying to 

my kind o f  geo-spatial generalisation is the com prom ise between data quality (i.e. accuracy o f  

height) and  feature preservation. Therefore, the operator o f  any terrain analyses should be
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Figure 2 .1 7  The effect of smoothing on th e  fea tu re  classification of the  Salisbury area  terrain.

(a) The four linear trends  (red lines) have  been derived visually and the corresponding 

num bers  indicate the  order in which they ap p ea r  during smoothing and (b) feature  

maps. Blue a reas  a re  channels and red a reas  a re  ridges.
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Figure 2 .1 8  The effect of smoothing on the  fea ture  classification of the  Isle of Man area  terrain.

(a) The four linear trends  (red lines) have been derived visually and th e  corresponding 

num bers  indicate the  order in which they ap p ea r  during smoothing and (b) fea ture  

m aps . Blue a reas  are  channels and red a re a s  a re  ridges.
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aware o f  the pros and cons o f each m ethod because as discussed earlier, different m ethods have 

different strengths and weaknesses. Obviously, the definitive test o f  the utility o f  a terrain data 

structure is the test for its suitability for a particular application. F o r example, in a fly through in 

com puter games, the accuracy o f  feature preservation is no t so im portant, while a hydrological 

analysis will require greater accuracy.
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Chapter 3

Structural Analysis

Surface netw orks, by way o f  their graph construction are suitable for many types o f graph- 

theoretic descriptions. Existing literature has how ever generally offered the characterisation o f 

the structure o f  surface networks based only on the scalar properties associated with the graph. 

F o r example, m ost o f the weight m easures proposed by Pfaltz (1976), M ark (1977), W olf (1984), 

Ran a (2000), and Edelsbrunner et al. (2003) are based on m orphom etric (mainly height) 

p roperties at and along the elements o f  the vertices and edges o f  the graph. O ne o f  the possible 

reasons for this is that m ost characterisations o f  surface networks are based on the context o f 

terrain m orphology. These types o f  graph measures are only a small subset o f  possible graph 

m easures that could be used to characterise surface networks. In  GIS and geography, graphs 

have been used widely to represent various p rocess/phenom enon  such as transport networks 

(e.g. for routing), drainage networks (e.g. for stream  ordering), socio-econom ic indicators (e.g. 

for analysis o f  m onetary transactions), and recently cyber-geography (e.g. for trace-route 

analysis). Therefore, a substantial am ount o f  literature already exists that have presented the 

application for graph measures for various purposes. This chapter dem onstrates the application 

o f  graph m easures from  a non-geom orphological context for terrain surface networks. T he first 

part o f  the chapter dem onstrates graph-theoretical m easures taken from  different disciplines, 

which could also be used to characterise the structure o f  terrain surface networks. The list o f 

m easures presented  is by no means exhaustive bu t merely a selection, w hich could be derived 

and used relatively simply.

T he following part o f  the chapter will focus on the simplification o f  surface networks. As 

discussed in Chapter 1, one o f  the reasons for the characterisation o f  surface networks has been
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to assign weights to the surface networks. T he weights have been used for a sequential weight- 

dependent simplification o f  surface networks. T he latter part o f  this chapter will identify a 

num ber o f  issues with the existing simplification m ethods and propose new  ways o f  simplifying 

surface networks.

T he final sections o f  the chapter will present novel proposals on how  to refine the surface 

netw ork graph by adding new edges and vertices.

3.1 Extending the description of surface networks

Arguably, m any types o f  graph measures can be im plem ented on surface networks. However, 

n o t all the graph m easures will be relevant to surface networks and the underlying m odelled 

phenom ena. Many o f  the graph measures are proposed  for certain graph configurations. The 

following sections present graph measures which are com m on to aU types o f  graphs followed by 

a special set o f  measures, which are based on the concept o f  Small W orld networks (Milgram 

1967, W atts and Strogatz 1998). Small W orld netw orks are a widely used form  o f  graphs to 

represent the general connectivity o f  the networks. Some o f  the measures presented below 

assum e that a surface network is non-directed and non-weighted, which is clearly contrary to the 

topological constraints o f  surface networks. However, as will be evident in the following text, 

measures presented here are still relevant to surface networks because they help in 

understanding the inform ation about the terrain, w hich is independent o f  graph construction. 

F or example, level o f  desiccation, which is an indicator o f  the m aturity o f  terrain and used to 

com pare terrains, can be calculated if we assume the graph is non-directed and non-weighted. 

Following from  the above proposed  non-directed nature o f  surface networks, the formal 

descriptions o f  the measures are no t elaborated separately for peaks, pits, passes.

3.1.1 Standard graph measures

In  the following text, the term length o f  a path  m eans the num ber o f  edges that are traversed to 

reach a node from  another node. For example, the length o f  a path  from  a node to all its 

adjacent nodes is 1. The term  depth o f  a node represents the shortest length required to arrive at 

the node from  another node. W ith these fundam ental definitions, the higher order graph 

m easures can now  be presented.

(i) Diam eter — It is the m axim um  depth in a graph (Benta 2004). M ost com m only, diameter 

has been used to assess w hether the graph is a Small W orld network. T he Small W orld
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theory, first proposed by Milgram (Milgram 1967), like the literal m eaning o f  the w ord 

“Small W orld”, involves the notion o f  finding out relationships between strangers, using a 

chain o f  m utual social acquaintances. Tw o well-known examples o f  Small W orld 

experiments are the E rdos num ber and Bacon N um ber. These num bers respectively 

represent the num ber o f acquaintances required by a m athem atician and a Hollywood 

actor/actress respectively to becom e related to the m athem atician Paul E rdos and 

H ollywood actor Kevin Bacon. W atts and Strogatz (1998) and A lbert and Barabasi (2002) 

have found by empirical evidence that the diam eter values in Small W orld networks increase 

logarithmically with the num ber o f  nodes.

(ii) Degree — It is simply the num ber o f  edges incident on a node. This is a simple general 

purpose measure o f  connectivity o f  a node. W atts and Strogatz (1998) and A lbert and 

Barabasi (2002) found that in Small W orld networks the frequency o f  the degree o f  the 

nodes follows a power-law distribution. T he term  scale-free has been used in the literature to 

ascribe this property o f  Small W orld networks.

(iii) Eccentricity — It is the m aximum depth  o f  a node. N odes at the peripheries o f  the graph 

will have higher eccentricity than nodes in the centre (Benta, 2004).

(iv) Fareness — It is the sum o f  all the depths o f  a node (Benta, 2004).

Fareness(i) -  f  5jj 
7=1

where ̂  is the size (num ber o f  nodes) o f  the netw ork, ôÿ is the depth o f  the node i to node

J-

(v) Mean Depth — It is the average o f  aU the depths o f  a node. I t  is a general purpose 

m easure to describe the connectivity o f  a node w ith o ther nodes. Therefore, higher mean 

depth indicates a w ell-connected node in the graph (Turner 2001, Benta 2004).

Mean Depth (i) — Fareness{i)

(vi) Closeness -  I t is the inverse o f  sum o f  all the depths o f  a node (Benta, 2004).
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Closeness(i) —

y=i

(vii) Bavelass-Leavitt Index — It is the ratio o f  sum  o f depths o f a node to sum  o f depths 

from  and to that node (Benta, 2004).

BL,Centrality(i) —_  ?=1,7=1

7=1

3.1.2 Two case studies

Figures 3.1a and 3.2a show  the surface netw ork graphs o f parts o f  Isle o f  M an and Latschur 

M ountains (Austria) respectively. The graph analyses were done using the software A G N A  

developed by I. M. Benta (Benta 2004). Please refer to  A G N A  user guide (Benta 2004) for m ore 

inform ation on A G N A . The networks display different characteristic configurations e.g. unlike 

the single ridge structure o f the Isle o f M an surface netw ork, Latschur surface netw ork shows 

m ore complex topographic structure.

T he plots o f  the various measures reveal com m on patterns in the structures o f the two 

netw orks. For example,

■ T he nodes located in the central parts o f  bo th  networks have lower m ean depth  values 

(Figures 3.1b, 3.2b).

■ T he frequency o f  degree o f  the nodes decay exponentially (Figures 3.1c, 3.2c) suggesting 

that there are nodes which form  clusters e.g. the peak in the northern  part o f  the Isle o f 

M an netw ork and the pit in the central part o f  the Latschur m ountain surface network. The 

plots did no t show  power-law relationships in either o f the networks even w hen the data 

were plo tted  on log-log scales. Thus, it seems that these surface networks are no t Small 

W orld networks. However, the similarities are indicative o f  the uniform ity in the terrain 

form ation processes. F or the sake o f  hypothesis, building this simple observation can be 

stretched a bit more. In  terrain, such similarities could mean similar type and sequence o f 

erosional process and the same geological/geom orphological age, bu t a p ro o f  o f  the reasons 

behind the pattern is beyond the scope o f  research presented here.
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An im portan t part o f  graph analysis is the evaluation o f  the changes in the graph under 

contraction. As the graph structure is contracted, new links distort the structure o f  the 

netw orks. This kind o f experim ent has been done extensively for the study o f  in ternet 

backbone structure to test the robustness and im prove the data flows. Based on such an 

analysis o f  the In ternet A lbert and Barabasi (2002) were able to suggest the unique scale-free 

nature o f  the internet. In this work, an experim ent has been done to observe the variation 

o f  diam eter measure in the two networks at each contraction o f  the graph. T he contraction 

was based on the elevation drop weight m easure and the m axim um  o f  weights criterion. 

T he diam eter versus contractions plots (Figures 3.1 d, 3.2d) reveal two main insights into the 

structure o f  surface networks.

T here is generally a linear decline in the diam eter o f  the netw ork with the deletion o f  

nodes (which in this case is a contraction o f the network) hence, these surface networks 

are n o t scale-free networks.

T he step Hke pattern o f  variations suggests that the rem oval o f  certain nodes introduce 

drastic changes in the paths o f  the network. T he flat parts o f  the plot are contractions 

that do no t affect the overall structure o f  the network.

T he above local and global graph measures can now  be used as weights. T he following section 

presents an example o f  the use o f  the degree measure, w here such simple graph m easures can be 

used to perform  structurally-aware contraction.

3.2 S im plifica tion  o f su rface  netw orks

In  short, a surface netw ork graph can be sim plified/contracted  by a series o f  two hom om orphic 

contractions called pit-pass contraction and pass-peak contraction. These contractions reduce 

the num ber o f  vertices and edges but preserve the topological structure o f  the corresponding 

topographic surface. In  general, the pit-pass and pass-peak contractions cause the rem oval o f  an 

“in ternal” pit (the surrounding pit is no t allowed to be selected for contraction) and an 

“internal” peak (the surrounding peak is no t allowed to be selected for contraction) respectively 

with their lowest (in the case o f pit) and highest (in the case o f  peak) adjacent pass together with 

all surface-specific Hues incident with at least one o f  these critical points. The pass connected to 

the contracted  pit (or peak), which becom es free, is then connected to the p it (or peak) originally
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Figure 3.1 (a) Surface Network of central Isle of Man, (b) distribution of mean 

depth values, (c) frequency plot of degree, and (d) variations in graph 

d iam eter  with contractions.
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linked to the contracted pass, thus restoring topological consistency (Figure 1.11). T he complete 

m athem atical p ro o f o f the contractions is provided in Pfaltz (1976) and W olf (1989). The 

selection o f  a p it or peak is based on an im portance criterion, which depends upon  the particular 

problem  and the topography. The three m ain variations o f im portance criteria for the selection 

o f  pits and peaks, based on edge weights, p roposed by W olf (1989) are:

■ The m aximum o f the elevation differences between a peak or pit and all its adjacent

passes. This m easure can be used to rem ove peaks and pits ranked on the basis o f  the

steepest ridge and channel linked to them.

■ T he m inim um  o f the elevation differences between a peak or pit and all its adjacent

passes. This m easure can be used to rem ove peaks and pits ranked on the basis o f  the

shallowest ridge and channel linked to them.

■ The sum o f the elevation differences between a peak or pit and all its adjacent 

passes. This measure can be used to selectively rem ove pits and peaks w ith a low  num ber 

o f  crossings.

How ever, as discussed in the section 1.2.3.2, original ideas on generalisation and weight 

m easures from  W olf (1988) have Limitations which restrict the scope o f simplification o f  surface 

networks.

In  this section, first a software Surface Topology Toolkit (STT) developed to address some o f 

the issues is presented. The following sections address the Limitations highlighted in section

1.2.3.2 and presen t novel solutions. A t the end, a com parison o f the various criteria is presented 

to visualise the wide variety o f  possible outputs.

3.2.1 Surface Topology Toolkit

Surface Topology Toolkit (STT) is an application w ritten in the T c l/T k  program m ing language 

for the surface netw ork simplification experiments. W hile STT primarily im plem ents 

sim plification o f  surface networks, the outputs derived from  STT can also be useful for 

geom orphological studies.

A detailed description o f the inputs, outputs and functions o f  STT will deviate the focus o f 

the chapter how ever it is relevant to highlight the reasons for developing the surface netw ork 

simplification in T c l/T k  language.
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T c l/T k  is a popular language am ongst some GIS program m ers (Dykes 1997). The 

highlight o f  T c l/T k  functions is the provision o f  dynamically m anipulating the properties o f 

graphical objects w ith ease and speed, which is particularly useful for cartographic and other 

visualisation applications. Some o f  the proposed solutions discussed later, required a highly 

interactive interface to the structure o f  the surface network. T c l/T k  is particularly useful for 

developing such applications. The other main advantages o f  STT  are as follows:

■ ST T  inform s the user o f  every contraction (except for continuous contractions) so that a 

selection can be m ade m ore intuitively.

■ Users can generalise the topography by a com bination o f  im portance measures ra ther than a 

single one and can also arbitrarily select an internal pit or peak for contraction.

•  Users have the flexibility to undo a contraction to observe the changes in results for better 

generalisation.

Figure 3.3 shows the main interface and different control windows o f  STT.

3.2.2 N ew  w eight measures

As m entioned  in section 1.2.3.2 many o f  the w eight m easures could provide misleading 

inform ation about the structure o f  the surface. This w ork proposes the use o f  edge lengths, edge 

slopes and degree (or valency) o f  vertices as alternative weights to avoid, these limitations and 

examples o f  these will be shown in the next section. These are defined as follows:

(i) E dge length

The length could be m easured either as the distance between the endpoints o f  an edge or the 

sum  o f  the lengths o f  each segments that belong to the edge i.e.
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Figure 3 .3  Graphical User Interface of Surface Topology Toolkit.
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w here E  E, e  E, u, p are the x, y co-ordinates o f  the pit, pass, and peak. T he use o f

edge length will be an effective weight for cartograpliic generalisation as it brings out high 

frequency elevation changes in surfaces for condensing. In addition, variants o f  this weight 

m easure can also be derived e.g. average length o f  an edge segment, and m ean length o f  an edge 

segment.

(ii) E dge slope

T he slope o f  an edge is simply the drop in elevation along an edge divided by the length o f the 

edge. Again, it could be defined only between the endpoints a n d /o r  an average slope am ongst 

the edge segments.

w here E  E, E  E  and h is the height o f  a p it/p ass /p eak . T he use o f  edge slope as a

weight will be suitable to distinguish between peaks or pits with equal edge lengths bu t with 

contrasting difference in elevations. As described previously, a num ber o f  variants o f  this weight 

m easure can also be derived e.g. average slope o f  an edge segm ent, and m ean slope o f  an edge 

segment.

(iii) Valency or Degree o f vertices

Valency or degree o f  a p eak /p it is a sim pler alternative to the sum  o f  elevation drops weight 

m easure, to find out the connectivity o f  a p eak /p it in the surface netw ork structure. I t  is better 

than the sum  o f  elevation drops measure because it does no t depend upon  the rare, though 

possible likelihood o f two peaks/p its with sums o f  equal elevation having a different num ber o f 

incident edges.

T he new  weight measures presented above will be m ore suitable com pared to W olfs 

weight m easure in a num ber o f situations. F o r example.
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■ T he case o f  long gradually sloping ridge or channels, which are structurally significant,

will give a low drop in elevation as a weight., thus m aking them  vulnerable for

contractions. F or example, for the surface netw ork show n in Figure 3.4a, the next 

contraction  based on the maxim um  drop in elevation w eight criterion will rem ove the 

ridge \y1, (Figure 3.4b) although it is longer, thus m ore im portant, than som e o f the 

o ther ridges in the surface. O n  the o ther hand, the m axim um  edge length weight 

criterion based condensing selects to  rem ove the ridge \y1, ^/] (Figure 3.4c) and 

therefore is a m ore sensible measure. How ever, it is im portan t to note that even after a 

better decision the ridge \y1, is still rem oved due to  topology condensing rules,

which illustrates the earlier stated proposal that condensing solely based on  weights 

ignores the structure o f  ridge/channel networks.

■ T he sum  o f  edge weights will no t be able to differentiate betw een two equally weighted

points bu t w ith a different num ber o f  edges. Thus, it is no t a good indicator o f  the ridge 

and channel crossings at a point. Figure 3.5a shows the situation in which o f  sum o f 

edge weight criterion selects to rem ove the ridge \y4, ^i] (Figure 3.5b) although the peak 

î(5 go t the highest num ber o f  ridge crossings and this is therefore a misleading 

condensation. O n  the other hand, valency weight criterion selects the ridge [yJ, ^6] 

(Figure 3.5c) which gives a m ore natural condensation.

In addition to the above, as m entioned in section 3.1 above, the structure o f surface networks, 

especially w here they represent non-terrain surfaces e.g. metrological surfaces, can be suitably 

represented w ith non-geom orphological weight measures such as depth.

(iv) Cascading contraction using global w eight measures

In  the existing m ethods o f  contracting the surface netw ork graph, the effect o f  the contraction 

is lim ited to only the affected local subset o f  the graph. In  o ther types o f  graph-theoretic 

netw orks e.g. transport and drainages networks, any local changes in the graph are 

cascaded/propagated  to  the rest o f  the netw ork because such a post-contraction effect is m ore 

realistic for the m odelled systems. The actual m odelling o f the effect requires a detailed analysis 

o f  bo th  the external and internal factors involved in the simulation. For example the m odelling 

o f  the effects o f  the closure o f  an underground train station i.e. rem oval o f  n o d e /vertex  in the 

underground-train  netw ork graph, would involve factors such as capacity o f 

s ta tio n s/ro ad s/tra in s , num ber o f  passengers, and connectivity with o ther forms o f  transports
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Figure 3 .4  Comparison of the  effectiveness for selection of points in the  surface network 

between (b) maximum of elevation difference criterion and (c) and m aximum of 

edge  length criterion. Note tha t  criterion (b) selects a long ridge due  to its low 

drop in elevation (350).
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Figure 3 .5  Comparison of the effectiveness for selection of points in a surface network, between, 

(b) sum of elevation difference criterion and (c) valency criterion, showing how criterion 

(b) can mislead abou t the  ridge/channel crossings. Numbers a t  peaks in (a) a re  sum of 

elevation differences and their valences (in paren theses) .
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e.g. underground train stations. Such a cascading effect is also applicable to surface netw ork 

contraction because that would reflect a m ore accurate m odelling o f  the surface phenom ena. 

F o r example, the rem oval o f  a channel w ith a {xg-y^-con traction  uphill should trigger 

adjustm ent in the drainage network in the downhill, as the contraction will result in a decreased 

flow o f  water. In  nature, such a reduction o f  water flow results in the drying up o f  channels. 

Thus, it m eans, a contraction o f  a channel som ewhere in the m ountains can lead to a 

contraction o f  a channel in the lowlands. M ost terrain evolution m odelling is based on this 

cascading prem ise presented above (Burrough and M cD onnell 1998).

This type o f  cascading contraction requires a weight that relates to all parts o f  a netw ork 

i.e. a global w eight measure. A typical global weight m easure that could be used in drainage 

netw ork m odelling is flow. It is expressed in various ways depending upon  the context e.g. in 

the case o f  drainage netw ork extraction from  a raster D E M , a flow is generally represented as 

the num ber o f  cells (or an equivalent cumulative measure) that drain into a particular cell and in 

the case o f  stream  ordering it is shown as the position o f  a channel in the hierarchy o f  the 

drainage network.

Figure 3.6a shows a hypothetical surface netw ork graph, where a global w eight measure 

flow has been assigned to each channel that represents the cumulative sum o f  the num ber o f 

upslope channels that can drain into the channel. Ridges are no t displayed in the figure for 

clarity. As can be seen in the figure, channels in the higher reaches o f  the drainage have the 

low est weights while the channels at the oudets o f  the drainage netw ork wiU have higher flow 

weights.

T he general procedure for perform ing a cascading contraction on the channels wiU be as 

follows;

Step 1: Assign local weights.

Step 2: Perform  {xg-yo)-contraction  or {yg-Zo)-contraction.

Step 3: A djust global weights o f  channels.

Step 4: C ontract channel(s) whose global weight faU(s) below a threshold.

Step 5: I f  desired simplicity is reached, then STO P else go to Step 1.

Figure 3.6c shows the contracted surface netw ork following one step o f  cascading 

contraction. T he com putation o f  suitable weights would involve quite com plex issues and a 

detailed treatm ent on these topics was no t part o f  the research presented here. F or example, 

actual w ater volum e can be used instead o f topological Links as flow weights. A nother interesting
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aspect o f  cascading contraction is that it does no t follow a strictly sequential contraction i.e. 

contraction does no t follow a structural im portance based order. This type o f  non-sequential 

contraction o f  surface networks is also useful for o ther application, as will be discussed in the 

following section.

Height

(a) (b ) (c)

F ig u re  3 .6  Cascading contraction. In th e  original form in n a tu re  as  shown in (a) th e  two 

channels  a t  th e  bottom  with weights equal to  8 exis t b ecau se  of th e  flow from th e  8 

channels  ups t ream . However, when two u ps t ream  channels  a re  con trac ted ,  th e  nu m b er  

of contributing channels  to th e  minor channels  is reduced to 6 a s  shown in (b). This 

could m ean  th a t  the  two minor channels  dry up and a re  then  rem oved  from the  

netw ork  as  shown in (c).

3.2.3 N on-sequential contractions

As the contraction o f  a surface netw ork graph is based on a defined sequence o f  vertices, it does 

n o t provide the flexibility to generate a desired topology and topography. This follows from  the 

fact that there is no a priori inform ation about the evolution o f  the surface netw ork. W olf 

(1989) experienced a typical limitation. H e observed that the quality o f  contour m aps produced 

from  simplified surface networks could be im proved substantially if  the step to eliminate a 

certain peak and its adjacent pass were shifted to a subsequent one. In  addition as discussed 

above, vertex im portance based selection criteria can be misleading regarding the im portance o f 

the ridge or channel structure at a peak or pit. This means that edges are solely selected for 

condensation, based on their weights and no consideration is given to the size or significance o f 

the h ost structure (such as length o f  edges).

In  this work, the following two solutions to provide flexibility in m anipulating the 

contraction are proposed:
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(i) User D efined Contraction (UDC)

U D C  is essentially similar to (Ab- /o)-contraction and (jo -  Zb)-contraction in the sense that it 

involves a selection o f  an internal p eak /p it for contraction. H ow ever, it differs from  the latter in 

the way the internal peaks/p its are selected for contraction. Unlike sequential contraction, in 

U D C  the user is able to arbitrarily select any internal p eak /p it for contraction. H ow ever, in 

order to ensure a topologically consistent netw ork after contraction, the steps after the selection 

o f  the p eak /p it remain same as in the sequential hom om orphic contraction. In  o ther w ords, for 

example, after a peak has been selected for contraction, the edge w ith the lowest elevation 

difference is selected for contraction.

U D C has another very im portant use in terrain modelling. Study o f  land form  evolution is a 

well-established topic o f  research in order to understand the geom orphic and tectonic 

phenom ena in nature. Researchers use some form  o f  landform  models to  simulate changes and 

make predictions, bu t these often require detailed mathem atical analysis. As an alternative, this 

w ork proposes that U D C can be used to introduce similar changes m ore easily and quickly. An 

example o f  the generation o f  a N W -SE trending artificial valley in the Latschur surface netw ork 

is shown in Figure 3.7. This valley was achieved simply by m erging m inor channels in this area 

and the rem oval o f  the intersecting ridges along these channels. However, it is apparent, the 

changes are purely topological and one o f  the main advantages o f  o ther landform  evolution 

models is their ability to regenerate the topography. Figure 3.8 shows the application o f  U D C 

on the surface netw ork o f  Isle o f  M an (see Figure 3.1a) to rem ove the m inor ridges and 

channels that flank the periphery o f  the main central ridge on the Isle o f  M an Island. W ith a 

series o f  U D C  steps, these peripheral channels and ridges can be condensed easily to highlight 

the central ridge structure.

(ii) Multi-criteria contraction

In  a conventional contraction sequence, only a single w eight-m easure is used to rank the 

vertices. As a solution, a multi-criteria contraction sequence, w hereby a com bination o f  weight 

measures or different m easures is used at different stages o f  the contraction sequence is 

proposed. F or example, the contraction may be started w ith an aim to reduce edges o f  certain 

length threshold and w hen the desired degree o f  simplicity has been achieved, a different weight 

m easure may be used to achieve a different directive. A multi-criteria contraction wül also be 

useful in situation where two internal vertices o f  the graph have equal im portance, in which case 

another criterion can be used to do a second ordering o f  the vertices.
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Figure 3 .7  Generating artificial changes  in terrain , in this case  a large valley, using User 

Defined Contraction on a part of Latschur surface network.
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Figure 3 .8  Generating artific ia l changes in terra in , in this case erosion of m inor 

features to yield a large ridge using User Defined Contraction on a part 

of Isle of Man surface network.
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3.3 R e fin em en t o f su rface  netw orks

T he term  refinem ent is taken from  the com puter graphics disciplines, w here it is generally used 

for an increm ental procedure o f  adding m ore details to a data structure. The iterative addition o f 

details is continued until a desired error or the desired level o f  details has been achieved 

(H eckbert and G arland 1997). A  typical application o f  a refinem ent operation is in fast 

rendering o f  scenes in com puter animations.

In  conventional refinem ent m ethods, the first step is to decide where and how  m uch level 

o f  detail m ust be added. Various approaches e.g. greedy-insertion (Fowler and Litde 1979), 

feature-constrained (Heller 1990), and their num erous variants have been proposed  to perform  

refinem ent operations. In  com puter graphics research, the key requirem ent o f  any such 

refinem ent technique has been fast speed followed by appealing display. This m eant that 

arbitrary topological links are allowed during the refinem ent process. How ever, in the case o f  

surface netw orks, the scope o f refinem ent is constrained by the strict topological rules. D espite 

the constraints, the refinem ent o f  surface networks prom ises the following im portant uses:

• refinem ent can be used to simulate landscape evolution processes, which could be used 

to generate landscapes for erosion m odelling and simple com puter animations.

• refinem ent can be used to develop varying levels o f  details in different parts o f  the 

terrain. This could be relevant in the case o f  incom plete feature extraction and 

developm ent o f multi-scale terrain.

T he novel refinem ent technique presented here is based on an extension o f  the solutions 

presented  to  represent junctions/bifurcations. A surface netw ork can be refined with the 

following pair o f  rules:

R u le  1: A  ridge edge can be split only if  the pass jo  is connected to two distinct pits xo,

and X. W ith this premise, { y o - s p l i t t i n g be defined as follows:

Let,

 ̂ W  — Surface N etw ork,

■ J o  = Pass with Pits R(yo) =  (xo, x )
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T hen, after a (jo, -splitting IF ’is the graph with the following properties:

" V ertex set K(1F) =  F-H (y',

" Edge set £ ( I F )  = E ’ = E +  { y \ i  ), (> o .^ ), ( x , j ) ,  {xo^))

■ h{^ ) is infinitesimally higher than /6(y).

■ /?()/) can be derived by an interpolation o f  /?(yo) and ).

Figure 3.9 shows the principle o f  -sp litting  on  elementary surface networks. Figure

3.10 shows a sequence o f  refinem ents o f  the longest channel o f  a hypothetical surface network. 

A rule for splitting a channel edge can be similarly defined.

R u le  2: A channel edge (>ro^o) can be split only if  the adjacent pass jo  is connected to two 

distinct peaks and W ith this premise, {xo -y^-sp litting zTin be defined as follows:

Let,

■ IF  =  Surface N etw ork,

■ Jo  =  Pass with Peaks R0/o) = {^o,

T hen, after a (y„, :^o)-spLitting IF  is the graph with the following properties:

■ V ertex set F (1F ) -  V  -  V  -\- { x ’, j ’},

■ Edge set E (1F ) = E ' =  E +  { { xoy),  (x j%  (.x -» , 0 ’, r̂;)}

■ b(x ’) is infinitesimally lower than hÇy).

■ hly") can be derived by an interpolation o f  b(xo) and h(yo)-

As can be seen from the figures, the rules proposed  above ensure two im portant 

characteristics o f  surface networks:

■ T he refined surface netw ork is topologically consistent according to the rules proposed 

by Pfaltz (1976) and W olf (1984) (see section 1.2.1.1).

■ T he changes introduced in the surface netw ork are reversible i.e. the edges inserted can 

be rem oved to restore the surface netw ork to the original state.
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Xo

F ig u re  3 .9  Refining a long ridge with a (yo-Zo)-splitting. Note how the  choice of 

configuration ensu res  a topological consistency after  the  addition of the  new 

edges.

F ig u re  3 .1 0  A sequence  of 2 refinements on longest ridges of a hypothetical surface 

network with repeated  (yo-Zo)-splitting. Blue lines a re  channels and o range  lines 

are  ridges. Red dots  are  peaks, green dots are passes  and black do ts  a re  pits.
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As m entioned earlier, the first step in a refinem ent process is to select the location o f 

refinem ent o f  a data structure. In  com puter graphics, the locations are often decided on-the-fly 

e.g. in the case o f  a T IN  being used as a backdrop scenery in flight simulators, the level o f 

details are added in area visible being seen by the viewer. In  the case o f  surface netw orks, m ost 

refinem ents wül tend to be based on an inform ed choice. F or example, long edges could be 

suitable locations for refinem ents as shown in Figure 3.10.

T he refinem ent o f  surface netw ork can be repeated until a desired level o f  desiccation in 

terrain has been achieved or w hen repeated refinem ents lead to num erous superficial low- 

w eight pair o f  peaks-passes and pits-passes.

3.4 D is c u s s io n

This chapter has presented a num ber o f  ways o f  characterising surface networks. T he chapter 

highlighted various issues regarding the choice o f  w eight measures, contraction criteria and the 

effect o f  the selection upon  the resultant structure. The chapter also offered solutions such as 

cascading contractions, global weight measures, user-defined contraction and refinem ent o f 

surface networks.

O n e  crucial aspect o f  surface network, which is generally included in m ost research on 

D E M s but missing so far from the chapter is the uncertainty in the m odel o f  the surface 

netw orks. A surface netw ork conceptuaUy contains the following two main types o f  uncertainty:

■ Shape uncertainty: T he m orphology o f  the terrain represented by surface netw ork could 

be w rong due to errors in feature extraction and the sparse nature o f  the surface 

netw ork.

■ H eight uncertainty: The heights associated with surface netw ork elements could be 

incorrect and thus interpolation o f  a terrain based on a surface netw ork could 

subsequently inherit errors.

T here is a vast literature that describes the estim ation and m odelling o f  uncertainty in digital 

elevation m odels given som e original elevation is also avaüable (for exhaustive and up to date 

reviews please refer to von Minusio (2002)). How ever, the issue o f  m odelling uncertainty gets 

com plicated if  the data structure does no t store inform ation about the original surface, e.g. when 

the data structure does no t provide surface continuity. This issue applies to surface networks
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an d  IS the  classical in te rp o la tio n  t)p e  p ro b lem . F o r  exam ple , w hile  o n e  can  derive  th e  e rro rs  in 

th e  e leva tion  values at the  to p o g rap h ic  fea tu res  in su rface  n e tw o rk s  w ith  so m e  certaint)% it is 

con cep tu a lly  im p o ss ib le  to  d escrib e  the  uncertaint}^ p re se n t a t s lo p e  faces in the su rface  ne tw ork . 

In  o th e r  w o rd s, th ere  is n o  w ay o f  co m p a rin g  an  en tire  su rface  n e tw o rk  w ith  its o rig inal surface.

1 his IS ironic because the highly com pressed  qualit)^ o f  surface netw orks is also an advantage.

f 'ro m  the  e leva tion  data  v e n d o r, an  o b v io u s  easy so lu tio n  to  the  p ro b le m  is the  p ro v is io n  

o t  a ro o t m ean  square  (llM S It) tq’p e  e rro r  m easu re . T h is  can  be  b ased  o n  sam p lin g  e leva tions at 

key lo ca tio n s on  the  orig inal su rface  an d  by a p p ro p r ia te  in te rp o la tio n  o f  e lev a tio n s o f  

c o rre sp o n d in g  lo ca tio n s fro m  the  su rface  n e tw o rk . H o w ev e r, uncerta in ty ' in a su rface  n e tw o rk  is 

likely to  vary' spatially  a cco rd in g  to  th e  density' o f  the su rface  n e tw o rk  an d  th e  tvpe o f  

in te rp o la tio n  m e th o d , th e re fo re  such  a g lobal m easu re  cou ld  p ro v id e  m islead ing  resu lts .

T h e re fo re , a probability- type m easu re  is p e rh a p s  m o re  su ited  to  ascerta in  th e  range o f  

e rro rs  in e leva tion  values. A n ideal m easu re  is S h a n n o n ’s in fo rm a tio n  e n tro p y  m easu re  

(S a lom on  2004), w h ich  describes the probability ' o f  a va lue  d e p e n d in g  u p o n  a n u m b e r  o f  

o ccu rren ces  o f  all values. F o r  exam ple , in a c lu s te r o f  e leva tion  p o in ts  (F igure  3.1 la) th e  en tro p y  

(/4) o f  e leva tion  e at an u n k n o w n  lo ca tio n ,

"  I ^ ( e  )
/ / ( c )  =  .  ^ ; , , l n ; , ;

/ = i  j \

w h ere  is the  probability ' o f  th e  p o in t hav in g  an e le v a tio n g ,, i \ ( é ’. ) i s  th e  n u m b e r  o f

o ccu rren ces  ofc, an d  ,\' is the  to tal n u m b e r  o f  p o in ts .

O
6 2

o

(a )

(b )

Figure 3 .1 1  (a) Uncertainty regarding an elevation value in the case o f scattered 

points and (b) in the case o f surface network.
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Similarly in the case o f  surface network, a range o f  m orphom etric values exist (Figure 3.11b) in 

an area no t occupied by surface netw ork features. T he entropy m easure can thus be used to 

describe the uncertainty/quality o f  a surface netw ork dataset. In practise, how ever the 

uncertainty is often no t m odelled and a linear or weighted com bination o f  all possible values 

could generally be used.

Clearly, a better alternative will be to  store certain key m orphological inform ation about 

the features e.g. curvature along with elevation. In  fact, w hat types o f  ancillary inform ation 

should be stored to minimise uncertainty is an interesting topic o f  further research in itself.
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Chapter 4 

Applications

4.1 P ro p o sa l

T he primarily topological nature and strict rules for topological consistency o f surface networks 

has restricted the use o f  surface networks to mainly non-analytical applications such as 

visuahsation w ith prom ising but limited practical imphcations. The inform ation contained in the 

conventional surface netw ork data structure was no t sufficient enough to provide details about a 

num ber o f  m orphological characteristics o f  surfaces. F or example, hydrologically im portant 

features such as ridge junctions (e.g. m onkey saddles) and channel bifurcations (e.g. in braided 

rivers) are n o t represented in the conventional surface netw ork model. How ever, in the previous 

chapters it has been shown how  these and o ther m orphological features can be included by 

m anipulating the topological constraints and inclusion o f  geometrical inform ation about the 

topographic features. This chapter presents three im portan t practical applications o f  surface 

netw orks w hich range from  visualisation o f  anim ated geographical surface datasets to the use o f 

surface netw orks for the generalisation o f  digital terrain datasets. T he apphcations benefit from 

the following im portant properties o f surface networks:

-Morphologically important locations o f  surface netw ork elements — T he topographic features by 

their nature define m ost o f  the landscape o f  a terrain and thus are the morphologically 

im portan t locations (Fowler and Litde 1979). N ow  since topographic features are also a 

lo t fewer in num ber, with certain assum ptions they can be used as a m odel o f  terrain. 

W ith this premise, a surface netw ork can be used in terrain analyses w here it is 

im portan t to reduce the com putational load by careful sampling o f  terrain locations and
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heights. F or example, in visibility analysis, perform ing line o f  sight tests against only the 

topographic features will yield a quick and general idea o f  visual coverage from  a 

viewpoint. A nother application o f  this property includes terrain generalisation where 

the resam pling o f  a terrain to a coarser/finer spatial resolution can be 

guided/constrained by the surface network.

- Skeletal representation of terrain — A surface netw ork defines the skeleton o f  a terrain, which is 

useful for analyses such as terrain generalisation and visualisation. In  the case o f  terrain 

generalisation, a surface netw ork can be used to gu ide/constrain  the resam pling o f 

terrain to a coarse/finer resolution such that the essential m orphological inform ation is 

preserved. In  the case o f visualisation, a surface netw ork can be used to highlight 

characteristics o f a terrain such as variation o f  topographic feature density and also to 

m onitor the evolution o f  topographic features over time.

In the following sections, three practical applications o f  surface networks wiU be presented 

in detail, namely

■ Fast com putation o f  visibility dom inance,

■ Visualisation o f  the evolution o f  the terrain, and

■ Multi-scale and morphologically consistent terrain generalisation.

4.2 F a s t co m p u ta tio n  o f  v isib ility  d o m in an ce  in  m o u n ta in o u s  terra in s

Visibility analysis o f  terrains is now  an integral part o f  m any disciplines (Rana 2003b). Some 

typical applications include the planning o f  defence installations (e.g. watch towers, troop 

m ovem ents, flight paths; Franklin et al. 1994), com m unication /  facilities allocation (e.g. 

T V /R ad io  Transm itters; Lee 1991, D e Floriani et al. 1994, K im  et al. 2002), landscape analysis 

(e.g. visibility graphs; O ’Sullivan and T urner 2001) and environm ental modelling (e.g. terrain 

irradiation; W ang et al. 2000a).

M ost existing research has focused on broadly two main aspects o f  terrain visibility analysis 

namely visibility index^ com putation time and accuracy o f  the view shed (area covered by the 

visible terrain). W hile formal m ethods for m odelling viewshed uncertainty were established early

Visibility index is generally expressed in terms o f  the visible points or the physical area o f  ground covered by visible points.
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in the last decade (Fisher 1991, 1992, 1993), the search for algorithms to optim ise visibility 

com putation  continues to remain an attractive topic for research (Izraelevitz 2003, Rana 2003a).

T he com putation time o f  a visibility index is essentially directly proportional to 0(ot), 

w here o is the num ber o f  observers (viewpoints) and t is the num ber o f  targets on the terrain. 

In  a so-called Golden Case all the points, n, on the terrain are used as observers and targets i.e. the 

visibility indices o f all points on the terrain are com puted by drawing a Hne o f sight (LOS) to all 

o ther points on the terrain. Thus the com putation time in a Golden Case is 0(n-) because o—t—n 

w hich is clearly exhaustive and time consuming. O n  the o ther hand, optim ised visibility index 

com putation  m ethods are based on strategies to reduce the observer-target pair com parisons for 

example by choosing a polyhedral terrain m odel (e.g. Triangulated Irregular N etw ork or T IN , 

D e  Floriani and Magillo 1994) instead o f  a grid, and by using algorithmic heuristics (Franklin et 

al. 1994, Franklin 2000, W ang et al. 2000b). Accordingly, there are two main types o f 

optim isation strategies namely the Keduced Observers Strate^ and Keduced Targets Strate^. As the 

nam es suggest Keduced Observers Strategy and Keduced Targets Strategy respectively reduce the 

O bservers (e.g. random  sampling o f  observers) and Targets (e.g. lim iting the m axim um  visibility 

distance as in horizon culling) parts o f the com putational load. T he visibility indices derived in a 

Golden Case are referred to as the A.bsolute Visibility Indices (AVI). T he visibility indices derived in 

either o f  the optim isation strategies are referred to as the Estimated Visibility Indices (EVI).

In  m any applications, however, finding out the location o f  visibly dom inant (i.e. visibility 

dom inance) observers has m ore practical use than exact visibility indices o f  observers (Franklin 

2000). In  addition, as seen above, visibility indices can be biased by the num ber o f  targets. 

Therefore, the aim o f  m ost visibility analyses is to identify visibly dom inant locations in terrain. 

T here could potentially be m any ways for calculating visibility dominance. In  this work, visibility 

dom inance is calculated by normalising visibility index as follows:

d. =
V — V ■ max min

w here v,- and are respectively the values o f  visibility index and visibility dom inance at an

o b se rv e r/, and respectively the m inim um  and m axim um  visibility indices on the

terrain.

This section o f  the chapter dem onstrates m ethodologies, w ith examples, which employ 

surface netw orks both in the Keduced Observers Strategi and Keduced Targets Strategy for fast 

approxim ation o f  visibility dominance. T he proposal is based on the findings o f Lee (1992) who
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reported  that fundam ental topographic features, namely peaks, pits, passes, ridges and channels, 

dom inate the visibility o f  o ther ground locations and therefore could be good view point sites.

As m entioned earlier, due to the selective sampling for observers and targets, optim ised 

algorithms will either under-estim ate or over-estim ate the visibility dom inance o f  non- 

topographic feature points on terrain. This uncertainty, arising due to the level o f  abstraction, is 

closely similar to the uncertainties referred to as Object Generalisation (Weibel and D u tto n  1999). 

N o  proposals exist for assessing such uncertainty in the visibility analysis literature, o ther than 

an earlier version o f  the chapter by Rana (2003a). T he aim was to evaluate w hether the overall 

visibility dom inance pattern was realistic, albeit abstracted. T he following section proposes two 

simple m ethods based on an iterative com parison between the A V I and EV I for assessing this 

uncertainty.

4.2.1 Proposal

A target is considered visible if  a line o f  sight from  an observer can be drawn to it w ithout an 

obstruction by an interm ediate point (an exception is provided by W ang (2000b), w ho used 

reference planes to establish the visible areas). T he m ost com m on approach in previous Keduced 

Targets Strategy based m ethods (e.g. Franklin et al. 1994) has been to draw the LO S from  an 

observer to an arbitrary small num ber o f  random ly located targets on the terrain. In  the earlier 

w ork (Rana 2003a) based on small study areas, it was dem onstrated that the com putation time 

can be reduced substantially w ithout any significant visibility inform ation loss if the LOSs are 

drawn only to the topographic features. O f  course, the underlying assum ption o f  this proposal is 

that the terrain is no t devoid o f  topographic features. This is true for hilly terrain except in 

upland plateaus, although in this case the visibility indices will be similar everywhere.

The m ethodology for the com putation o f  visibility indices using topographic feature as 

targets consisted o f  three steps: (i) extract the topographic features, (Ü) com pute the visibility 

dom inance o f  each point using the topographic features as targets, and (hi) assess the 

uncertainty in the visibility dominance.

As a Keduced Observers Strate^ to reduce com putation time, it was evaluated w hether the 

visibility dom inance o f  non-topographic feature points could be derived by interpolating the 

visibility dom inance o f  topographic feature points. In  o ther w ords, it is assum ed that a spatial 

autocorrelation o f  the visibility dom inance (i.e. points near visually dom inant points will tend to 

have higher visibility dominance) exists in the terrain. T he Keduced Observers Strategy consists o f 

four steps: (i) extract the topographic features, (Ü) com pute the visibility dom inance o f  only the
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topographie features by drawing the LO S to all the points in terrain, (iii) interpolate/extrapolate 

the visibility dom inance o f  other points, and (iv) assess the uncertainty in the visibility index.

4,2.2 M ethodology

4.2.2.1 Visibility Computation

T he study area for the current w ork is a 100 m  resolution raster D E M  (73x76 cells) o f  the 

Cairngorm s in Scotland (Figure 4.1a). N o te  that this proposal is generic and could be applied to 

an irregular terrain m odel such as a T IN . Visibility analysis was carried ou t in E S R I’s A rc View 

G IS and all the param eters were the defaults o f  the Visibility Request in A rc View. In  the 

experim ent, the observer eye level is at Im  above the local ground level and the targets are at 

local g round  level. T he observer is capable o f  seeing from  the ground zero until infinity (i.e. no 

horizon  culling), across the fuU range o f  azim uths and from  the zenith to nadir. The 

experim ents were done on a 1 G H z Intel-Pentium  processor based personal com puter, with 512 

MB RAM. A log o f CPU time taken by Arc View for each visibility com putation was kept.

4.2.2.2 Interpolation o f  visibility dominance

As part o f  the Keduced Observers Strate^, N atural N eighbours Interpolation (N N I) (Sibson 1981) 

was used to derive the visibility dom inance at non-topographic feature points. N N I is a simple, 

robust and an objective (no requirem ents for search radius, neighbourhood type) m ethod for 

interpolation in two dimensions. N N I produces a continuous slope surface everywhere in the 

convex hull o f  the point set except at the points. ArcView was used for N N I to derive a surface 

at the same spatial resolution as the raster D E M  i.e. 100 m.

4.2.2.3 Uncertainty Assessm ent

G eospatial uncertainty assessm ent involves the derivation o f  deviations between the m easured 

and estim ated values with an aim to develop m odels that could predict the behaviour o f  causes 

o f  uncertainty (systematic or random ) and the process under observation. F or example, Fisher 

(1991, 1992, 1993) suggested ways based on M onte-Carlo analysis for assessing the effect o f 

noise in a D E M  and robustness o f  algorithms for com puting visibility indices. In  this 

experim ent, the uncertainty is essentially the deviation between the absolute and estimated 

visibility dom inance values arising due to the selective sampling o f  targets and observers. The 

only previous example which dealt with the estim ation o f  uncertainty in a Keduced Targets Strategy, 

is that o f  Franklin et al. (1994). They com pared the visibility indices o f  an arbitrary num ber o f 

spatially distributed locations on the terrain com puted from  their exhaustive R2-visibihty
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F ig u re  4 .1  (a) Hill-Shaded terrain of SE Cairngorm Mountains, Scotland. Minimum 

Elevation = 395 m and Maximum Elevation = 1054 m and (b) 910 topographie 

feature  ta rg e ts  with an overlay of contours (20 m interval).
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algorithm (similar to the G olden Case here), w ith their optim ised m ethods. Though the results 

are encouraging, their sampling m ethods (i.e. the selection o f  the test points) could n o t be 

regarded as formal and objective for two im portant reasons. Firsdy, since there is no prior- 

knowledge about the statistical distribution o f  the visibility pattern, it is no t possible to estimate 

the num ber o f  random  points required to fully capture the sensitivity o f  the visibility dom inance 

distribution o f  a terrain. However, the choice o f  the num ber o f random  points is critical, as it 

will dictate the com putation time. Secondly, since viewshed at a location is generally anisotropic 

i.e. the visual spread varies according to directions, the random  locations could bias the 

uncertainty estimation. O ne o f  the conclusions o f  this chapter is that the visibility pattern  is 

highly dependent upon  the spatial distribution and num ber o f  the random  points. T he aim o f 

uncertainty assessm ent in this chapter was only to quantify the deviations and did no t involve 

any form  o f  predictive modelling based on deviations.

W e used the following two m ethods for the uncertainty assessm ent based on a slight 

modification o f  the Franldin et al. (1994) m ethod:

M ethod 1: Spatial Correlation between absolute and estim ated visibility dominance

This m ethod compares the similarity between the overall visibility pattern shown by absolute 

and estim ated visibility dom inance values. The com parison can be based on either the deviations 

at the topographic feature locations or random  locations as follows:

Type 1: Absolute vs. Estimated visibility dominance at topographic feature locations—

(i) Calculate the absolute visibility dom inance o f  the topographic feature locations by 

drawing the LOS to all the terrain points.

(ii) Calculate the correlation coefficient between two sets o f  absolute and estim ated 

visibility dom inance values. T he correlation coefficient should suggest the similarity 

between the two visibility patterns. This m ethod  is similar to Franklin et al. (1994) 

except that the definition o f  our sample locations is objective and m ore natural 

H ow ever statistically, it remains only an approxim ate test, especially w hen using 

exceptional terrains, where the topographic features are no t distributed uniformly 

across the terrain.
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Type 2: Absolute vs. Estimated visibility dominance at random locations —

Unlike the Type 1 m ethod, this m ethod is relatively m ore exhaustive bu t also time-consuming. It 

is an abridged form  o f  the M onte-Carlo m ethod  o f  uncertainty m odelling and involves an 

iterative com parison between the absolute and estim ated visibility dom inance at a set o f  random  

locations bu t with the im portant exception that no  subsequent m odel param eter estim ation is 

done in this m ethod. The steps are as follows:

(i) G enerate random  sample locations. Since there is no  prior knowledge about the 

visibility dom inance distribution it is non-trivial to determ ine the optim al num ber 

o f  random  sample locations sufficient to capture the visibility pattern. It is 

p roposed  here, w ithout formal proof, that random ly placed locations, equal in 

num ber to the num ber o f  unique EV I (i.e. frequency o f  each EVI) w ould be 

sufficient if  we assume that no part o f  the study area is hidden from  the 

topographic features. Thus a histogram  o f  the EV I (com puted using topographic 

features) represents unique viewsheds. In  o ther words, it is assum ed that each 

viewshed wiU be assigned to at least one sample location.

(ii) Com pute the absolute visibility dom inance values at the random  locations by 

drawing the LOS to all the points on the terrain.

(iii) Calculate the correlation coefficient between the absolute and estim ated visibility 

dom inance values.

(iv) Repeat steps (ii) — (iii) a num ber o f times. Again, due to the lack o f  any prior 

inform ation about the distribution o f  the visibility dom inance, it is difficult to 

decide statistically on a specific num ber o f  iterations. In  a practical exercise, it 

would ultimately depend upon the am ount o f time available to the researcher for 

the experiment.

(v) Choose the lowest and highest correlation coefficient as indicators for the worst- 

and the best- case approxim ation.
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M ethod 2: Error in the visibility dominance

In  the previous m ethods, the correlation coefficients only give an indication o f  the reliability o f 

estim ated visibility dominance. However, these do no t reveal the am ount o f  approxim ation in 

the estim ated visibility dominance. A simple m ethod for m easuring the uncertainty in the 

estim ated visibility dom inance is as follows:

I  dj -  I
d

Average E rro r (%) = ± ------------- ------ x 100
n

w here — estim ated visibility dom inance, d- — absolute visibility dom inance and n — num ber 

o f  observers.

4.2.3 Results

910 topographic features were extracted as the targets and observers (Figure 4.1b). The 

autom ated extraction o f  the topographic features took less than five seconds. Since the study 

area was small. Golden Case visibility patterns o f  our study areas were also derived (Figure 4.2a). 

These visibility dom inance patterns were thus the ideal standards i.e. the absolute/m easured 

visibility dom inance. It took 537 seconds to com pute the G olden Case.

4.2.3.1 R educed Targets Strategy

It took 91 seconds to com pute an estim ated visibility dom inance map o f  the study area. Figure 

4.2b shows the pattern o f  the estim ated visibility dom inance and it is clear from  the figures that 

the overall pattern  o f  the visibility indices is similar to the G olden Case. In  fact, as indicated by 

the correlation coefficient (0.99) and (0.98) values, statistically there is very little difference 

betw een the m easured and estim ated visibility dom inance (Figure 4.3a). T he ridges and peaks 

have high visibility indices com pared to the pits, passes and channels. T he average error in the 

estim ated visibility dom inance values is +17%  and the residuals are uniform  (Figure 4.3b), which 

pu t together prove that the com putation time was successfully optim ised w ithout losing a 

significant am ount o f  visibility inform ation.

Based on M ethod 1 for uncertainty estimation. Figure 4.4a shows the relation between the 

m easured visibility dom inance and estim ated visibility dom inance at the locations o f 

topographic features. T he strong correlation coefficient o f 0.98 suggests that the optim isation 

successfully represents the overall visibility pattern. As part o f  M ethod 2 for uncertainty 

assessm ent to perform  a m ore exhaustive calculation, 19 sets o f  418 random ly located points
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F ig u re  4 .2  Comparison between the  (a) Golden Case based visibility dominance and

(b) topographie fea tu res  based visibility dominance. Darker coloured a re a s  have 

more visual dominance than  lighter coloured areas .
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(b ) Predicted visibility dominance

Figure 4 .3  Uncertainty a s se ssm en t  based on the  entire DEM. (a) Absolute vs. es t im ated  visibility 

dominance of all locations and (b) residuals based on the  linear regression between 

absolute and es tim ated  visibility dominance values of all locations.
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were collected on the terrain. This was followed by a calculation o f  the correlation coefficient 

and error between the m easured visibility dom inance and estim ated visibility dom inance for 

each o f  these sets o f  random  points. Figure 4.4b shows the wide variation in the quality o f  the 

estimated visibility pattern at various points on the terrain thus supporting the exercise to 

validate the quality o f  the estim ated visibility iteratively. There seems to be no correlation 

between the error and correlation coefficient, which suggests that these measures qualify 

different aspects o f  the visibility dom inance pattern.

4.2.3.2 Reduced Observers Strategy

ArcView took only a few seconds to interpolate the visibility dom inance values across the study 

area (Figure 4.5). Since N atural N eighbour interpolation replicates data values, M ethod 1 for 

uncertainty assessm ent was no t appropriate because all deviations would have been zero or 

negligible. Instead, a single com parison for the entire terrain involving all the m easured and the 

estimated visibility dom inance values was derived. Figure 4.5 shows a considerable increase in 

the error (+55%) but the correlation coefficient (0.85) and (0.72) values suggest a strong 

similarity between the m easured and estim ated dom inance patterns.

4.2.3.3 Im provem ent in computation time

It is clear that the com putation time has been substantially reduced by at least 5 times in the 

experiments. The optim isation is linear as the time saved was merely due to a linear reduction in 

the num ber o f  com parisons, unlike o ther approaches such as by Izraelevitz (2003), where 

previous com putation are recycled to reduce com putation time. T he CPU time usage could be 

further optim ised by com bining the current approaches w ith further Keduced Targets Strategies 

such as horizon culling.

4.2.4 Summary

In general, there is a com prom ise between perform ance and accuracy in any practical visibility 

com putation (Franldin et al. 1994). This experim ent also shows that the use o f  the fundam ental 

topographic features as optim al targets and observers can be used to decrease the visibility 

com putation time substantially w ithout any significant visibility inform ation loss particularly 

with the reduced targets approach. This approach is especially useful for a fast approxim ation o f 

visibility dom inance in hilly terrain. The reduced sampling o f  the targets on the terrain, however, 

introduces an uncertainty in the visibility indices o f  the observers on the terrain.
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F ig u re  4 .4  Uncertainty a s s e s sm e n t  based on selective sampling, (a) Absolute vs. es tim ated  

visibility dominance of the topographic fea tures  and (b) correlation coefficient vs. errors 

a t  19 se ts  of 418 random  locations, with the  average  value shown with the dotted  line.
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F ig u re  4 .5  Comparison betw een the AVI and EVI based on the reduced observers  stra tegy.
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In  the current work, the use o f the correlation coefficient and the simple statistical 

m easures such as correlation coefficients and values as m easures o f  a visibility pattern quality 

and uncertainty provide only a global pattern  m atching but visibility is a directional property. We 

anticipate developing ways in which we could estimate the visual integrity in our optim ised 

approach. A lthough our observation that at certain num bers, bo th  topographic feature targets 

and random  targets would produce a similar quality o f  visibility estim ation is based on thorough 

experim entation o f  the current study area, experim ents with o ther D E M s will be useful to fully 

validate this empirical observation.

It is m ore im portant to realise that visibility, as a property o f  terrain location, could no t be 

m odelled since it is derived only after a LOS test with o ther locations. Therefore it is invariant 

o f  the local properties (e.g. elevation, slope, aspect) and global properties (e.g. geographic setting 

such as fault etc.) o f  a location. Thus based on the current study, it is proposed that the 

regression between measured and estim ated visibility dom inance only provides inform ation 

about the similarity or the am ount o f  approxim ation.

Finally an interesting intellectual exercise still remains in understanding the effect o f  the 

topographic feature extraction scale on the com puted visibility pattern.

4.3 Multi-scale and morphologically consistent terrain-generalisation (MMTG)

Terrain generalisation is a manual or autom ated procedure for generating physical surfaces at 

different scales o f planimetric and elevation resolution. These m ultiple generalisations remain a 

small bu t im portant com ponent o f  m uch geographic inform ation (Gl) analysis (Weibel and 

D u tto n  1999) and com puter science/graphics applications (H eckbert and Garland 1997). 

M ultiple representations can be used for reducing com putational load and multi-scale 

geom orphological analyses (Dikau 1990). Som e examples o f such applications o f  terrain 

generalisation involve flight simulators in com puter games (Misund 1997), hydrological studies, 

cartographic m aps, and online visualisation o f  digital elevation models.

D espite  its crucial role in various critical applications such as flood m odelling and 

radiowave viewshed planning, m ost terrain generalisation rem ains arbitrary and oriented mainly 

tow ards data reduction. For example, one o f  the m ost com m on m ethods is based on the 

resam pling o f  elevation values using statistical m easures such as m inim um , average, m ode 

am ongst others. However, as Figure 4.6 shows, an averaging filter destroys the m orphology and 

produces a non-uniform  notion o f  scale. It is clear that the three dim ensional structure o f  the 

terrain, i.e. the ridges & channels are lost during a morphologically-insensitive generalisation.
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Figure 4 .6  (a) Original 50m spatial resolution ras te r  and (b) its resampling to 200 m 

spatial resolution with simple averaging filter. Note the  sm oothness  in (b) a t  the  

expense  of structural losses for example a t  the  point indicated by the  arrow.
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In general, an iterative and tim e-consum ing post processing is applied to correct the 

topological errors in the generalisation. H utchinson (1988) first suggested a 3D  understanding 

o f  contour m aps with the aim o f  extracting the structure lines and points also called the 

fundam ental topographic features, such as ridges, channels, peaks, passes and pits. Later, 

W eibel (1992) proposed  a m ethod  based on adaptive triangular m esh filtering (Heller 1990), 

which employs the structure lines to guide the generation o f  variable resolution T lN s w ithout 

losing the three-dim ensional morphology. How ever, in their review o f  surface simplification 

m ethods, H eckbert and G arland (1997) concluded that the quality o f  “ feature m ethods” is 

generally inferior to many other m ethods. Similar structure line m ethods im plem ented in 

com puter graphics are however supportive o f  this approach, bo th  for surface and volum e 

datasets (Bajaj and Schikore 1998, ICraus and E rtl 2004).

This section dem onstrates a m orphology-preserving m ethodology to generalise a raster 

D E M  at user-defined spatial resolutions. However, the actual m ethodology can be modified for 

o ther types o f  terrain datasets. The w ork reported  in this section was part o f  a project sponsored 

by the O rdnance Survey (OS).

4.3.1 M ethodology and Results

The study area in this experim ent is a part o f Salisbury plains in South-W est England. The input 

dataset was 10m cell size 502x501 cell raster D E M  (Figure 4.7). T he A rcln fo  G IS was used to 

perform  the experim ent as it contains many useful m orphom etrical functions. There are 

basically two steps in the generalisation process.

Step 1 Construct the surface network

In this step, the topographic features are identified using the m ethodology proposed in C hapter 

2 .

Step 2 Generalise the raster to a coarser/finer resolution

The surface netw ork features are now  converted to spot heights and a suitable interpolation is 

applied to convert the spot heights into a continuous raster. A particularly good interpolation 

function available in A rclnfo  GIS software is the thin-plate spline interpolation called 

TOPOGRID, which is based on the A N U D E M  program  developed by Michael H utchinson 

(H utchinson 1988, 1989).
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m m

30 m

153 m

Figure 4 .7  Landform PROFILE contours  of a part of Salisbury (top), and hill-shaded 10 m 

Salisbury ras ter  terrain (bottom ) produced using the  TOPOGRID function. Note the  

pronounced terracing effect on slopes located in the  northeas t  and northwest of the  

area.
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The use o f  topographie feature elevations ensures that the generalised D E M  preserves 

m orphology. Figure 4.8 shows a com parison in plan and perspective between resam pling o f a 

Salisbury D E M  (Figure 4.7b) to a cell size o f 100 m  using five m ethods viz. (i) bilinear 

interpolation based resampling; (ii) biquadratic interpolation based resampling; (üi) bicubic 

interpolation based resampling, (iv) interpolation to coarser resolution using T O P O G R ID , and

(v) proposed M M TG  algorithm com bined with TOPOGRID  and feature elevation values. All 

the m ethods had the same input D EM s and param eters. T he figure shows that M M TG  m ethod 

preserves both  elevation and m orphology (area in circle) and surface continuity. T he perspective 

view reveals the difference in surface continuity achieved by the m ethods w ith M M TG 

generalisation m ethod being the sm oothest generalised D E M  and w ithout any feature loss. The 

m ost im portant achievem ent o f  the M M TG  based m ethod  is that the generalised D E M  was 

generated from  only about 16% o f  the heights in the basic raster. In  o ther words, even after an 

84% com pression, the M M TG  generalised D E M  preserves m orphology, and achieves 

continuity. It is anticipated that the advantage o f  this characteristic o f  M M TG  based m ethod will 

be evident even in cases o f  stiU coarser D EM s.

4.3.2 Summary

M orphology-preserving terrain generalisation is likely to be an im portant topic o f  future 

research considering the vast am ount o f  elevation data being generated by L ID A R  sources and 

non-terrestrial sensors. In  addition to the resam pling m ethods, described above, certain 

sm oothing m ethods e.g. anisotropic diffusion (D esbrun et al. 2000) can also be used to produce 

multi-scale terrain datasets. It seems that a com bination o f  such sm oothing m ethods and 

M M TG  type feature-constrained resampling m ethods would provide the optim al solutions. 

Such a com bination o f  algorithms wül ensure that minimal loss o f  m orphological details.

4.4 Visualisation of the evolution of a terrain

An anim ation o f  terrain surfaces as a tem poral series (e.g. an evolving part o f  sea coast over 

time) is sometimes produced to aid visualisation. These animations are popular because they 

reveal the spatial variations in a single frame thus rem oving the effort to m em orise and match 

differences. T he techniques for animating surfaces have evolved from  simple paper cartoons 

(M cCloud 1993) to sophisticated hardware-software driven solutions o f  m odern  times (Ware 

2000). GeovisuaUsation researchers in collaboration with com puter graphics researchers have
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Figure 4 .8  Comparison of the preservation of elevation, morphology and surface continuity 

after  different types of generalisation of the  10 m cell size Salisbury ra s te r  terrain 

shown in Figure 4.7 to 100 m cell size. The area in circles shows th a t  MMTG m ethod 

preserves both elevation and morphology. Also note tha t  ordinary interpolation using 

TOPOGRID is not sufficient to ensu re  feature  preservation. MMTG generalisation 

method also produces the best continuity in generalised DEM.

Bilinear
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tried to resolve the static nature o f  geospatial datasets visualisation w ith ever advancing and 

aesthetically appealing geo visualisation interfaces.

As a consequence, animation functions are often a standard com ponent o f  m any current 

geographic inform ation systems (GIS). However, despite the vast im provem ents in technology, 

a question posed in the early 1960’s by Bertin (Bertin 1967) i.e. “w hether anim ation helps in a 

better understanding” is still throw n back and forth  between geovisualisation researchers. There 

have been a num ber o f  attem pts to characterise the issues in anim ated geovisualisation (Em m er 

2001, O gao and Blok 2001, O gao and Kraak 2001, K ousslakou 1990, D ibiase et al. 1992, 

Peterson 1993, M acEachren 1995, W are 2000, Slocum et al. 1990). W are (2000) presents a 

com prehensive com parison between advantages and disadvantages o f  anim ated visualisation and 

identifies suitable research directions.

Bertin's main argum ent against anim ated maps is that the presence o f  m otion distracts a 

user’s attention from the visual properties (e.g. colours, shape etc.) o f  symbols thereby resulting 

in a limited interpretation. Unlike static maps, an anim ated map requires a continuous attention 

to the stream  o f  inform ation. B ertin’s criticism is further strengthened by M iller’s (Miller 1956) 

observation that hum ans seem to follow only about 7+2 visual cues simultaneously. In  o ther 

w ords, it can no t be guaranteed that anim ation will be useful for interpretation due to the free 

flow o f  inform ation. A lthough DiBiase et al. (1992) and M acEachren (1995) proposed  m ethods 

to control the transient symbology in animation, formal and generic guidelines for the use o f  

these visual variables do not exist. Therefore, whilst their effectiveness is largely unknow n, 

B ertin’s objections (Bertin 1967) are no t fully addressed. Please see G ershon  (1992) and 

Acevedo and M asuoka (1997) for studies on the implications o f  dynamic visual variables, such 

as frequency, frame rate and others, on time-series animations.

In m ost cases this limitation o f  animated geovisuaUzation has arisen from  mainly two 

sources, namely the conceptual (e.g. design related issues) and im plem entation (e.g. software, 

hardware) limitations. In  the no t so distant past, limited hardware capabilities and non-graphics 

oriented languages restricted the scope o f animation. Certainly, the hardware and software 

available to generate animations has im proved significantly (Earnshaw  and W atson 1993, 

G ahegan 1999) bu t a desktop solution for our often-m assive surface datasets still seems some 

years away. O n the o ther hand, conceptual limitations are less well defined but at least they do 

no t require advanced understanding o f  m odern sophisticated com puter hardware and software. 

T he above limiting factors start to take an effect from  the start o f  the geovisuahzation process 

i.e. preparation o f  spatial datasets (e.g. lack o f  spatio-tem poral continuity in spatial datasets) and 

then eventually feeding into the interpretation stage as inform ation overload. Visualisations
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available as part o f  the A ID S D ata anim ation project (URL #2) is one such example o f  poo r 

design and im plem entation, where due to the high and sudden variations in successive frames, 

the inter-fram e variations in spatial patterns appear as m ovem ents to the viewer. M acEachren 

(1995) offers a perceptual and cognitive treatm ent for such misleading interpretations. The 

com bined effects o f  these factors are distraction, poo r retention and lack o f  clear expression o f 

the inform ation (M orrison et al. 2000, G ahegan 1999, O penshaw  et al. 1994).

In  this section, an approach is p roposed  that addresses bo th  the design and 

im plem entation related limitations in geovisualization. The approach presented here is based on 

an extension o f  the proposals by Pascucci (Pascucci 2004) on using the surface netw ork for 

scientific visualisation. The aim o f  the experim ent was to dem onstrate how  the surface netw ork 

representation offers both  intuitive design insights bu t also im provem ents in im plem entation.

T he approach presented here takes advantage o f  techniques from  com puter graphics and 

geography. I t m ust be stressed at this stage that the exact im plem entation o f  any o f  the m ethods 

should inevitably vary according to the context o f  the visualization (data, user, use, etc.). It is 

also im portant to understand that the approach proposed  here is no t in any way ‘optim al’ o r the 

‘m ost effective’ m ethod to use. A t the same time, the proposal aims to provide sufficient 

explanation in the following sections to dem onstrate the p roposed  approach and use examples 

to illustrate ways in which it may be applied in a flexible manner.

4.4.1 Proposal

As like in the previous sections in order to realise a surface netw ork we assum e that the terrain 

is a doubly continuous function o f  the form  ^ where ^ is the property (e.g. elevation)

being m apped and associated with a po in t {xj) .  A lthough this topological integrity o f  terrain is 

required to ensure m athem atic tractability, it is no t crucial for visualisation. Therefore, the 

visualisation o f  any surface which contains surface netw ork features namely, the peaks, pits, 

passes, ridges and channels could equally benefit from  our approach even though it m ight no t 

be based on a consistent surface network. It is because a surface netw ork in any form  highlights 

the information o f  the surface (data) where the definition o f  information is based on Shannon’s 

Inform ation Theory (Salomon 2004) that information is only the useful part o f  the data. This 

argum ent is supplem ented with m ore reasons in section 4.4.2.2.

4.4.2 M ethodology

4.4.2.1 Increase inter-frame continuity

Figure 4.9 shows an example w here due to practical limitations ordered sequences o f  terrain
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F ebruary 19 97 S ep tem ber 19 9 7

Figure 4 .9  Digital elevation models of a sand spit a t  Scolt Head Island, North Norfolk,

UK. Two situations are  shown representing the  results of surveying the fea ture  

in 1997.

surfaces could not be sampled frequently enough to create a continuous temporal series yet the 

feature changes constantly in the dynamic coastal environment where it is subject to denudation 

and deposition (Raper 2000). d he temporal gaps lead to abrupt changes in the animation o f 

dynamic surfaces (Shepherd 1995). Attem pts to reduce the abrupt jumps between successive 

situations depicted in an animation so as to increase inter-frame continuity include adjustment 

o f the ‘duration’ dynamic visual variable, either by slowing the sequence or through direct user 

control. Alternatively, additional situations can be derived from the data to sm ooth transitions. 

This step is also an ‘exaggeration’ effect with the aim to the include ‘microsteps between larger 

steps’ as these are found to be beneficial to the viewer (Morrison et al. 2000).

A num ber o f  techniques exist for generation o f  animations in this way. O ne o f the simplest 

m ethods is blending through which a sm ooth transition of intermediate situations or ‘m icrosteps’ 

can be achieved. Blending is used widely in the com puter graphics field for transform ing one 

particular shape or object into another (Gomes et al. 1998). It is also available in commercial 

graphics software such as 3D  Studio Max (URJ. #3) which provide tools for applying the 

technique to both raster and vector spatial datasets. A basic implementation of blending 

involves a linear interpolation between the two consecutive situations (frames) however a more 

sophisticated nonlinear interpolant could also be used to visualise punctuated phenom ena. The 

MapTime software (Slocum et al. 2001) makes use o f  the first o f  these options for generating 

intermediate frames between two situations^.

4.4.2.2 Highlight the information in terrain

As m entioned in the beginning o f the section 4.4, human visual processing has limited 

capabilities for interpreting the parallel information streams that characterise dynamic processes

- Situation.s arc termed ‘key frames’ in the context o f  the MapTime software.
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(Ware 2000). H um an cognition processes, especially the w orking m em ory can follow at m ost 

7 +  2 simultaneous cues (Miller 1956, W are 2000). Therefore, highlighting the information is a key 

cartographic objective w hen scenes are complex. M orrison et al. (2000) indicated that a clear 

com prehension and expression o f  the conceptual message is essential in anim ated graphics. 

Tobler (1970) proposed reducing complex processes in to  com ponent parts or simplified 

representations. D ransch (2000) identifies a num ber o f  factors that may enhance the cognition 

process in multimedia systems, including the need to 'increase the im portant inform ation’. This 

can be achieved through careful and meaningful simplification.

The two key types o f  inform ation in dynamic geographic surfaces are the structure o f  the 

surface and the local im portance o f  points (locations). However, in the com m on representations 

o f  surfaces such as the colourm ap (equivalent cartographic representation is a hypsom etric tint) 

and contour map (or coloured isopleth), the transfer o f  the structural inform ation is dependent 

upon the contour interval and spatial and them atic resolutions (Bajaj and Schikore 1996). 

Therefore, a representation o f  the surface is required which would provide an objective and yet 

namral representation o f  the surface m orphology and structure.

Fowler and Little (1979) proposed that the fundam ental topographic feamres o f  a surface, 

namely the peaks, passes, pits, ridges and channels, are sufficient to describe the significant 

inform ation about a surface. These topographic features constitute the surface netw ork 

therefore, an application o f surface networks in com puter graphics has been to visualise the 

structure o f surfaces. For example, Helm an and Hesselink (1991) and Bajaj and Schikore (1996) 

dem onstrated that the surface netw ork representation could enhance the graphic representation 

o f  vector and scalar surfaces significandy as com pared to the use o f colourm aps and contour 

maps. T he surface is also broken down to five main inform ation streams (3 po in t types and 2 

Une types) which would make the changes easily observable. H elm an and HesseUnk (1991) 

reported  that the surface netw ork representation helped in bo th  visuaUsation and reduction in 

storage space. Therefore, it can be argued that the derivation o f  surface netw orks from  dynamic 

surfaces has the potential to highUght the inform ation w hen animating sequences o f  surfaces for 

visuaUzation, thus reducing the load on the viewer and potentially aiding interpretation.

In  the terms o f  D ransch’s proposals, extracting surface networks will correspond to a step 

aimed to increase the im portant inform ation, reduce the inform ation overload, and help in 

creation o f  a m ental m odel o f  the dynamic processes. F or example. Figure 4.10 shows a 

com parison between the surface netw ork representation, contours and colourm aps o f  the 

N orfo lk  coast sand spit on their abUity to describe the structural inform ation o f  the surface. In  

summary, a surface netw ork representation is useful for the visuaUsation o f  dynamic surface
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animations because:

I he consistent definition o f surface network means that it can be used to quantify and 

isolate changes, d he surface network provides a frame o f  reference, which could be 

used to track changes in the surface for example the rate o f  the displacement o f  the 

ridge lines through an animation could indicate the behaviour o f  the surface under 

changing conditions.

I he use o f  point and line symbols to represent surfaces enables the viewer to take 

advantage o f  their namral propensity to interpret attribute change between successive 

scenes as m otion and reduces the possibility o f m inor variations in visual variables 

being interpreted as such. The surface network is thus concepmally similar to the ideas 

o f topological rendering o f  volum e data sets proposed by Upson and Kerhck (1989) 

and Kerhck (1990).

S tru ctu ra l In fo rm a tio n

Basic ras te r te rra in

I

Basic ras te r te rra in  
w ith  contours

Basic ras te r te rra in  
w ith  surface n e tw o rk

Figure 4 .1 0  Increase in th e  structural information delivery with the  addition of 

contours and surface network overlays.

4.4,3 Results and Summary

1 he smdy data were the digital elevation models shown in Figure 4.9. The implementation 

revealed some promise and highhghted a num ber o f issues. Various controls to support 

animated, sequential and conditional interaction (Krygier et al. 1997) were implemented in an 

application (snv, surface network visuahzer, developed by Jason Dykes in collaboration) for 

animating surface networks such as those derived here, in order to support visuaUsation. snv 

allows an animation o f  an ordered sequence o f  surface networks and a range o f  levels o f 

sophistication o f  visuaUsation tasks (such as query, interactions) as identified by Cramp ton
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(2002). snv also allows a graphie lag whereby a user-defined rate o f  change in the lightness o f 

symbols representing the surface netw ork features is used to  fade in and fade out between 

successive situations. In  its approach, graphic lag essentially im plem ents a type o f  epitom ic 

symbolism (Shepherd 1995), similar to the ideas o f  Levy et al. (1970) and O penshaw  et al. (1994) 

for controlling the brightness and luminosity o f  symbol colours, respectively.

Figure 4.11 shows the inter-fram e continuity achieved by blending (using linear 

interpolation) the terrain o f the sand spit recorded in February 1997 into that recorded in 

Septem ber 1997. W hile we can observe the variations in relief o f  the surface, it is n o t possible to 

assess the changes in the structure, as the structural changes are no t obvious from  the field view. 

Figure 4.12 shows a part o f the same sequence o f  the blending with an overlay o f  the surface 

network, in which the changes in the structure can be identified. N o te  the detection o f  the 

changes in topographic features that are significant at this scale o f  m easurem ent at the top right 

o f  the spit in Figure 4.12. The anim ation can be accessed online and assessed (URL #4).

There is no denying the fact that geovisuahzation is an inexact science. Some researchers 

wiU in fact argue in favour o f  keeping geovisuahzation as inform al and open-ended in order to 

preserve the exploratory spirit. However, that while graphical m ethods for visualization should 

draw on appropriate theoretical hterature and exhibit graphic logic, the degree o f  success with 

which the process o f  visuahsation is aided by graphic tools hes in the ’eye o f the beholder’. This 

uncertainty could be the cause o f  nightm ares to visuahsation software developers trying to 

develop the m ost effective visuahsation system. These efforts are questionable w hen 

experimental and theoretical evidences in the hterature have suggested that hum an visual 

processing system does no t have the propensity to in terpret complex anim ated sequences 

particularly successfully.

In the w ords o f  M orrison et al. (2000), ‘The drawback o f  anim ation may not be the 

cognitive correspondences between the conceptual material and the visual situation but rather 

perceptual and cognitive limitations in processing a changing visual situation’. This smaU 

experim ent has endeavored to dem onstrate that the com bination o f  m ethods employed in 

various related disciphnes to support visuahzation offers som e opportunity  for solutions to this 

situation. A generic approach is introduced through which various data transform ations are 

apphed in a m anner that corresponds w ith estabhshed cartographic practice.

Techniques have been dem onstrated using examples depicting ordered variations in time, 

attribute and scale. The aim o f  these techniques is to draw parallels between existing 

cartographic practice and opportunities for inform ation visualisation that address identified
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21

Situation  2

Figure 4 .1 1  22 In term edia te  surfaces (microsteps) genera ted  by blending the February, 1997 surface (Situation 1) into the 

S ep tem ber,  1997 (Situation 2) surface.
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Figure 4 .1 2  Use of the  surface network representation to visualise the  changes in the morphology of the  sand spit. The box indicates an 

a rea  of in terest. Note th a t  the  surface network variations highlight changes tha t  a re  not evident from the  representa tion  th a t  uses 

colour to show variation in elevation.
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Applications

limitations in processing animated sequences o f  surfaces for p rom pting thought and insight. The 

proposal can be sum m arised as follows:

(i) Increasing the inter-fram e spatial and attribute continuity by rem oving small-scale 

variations and focusing on broader trends. A clear parallel exists betw een this process and 

that o f  sm oothing in static cartography.

(ii) Highlight the inform ation content by way o f  a surface netw ork representation. The aim is 

to make the significant inform ation about the surface explicit, an im portan t objective 

under the identified limitations o f anim ated cartography.

4.5 Scope for fu rth e r ap p lica tio n s

This chapter has presented just a few o f  the possible applications o f  surface netw ork data 

structure for spatial analyses. O ther potential applications o f  surface netw orks include analysing 

dem ographic surfaces (Okabe and Masuyama 2004) and stream ing o f terrain for web mapping. 

T he only limitation regarding the wider application o f  surface netw ork is its sparse 

representation o f  surface networks. Many spatial analyses require a continuous m odel o f  terrain 

e.g. calculation o f  m orphom etric measures such as slope. O ne possible solution for this 

limitation was presented in C hapter 2 e.g. the surface netw ork can be triangulated to form  a 

piece-wise or interpolated to a continuous surface.
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Neu^ ideas pass through three periods: 
I t can't be done.

It probably can be done, but it's not worth doing.
I  knew it was a good idea all along !

A r th u r  C . C la rk e



Chapter 5

Conclusions

5.1 Sum m ary

T he aim in this thesis was that each chapter o f  the thesis should focus on an individual aspect o f 

the data structure and present research into different aspects o f the structure and its use. In 

o ther words, the thesis was m ade up o f  mini-researches. Clearly, som e parts are stronger and 

well presented than others. Wliile, the research has n o t deviated a lot from  the research agenda 

developed in the MPhil to P hD  transfer report (Rana and M orley 2002), some experiments had 

to be left out from  the research. For example, the regeneration o f m orphology after a graph- 

theoretic contraction was identified as a potential research topic in the M Phil to P hD  transfer 

report (Rana and Morley 2002). But since Brem er et al. (2003) proposed  a robust solution to the 

problem , it was thus no t studied in the research. Fortunately, there were still m any challenges to 

address in the research. The aim o f  this chapter is primarily to present a sum m ary o f  issues 

concerning surface networks and to highlight how  they were addressed in the research reported 

here. T he chapter concludes w ith suggestions for som e potential research areas.

5.1.1 M odelling terrain using surface networks: what’s possible and what’s not

Chapter 1 dem onstrated that certain surfaces (more com m only so for natural terrains) are not 

suitable as models o f  M orse functions; typical examples are feature-less surfaces or terrains 

form ed from  non-fluvial erosion processes. These terrains are clearly n o t suitable for 

representation as surface networks. B ut there may still be som e application o f  topographic 

features e.g. for the visualisation o f  the structure o f  surfaces such as shown in C hapter 4.
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In  the cases o f  fluvially eroded surfaces, the key problem  faced during autom ated surface 

netw ork generation is in the first step itself i.e. feature identification. Features are often eroded 

and vary in geographical extent (scale). W ithout a prior knowledge o f  the scale o f  features, m ost 

autom ated algorithm s fail to identify the com plete set o f  topographic features. T he scale- 

dependency o f  feature identification has received the m ost interest in G IS literature. The 

proposals vary from  com puting a fractal dim ension (Tate and W ood 2001) through wavelet 

decom position (Gallant and H utch inson  1996) to adaptive feature-identification filtering (W ood 

1999, Fisher et al. 2004). T he first two m ethods seem prom ising bu t are yet to be proven widely 

(McClean and Evans 2001). T he recent w ork o f  W ood (1999) and a related later w ork by Fisher 

et al. (2004) have dem onstrated  variation o f  the size o f  feature-extraction filter w indow  to 

identify and visualise the features at different scales. H ow ever it falls short o f  actually proposing 

any solutions to incorporate such a multi-scale feature set in constructing a consistent surface 

network. This approach assumes that varying feature-identification filter w indow  will always give 

inform ation about the multi-scale terrain structure. A rgum ents that contradict this assum ption 

were show n in C hapter 2. In  short, these assum ptions suffer from  the classical problem  o f 

modelling anisotropic nature o f  terrain (Gauvin 2004) w ith regular shaped feature extraction 

windows and necessarily relating the filter size to the extent o f  a feature.

For the sake o f  hypothesis building, even if it is assum ed that well-defined identification o f 

features at m ultiple scales exist, it stiU remains unclear how  the features at various scales should 

connect together to  form  a single surface netw ork structure. Features o f  small extent generally 

do no t necessarily connect to features o f larger extents, simply because o f  the way erosional 

processes w ork in nature. How ever, from the point o f  terrain datasets, all features are relevant 

and required.

The au tom ated  algorithm  proposed  for the generation o f  surface netw ork in Chapter 2 

goes som e way in solving the above issues by no t searching for the scale o f  a feature and 

com bining features o f  various scales by careful m anipulation o f  feature geometry. Thus it is 

generic and makes it possible to include in the surface netw ork data m odel many additional 

features e.g. channels on m ountain faces, ridge junctions and channel bifurcations. N onetheless, 

there are m any terrain types w hich cannot be fully converted to a surface netw ork and thus 

require a m ore non-feature specific data structure such as T IN . T he p roposed  algorithm  can 

still play an im portan t role in such exceptional terrains. F o r example, one o f the classical 

problem s in T IN  generation is the flat triangles which typically occur at ridge/channel axes and 

hilltops. This problem  occurs in the case o f  m ost terrains and the m ost effective solution to 

overcom e the problem  is the introduction o f  linear breakhnes e.g. channel and ridge hnes.
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during the T IN  generation (Ardiansyah and Yokoyam a 2002, D akowicz and G old  2002). The

feature identification part o f  the proposed  algorithm  can be used to extract ridges and channels

breaklines.

Certain questions however still remain such as following:

Scale related:

■ H ow  can the features at various scales be identified and included in the surface network, 

w ithout adding many pseudo-feature nodes?

■ H ow  do the feature scales vary on terrain i.e. is it a set o f  related or unrelated geographical 

extents?

Feature recognition related:

■ W hat is the m ost reliable source for identifying topographic features and consequently 

surface netw ork i.e. w hether a raster terrain or T IN  or contours etc. is suitable for feature 

recognition?

■ Can the rules for identification o f  features based on plan curvature be modified to produce 

better feature recognition?

■ Can the plan curvature based feature identification m ethod  be m odified to identify other 

im portant m orphological features such as scarp edges and overhangs?

■ W hat kind o f  filter is best suited for m orphology sensitive sm oothing that can be used 

during feature recognition?

Data Structure format:

■ H ow  can m ore m orphological inform ation be em bedded in the surface netw ork to include 

additional original elevations and m orphological details?
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■ H o w  should the quality o f  a surface netw ork be described and  embedded?

5.1.2 Revealing terrain structure using surface networks

Terrain has been represented in various forms. Som e popular examples include various types o f 

stream  ordering, fractal dim ensions, and wavelet coefficients. A n understanding o f  terrain 

structure is fundam ental to  m any terrain analyses e.g. drainage netw ork extraction and the 

applications derived thereafter. M ost analyses have been fairly simplistic com pared to  the 

netw ork analyses done by physicists, biologists, and transport netw ork planners. T he obvious 

reason being that the netw ork o f  terrain features is quite different from  a netw ork o f  pow er 

lines, nervous system and road layouts. B ut there are also a num ber o f  striking similarities, which 

have been unnoticed e.g. streams and  ridges display an organic grow th pattern  similar to  cities 

(Batty and Longley 1994) and o ther non-terrain networks. Thus, a b rief study was conducted on 

w hat kind o f  inform ation would appear w hen measures used in non-terrain netw orks are 

im plem ented on terrain surface networks.

A num ber o f  potentially useful observations have been presented in C hapter 3 e.g. the 

terrain structure appear to  show  a universal relationship in the connectivity o f  a node (i.e. a 

peak/p it). I t was found that there is an inverse exponential relationship betw een the frequency 

and degree o f  nodes. T hus suggesting that in terrain only a few nodes exist w ith a high num ber 

o f  links. A nother interesting observation relates to  the stability o f  the structure o f the  terrain 

structure and it som ew hat follows the observation stated above. In  C hapter 3, it was show n that 

in  terrains, few nodes are cmcial to  the otherwise very stable terrain structure. This property  is 

evident in a p lo t o f  path lengths under a series o f  contraction o f  surface networks. T he p lo t has 

a step-Hke appearance w here the flat areas represent the rem oval o f  structurally un im portant 

nodes while the nodes at the edges o f  the steps are im portant ones. T hese observations clearly 

need to  be supported  by further experim ents and on  different terrains.

A  num ber o f  potential limitations in the weights and contraction criteria p roposed  by W olf 

(1984) were identified in C hapter 1. T he solutions presented in C hapter 3 include new  weight 

m easures e.g. centrality measures, slope o f  edges, degree o f  nodes, and  various path  length 

measures that reflect local and global topological structure unlike the conventional primarily 

m orphom etric properties based measures. T w o new  m ethods o f  simplifying surface networks 

have been presented in C hapter 3 that have potentially many applications. T he  use o f  cascading 

contraction to spread the effect o f  a local contraction to  o ther parts o f  the netw ork and  the user- 

defined contraction to  allow arbitrary sequence o f  simplifications can be used to  generate artificial 

landform s, and evaluating the relationship betw een features and parts o f  terrain stm cture.
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B oth these new  m ethods provide a simpler alternative to the otherwise highly involved 

terrain evolution algorithms generally followed in geom orphology, often involving com plex 

numerical analysis i.e. m ore m athem atics and less geom orphology. A t the same time, it is 

im portant to note that the sim ulations based on surface networks are only relevant for m acro

scale terrain evolution analysis. In  o ther words, only broad changes in structure at the level o f  

ridges/channels can be incorporated  and produced in the experiment. Thus, unless specifically 

encoded, for example neither contraction m echanism s will allow m odelling o f  the effect o f  

increased erosion on m ountain slopes on changes in the silt load in the rivers.

Techniques for refining a surface netw ork i.e. adding m ore details have been suggested in 

Chapter 3. This is novel to this research. Ju st Hke the user-defined contraction and cascading 

contraction, surface netw ork refinem ents have the potential to  be useful for simulating terrain 

evolution and generating artificial landforms. Refinem ents can also be used to m anipulate 

incom plete surface netw orks to m ake them  topologically consistent.

O ne o f  the im portant issues dealt with only in passing in C hapter 3 is that o f  uncertainty in 

surface networks. The m ain reason for the lack o f  a detailed treatm ent here is the fact that 

uncertainty is a significantly large and varied topic that deserves a separate research such as done 

by von M inusio (2002). T he  level o f  uncertainty depends upon  the density o f  surface netw ork, 

the deviation o f  the terrain m orphology from  a sm ooth  surface, and the type o f  surface 

interpolation used to reconstruct the terrain from  surface network. T he errors in the terrain 

dataset also affect the derived surface network. As a preliminary solution, a probability measure, 

namely Shannon’ entropy m easure has been proposed in Chapter 3 to evaluate the uncertainty 

in the data structure inherited by converting a continuous surface in to  surface network. 

Uncertainties that exist in the original continuous surface (which itself is a contentious issue) 

have no t been dealt here. Lately, the notion  o f  suitability for the application is used in the G IS 

Literature instead o f accuracy to describe the quality o f  a spatial data product. T ha t means, the 

understanding o f  the quality will vary depending upon the individual application. T he 

characterisation o f  suitability o f  surface networks for different applications is one o f  the aims 

for future research. I t was addressed partly in the previous chapter, w here different uses o f  

surface networks in different contexts were described.

5.1.3 Applications o f surface networks

In  order to prove the advantages o f  the surface netw ork data structure for terrain analyses, three 

types o f spatial analyses have been dem onstrated in C hapter 4, where the surface netw ork data 

structure is particularly relevant. O w ing to the topological description o f  the terrain in terms o f
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the topographie features, the surface netw ork is an ideal data structure where the structure o f 

the terrain is considered. For example, it has been show n in C hapter 4 that the use o f the 

surface netw ork data structure as the set o f  optim al observers and targets can reduce the 

visibility index com putation time significandy w ith only a negligible loss o f  visibility inform ation.

Secondly, the use o f  the surface netw ork representation to visualise a tem poral and 

attribute anim ation series o f  geographic m aps highlights the strucm re o f  the surfaces during the 

animation. The surface netw ork representation augments the working m em ory o f  the viewer by 

focussing the attention to the morphologically im portan t parts o f  the surface undergoing 

denudation.

Finally, because o f  the m orphological significance o f  surface netw ork features, it can also 

be used to constrain the resampling o f  terrain. I t has been shown in Chapter 4 how  a multi-scale 

and m orphology preserving terrain generalisation can be achieved by preferentially preserving 

the elevations associated with the surface network.

These are only a handful o f  the possible applications. For example. W olf (1992) has also 

shown the extraction o f  drainage networks and w atershed from  surface network. Applications 

ranging from  analysing roughness o f  metal surfaces (Scott 2004) and population density (Okabe 

and Masuyama 2004) have been proposed. A m ongst the three main aspects researched in this 

w ork i.e. autom ated generation, generalisation and applications o f  surface networks, the 

applications topic has the m ost scope for research and developm ent in fumre, as there may 

types o f  surfaces still to be represented as surface networks. The next sections provides a list o f 

som e o f  those unexplored surface types

5.2 F u tu re  resea rch

In  his seminal research on surface networks, Jo h n  Pfaltz (Pfaltz 1978) suggested many uses o f 

surface networks. T o  date, some o f  the ideas still remain unexplored. As m entioned earlier, there 

is an im m ense scope o f  im plem enting surface networks for different types o f  surfaces. The 

following research topics are particularly promising:

■ Visualising com plex systems

A typical example o f  com plex systems is weather. Visualising weather behaviour like m ost other 

3D  surfaces, is a quite a difficult task. The representation o f  w eather surfaces e.g. precipitation, 

tem peram re, atm ospheric pressure, as a 3D  surface network, similar to the ones produced for
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other types o f volum etric datasets e.g. fluid flows by H elm an and H esselink (1991) and sub

atom ic particle collision by Schikore (2004), w ould help in visualising the otherwise 

unpredictable and com plicated w eather pattern.

■ Visualising dynamic events

A n example o f  how  surface netw ork representation can be used to show  the study the 

topographic structure o f  a landscape has already been show ed in this work. How ever, there are 

many types o f  dynamic surfaces such as dem ographic surfaces e.g. population density and 

economical surface e.g. m onetary transactions (W arntz 1966), which are also suitable.

■ M odelling non-spatial datasets

The notion o f  maxima, minima and saddle points could perhaps be applied to m odel even non- 

spatial datasets as long as the topological relationships are maintained. For example, in the case 

o f  understanding hum an relationships, an individual with the highest num ber o f relations in a 

group o f  people can be a peak. Similarly, som eone in the family w ith the lowest num ber o f 

relationships can be a pit. O ther examples o f non-spatial datasets potentially m appable as 

surface networks could be com puter directory structures. Areas o f a com puter directory o f high 

storage can becom e the peaks; lowest storage can becom e the pits and so on. This kind o f 

representation could be potentially useful w hen querying the disk usage and perform ance 

analysis.

Finally, since the start o f  this doctoral research there has been a lo t o f  research on surface 

networks, m ostly from  com puter science researchers e.g. Vi jay N atarajan’s w ork on 3D M orse 

functions at D uke University (h ttp ://w w w .cs.d u k e .ed u /~ v ijay /) and the w ork o f  Valerio 

Pascucci (h ttp ://w w w .lln l.gov /C A S C /peop le /pascucc i/) and Peer T im o Brem er 

(http ://w w w .U nl.gov /C A S C /isc r/g u ests /s tu d en ts /b io /fy 0 2 /b rem er.h tm l) at Lawrence 

Liverm ore N ational Laboratory on visuaUsation o f  volum etric datasets using surface networks 

and regeneration o f  m orphology following a graph-contraction. Recent research have reported 

the faUibUity, often presented with nice solutions, o f surface netw ork data structures to 

represent any arbitrary surface, for example the w ork o f  N i et al. (2004) and Ran a (2004). 

N onetheless, this is obviously good news as it indicates a revival o f  wider interest in the topic o f 

surface network.
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Appendix

Surface Network Data Structure 
Storage Formats
B oth the SN G  and SNM  file formats are plain ASCII space-delimited formats. T he structure o f 

the each file form at is as follows:

A .l SNG file format

Each .SN G  file contains inform ation about the metric coordinates o f the critical points and 

w hether they are internal or surrounding. In  addition, .SN G  also contains the topological 

connectivity o f  ridges and channels. T he inform ation on points is stored in six colum ns fields as 

follows (□ represent one character space):

PointTypeDlDDx-coord.Oy-coord.Dz-coord.Dlnside/Surrounding

The valid values for the P o i n t :T y p e  field are X for pits, Y for passes, and Z for peaks. 

T he ID  field can be any unique alphanum eric identifier w ithout spaces and special characters 

(such as %, !, * etc.). The coordinate fields can store any type o f  num ber with arbitrary precision. 

T he last field is only relevant for pits and peaks. I t is either 0, which means the point is 

surrounding or 1, which means the po in t is internal. T he points can be stored in any arbitrary 

order and record for each point is stored on separate line.

T he inform ation on the ridges and channels is stored in the following manner:

TypeDPas s-IDDPi11-IDDPi12 -IDDPeakl-IDDPeak2-ID

T he first field is fixed for all edges and has the value E. The rest o f the fields contain 

inform ation about the ridges and channels connected to a pass. There is no left/righ t



Appendix

convention followed in the storage o f  channels and ridges connected to a pass. T here is no limit 

on the num ber o f  nodes and edges. A n example o f  a .SNG file is as follows:

y y 4 1. 61 0 . 5 8 1 1 5 0

X x 5 0 . 77 0 . 4 5 1 0 0 0 0

z z 6 2. 74 0 . 3 5 2 2 0 0 1

E x l x 2 z l z 2

A.2 S N M  file form at

The SNM  file form at is essentially an extended version o f  the SN G  form at and is similar to the 

description o f  the SN G  file form at except that it also contains the inform ation about the 

interm ediate ordinary nodes that make up a ridge or channel. T he form at o f the SNM  file is as 

follows:

PointTypeDlDDx-coord.Dy-coord.Dz-coord.Dlnside/Surrounding 
TypeDPass-IDDPit-IDOReal/Artificial 
X - coord.Dy-coord.Dz-coord.

END
TypeDPass-IDDPeak-IDDReal/Artificial 

. x-coord.Dy-coord.Dz-coord.

END

Each edge is described separately and contains the description o f  end-point critical point 

nodes followed by x,y,z coordinates o f  the interm ediate ordinary nodes. T he Type field’s value 

is either 1 (channel) or 2 (ridge). The Real/Artificial field’s value is either 0 (artificial) o r 1 

(real). SN M  file form at is particularly useful for the reconstruction o f  a continuous surface. It 

may even be desirable to distribute the SNM  file as T IN  by triangulating the ridge and channels 

edges as hard break hnes. A dditional m orphological details for example, all the m orphological 

features (e.g. faults, scarps) left out by surface netw ork representation can be added to the T IN  

as ordinary points or edges during triangulation.
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Fast Approximation of Visibiiity Dominance 
Using Topographic Features as Targets 

and the Associated Uncertainty

Sanjay Rana

Abstract
A n approach to  redu ce  v isib ility  in d ex  com puta tion  tim e an d  
m easure the a ssoc ia ted  u n certa in ty  in terrain v isib ility  an a ly
ses  is  presen ted . It is  dem on stra ted  th a t the v is ib ility  in dex  
com putation  tim e in  m oun tainou s terrain can be  redu ced  su b 
stantially, w ithou t a n y  significant inform ation loss, i f  the lin e  
o f  sight from  each observer on the terrain is  drawn o n ly  to  the  
fu n dam en ta l topograph ic  features, i.e., peaks, p its , passes, 
ridges, a n d  channels. H owever, the se lec ted  sam plin g  o f  tar
gets resu lts in an un derestim ation  o f  the v isib ility  in d ex  o f  
each observer. Two sim p le  m e th ods b a sed  on itera tive  co m 
parison s betw een the real v is ib ility  in d ices  a n d  the e stim a ted  
v isib ility  in d ices h ave  been p ro p o sed  fo r  a p relim in ary  assess
m en t o f  th is uncertainty. The m e th o d  h a s  been dem on stra ted  
fo r  g r id d ed  d ig ita l elevation  m odels.

Introduction
The visibility index, the am ount of the terrain visible from a 
location, often com puted in  terms of the num ber of visible 
targets or related m easures, is an im portant terrain parameter. 
Intrinsically, it is an indicator of the visual accessibility and 
visual dom inance of the location, w hich are essential factors 
in determ ining the overall accessibility of the location. For this 
reason, visibility analysis of terrain is now  a m ultidisciplinary 
and fertile topic for m any practical applications. Applications 
of visibility analysis have varied from the planning of defense 
installations (e.g., watch towers, troop movements, flight 
paths, and air defense missile batteries—see Franklin e t al. 
(1994)), comm unication/facilities allocation (e.g., TV/radio 
transm itters—see Lee (1991), De Floriani e t al. (1994), and 
Kim e ta l .  (2002)), landscape analysis (e.g., visibility graphs— 
see O ’Sullivan and Turner (2001)), and environm ental m odel
ing (e.g., terrain irradiation—see Wang e t al. (2000a)).

Two critical issues in  visibility analyses are visibility 
index com putation time and accuracy of the viewshed (area 
covered by the visible terrain). For simplicity, if we ignore 
the algoriüimic and im plem entation-related (e.g., hardware) 
dependencies on the performance of a  visibility analysis, then  
the com putation tim e of visibility analyses is proportional to 
0(ot), where o is the num ber of observers (viewpoints) and t  is 
the num ber of targets on the terrain. Therefore, m ost opti
mized visibility index com putation m ethods try to reduce the 
observer-target pair comparisons. It can be achieved by choos
ing a polyhedral terrain m odel (e.g., a triangulated irregular 
network or TIN—see De Floriani and Magillo (1994)) instead 
of a grid, and by using algorithmic heuristics (Franklin e t a l ,  
1994; Franklin, 2000; Wang e t a l ,  2000b). It is unlike the 
exhaustive but time-consuming Golden Case, in  w hich all the

points, n, on the terrain are used as observers and targets.
In other words, the visibility index com putation tim e in  a  
G olden Case is on the order of O(n^) because o =  f =  n. Ac
cordingly, we regard all optim ization approaches that reduce 
the O bservers part of the com putation^  load as the R edu ced  
O bservers Strategy. Similarly, the optim ization approaches 
aiming to reduce the num ber of Targets (e.g., lim iting the 
m axim um  visibility distance as in  horizon culling) are re
garded as the R edu ced  Targets Strategy. The visibility indices 
derived in  a  Golden Case could be referred to as the A bso lu te  
V isib ility  Indices (AVI) of the terrain points w hile the visibility 
indices based on any approxim ated and optim ized visibility 
index com putation are the E stim a ted  V isib ility  Ind ices  (EVI) 
of terrain points.

W hile the m ethods for m odeling view shed uncertainty are 
well know n (e.g., see Fisher, 1991; Fisher, 1992; Fisher, 1993), 
the search for the optim ization of visibility index com putation 
time stiU goes on apace. In general, there is a compromise be
tw een performance and accuracy in  any practical visibility 
index com putation (Franklin e t a i ,  1994). In this work, we 
propose an optim ization of visibility index com pjitatioa-tiiaa 
by extending the observation of Lee (1992) that the fundam en
tal topographic features, i.e., peaks, pits, passes, ridges, and 
channels, dom inate the visibility of other ground locations 
and therefore could be good view point sites. Based on this 
conclusion, w e propose that, due to the exhaustive and opti
m al visual coverage provided by the fundam ental topographic 
features, especially in  m ountainous uplands, they w ill also be 
the ideal set of targets to reduce the targets part of the visibil
ity  index com putation load. The optim al nature of the topo
graphic features is based on the consideration that they are 
generally fewer in  num ber and have an objective geographic 
definition. In essence, we employ the R edu ced  Targets S trat
egy to  reduce the visibility index com putation time by draw
ing the line of sight (LOS) from observers to only fundam ental 
topographic features. For brevity, we w ill use the term  topo 
graph ic  fea tu res  in  place of fu n dam en ta l topograph ic  features. 
Interestingly, however, the reverse case is not necessarily true. 
In other words, the use of topographic features as the only ob
servers, in  order to estim ate the overall visibility pattern, w ill 
not always guarantee a reliable visibility index pattern of the 
terrain. A nother interesting argum ent is that w hether a  re
duced num ber of random  non-topographic feature targets 
could also provide reliable EVI (e.g., see Franklin e t a l ,  1994). 
We w ill provide evidence w hich suggests that the reliability of 
the EVI in  this case w ould depend upon the num ber of random
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non-topographic feature targets and would vary with the 
nature of the terrain.

As explained above, our Reduced Targets Strategy re
duces the visibility index of observers by an amount approx
imately equal to the non-topographic feature targets poten
tially visible to them. This kind of uncertainty, arising due to 
a sparse targets set, is closely similar to the uncertainties re
lated to Object Generalization  (Weibel and Dutton, 1999). To 
our knowledge, this kind of uncertainty has not been widely 
addressed in the visibility studies literature. In general, how
ever, finding the location of visibly dominant observers has 
more practical use than their exact visibility indices (Franklin, 
2000). Therefore, the aim is to evaluate whether the overall 
visibility index pattern is realistic, albeit abstracted. The fol
lowing section proposes two simple methods based on an iter
ative comparison between the AVI and EVI of observers for as
sessing this uncertainty.

Methodology
In visibility analysis, a target is considered visible if an LOS 
from an observer can be drawn to it without its being ob
structed by an intermediate point (an exception is provided 
by Wang (2000b), who used reference planes to establish the 
visible areas). The most common approach in previous 
R educed Targets Strategy based  optimization methods (e.g., 
see Franklin et a l  (1994)) has been to draw the LOS from an 
observer to an arbitrary small number of randomly located tar
gets on the terrain (Figure 1). In the current work, we propose 
that the visibility index of an observer be computed by draw
ing the LOS only to a topographic feature (Figure 1). Of course, 
the underlying assumption of this proposal is that the terrain 
is not devoid of topographic features. This is true for m oun
tainous terrain except in upland plateaus, although in which 
case the visibility indices will be mostly similar. Our method
ology for the computation of visibility indices using topo
graphic feature targets consists of three steps: (1) extract the 
topographic features, (2) compute the visibility index of each 
point using the topographic features as targets, and (3) assess 
the uncertainty in the visibility index.

An Experiment

Step  1—Extraction o f  Topographic Features 
Many approaches have been proposed for the automated 
extraction of topographic features from DEMs and TINs 
(Greysukh, 1967; Peucker and Douglas. 1975; Evans, 1979;

■  Observer 
□  Ordinary Target 
H  Topographic Feature Target

—^  Line of Sight to an ordinary 
Target

—► Line of Sight to a Topographic 
Feature Target

Figure 1. Two types of observer-target relationships in the 
Reduced Targets Strategy, i.e., line of sights drawn to ran
dom non-topographic feature targets  and line of sights 
drawn to topographic features, i.e., peaks, p a sse s , pits, 
ridges, and channels.

Takahashi et a l ,  1995; Wood, 1998). A detailed treatment of 
this topic is beyond the scope of this work. We decided to 
use the extraction method of Wood (1998), based on the advan
tages he outlined against the other methods and partly due to 
its easy availability in the user-fi’iendly freeware software 
LandSerf.

It is clear that the success of our R edu ced Targets Strategy  
depends upon the accuracy of the non-trivial topographic fea
ture classification. It is well known that most automated topo
graphic feature extraction methods are vulnerable to the noise 
in the DEM (Jenson and Domingue, 1988) and, most impor
tantly, have scale dependency limitations (Wood, 1999). While 
smoothing the DEM before extracting the features can elimi
nate the first limitation, the latter seems to remain a difficult 
conceptual problem yet to be completely solved. Due to scale 
dependency, the automated feature extraction identifies fea
tures only at a certain scale (e.g., features of a fixed geographic 
extent), while features at other scales remain undetected. 
Therefore, the assessment of an appropriate scale for the par
ticular DEM requires iterating through a number of feature ex
traction scales  (e.g., in LandSerf, one could achieve this by it
erating with a different window or kernel sizes for the feature 
extraction and visual verification).

Finally, although the fundamental topographic features 
are a significantly reduced number of targets, there may still 
be too many for certain terrains, e.g., large desiccated DEMs, 
and thus lead to a long visibility index computation time. Two 
simple ways of reducing the number of topographic features 
are to (1) resample the topographic features set by a certain 
skip interval and (2) limit the topographic features to certain 
scales. A detailed treatment of the sampling methods is be
yond the scope of this paper but we will demonstrate the use 
of the first method later.

Step  2 — Visibility Analysis
The study areas for the current work are the 100-m resolution 
DEMs of the Cairngorms (5548 points) in Scotland (Figure 2a) 
and the central part of the Isle of Man (16335 points) (Fig
ure 3a). Note that this methodology could also be easily ap
plied to an irregular terrain model such as a TIN. The visibility 
analysis was carried out in Arc View GIS developed by ESRI, 
and all the parameters were the defaults of the Visibility  
Request in Arc View. In the experiment, the observer eye level 
is at 1 m above the local ground level and the targets are at 
local ground level. The observer is capable of seeing from 
ground zero to infinity (i.e., no horizon culling), across the full 
range of azimuths, and from the zenith to nadir. The experi
ments were done on a 1-GHz Intel-Pentium processor-based 
personal computer, w ith 256 MB RAM. We recorded the CPU 
time taken by Arc View for each visibility computation.

%
j_

Figure 2. (a) Hill-shaded DEM of S.E. Cairngorm Mountains, 
Scotland. The minimum elevation is 3 9 5  m and the  maxi
mum elevation is 1 0 5 4  m. (b) 9 1 0  topographic feature 
targets.
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Figure 3. (a) Hill-shaded DEM of Central Isle of Man. The 
minimum elevation is 0  m and the maximum elevation is 
5 53  m. (b) 2007  topographic feature targets.

Step 3— Uncertainty A ssessm ent
The only previous example known to us, which dealt with 
the estimation of uncertainty in a similar R educed Targets 
Strategy, is that of Franklin e t al. (1994). They compared the 
visibility indices of an arbitrary number of spatially distrib
uted points in the terrain, computed from their exhaustive 
R2-visibility algorithm (similar to our Golden Case), with 
their optimized methods. Though the results are encouraging, 
their sampling methods (i.e., the selection of the test points) 
could not be regarded as formal and objective for two reasons. 
First, because there is no prior knowledge about the statistical 
distribution of the visibility pattern, it is not possible to esti
mate the number of random points required to fully capture 
the sensitivity of the visibility index distribution of a terrain. 
However, the choice of the number of random points is criti
cal, because it will dictate our computation time. Second, 
because visibility is a directional property, then the spatial 
location of random points could bias the uncertainty estima
tion. Later we provide examples that suggest that the visibility 
pattern is highly dependent upon the spatial distribution and 
number of the random points.

We propose the following two methods for the uncer
tainty assessment based on a slight modification of the 
Franldin et al. (1994) methods:

Method 1: Spatial Correlation between AVI and EVI
In this method, an assessment of the overall visibility pattern 
indicated by the EVI of the terrain points is done in the 
following two ways:

Type 1: AVI vs. EVI o f  the Topographic F eature O bservers—

•  Compute the AVI of the topographic features by drawing the 
LOS from each topographic feature to all the terrain points. 
Normalize the AVI and EVI of the topographic features, by scal
ing them between their respective minimum and maximum  
indices, in order to suppress the effect of target sample size on 
the indices. The normalization also reveals the visibility 
dominance of the observers.

•  Calculate the correlation coefficient between the AVI and EVI 
of the topographic features. The correlation coefficient should 
suggest the similarity between the two visibility patterns. This 
method is similar to Franklin et al. (1994) except that the defi
nition of our test points is objective and more natural. How
ever, statistically it remains only an approximate test, espe
cially when using exceptional terrains, where the topographic 
features are not distributed uniformly across the terrain.

Type 2: AVI vs, EVI o f  R andom  O bservers—
Unlike the Type 1 method, this method is relatively more ex
haustive but also more time-consuming. It is an abridged form 
of the Monte-Carlo method of uncertainty modeling and in
volves an iterative comparison between the AVI and EVI of a

set o f  random  observers but w ith  the im portant ex cep tio n  that 
no su b seq u en t m o d el param eter estim ation  is  d on e in  th is  
m eth od . T he step s are as fo llow s:

(1) Estimate the number of observers to be distributed randomly 
on the terrain: As mentioned before, l)ecause there is no prior 
knowledge about the AVI distribution, it is non-trivial to deter
mine the optimal numfrer of random observers sufficient to 
capture the visibility pattern. We propose, without formal 
proof, that randomly placed observers, equal in numter to the 
number of unique EVI, would be sufficient if we assume that
•  No part of the study area is hidden from the topographic 

features. Thus, a histogram of the EVI (computed using 
topographic features] represents unique viewsheds, and

•  Random observers do not form clusters.
In other words, with these assumptions, we suppose that 
each viewshed will be assigned at least one test-observer site.

(2) Distribute a number of random observers equal to the number 
of unique EVI, found in step (1), spatially across the terrain. 
We used the Random Point Generator ArcView Extension 
developed by Jennes (2001).

(3) Compute the AVI of the random observers by drawing the LOS 
to all the points on the terrain. Normalize the AVI and EVI of 
the random observers as previously done.

(4) Calculate the correlation coefficient between the AVI and EVI 
of the random observers.

(5) Repeat steps 2 through 4 a number of times. Again, due to the 
lack of any prior information about the statistical distribution 
of the AVI, statistically it is difficult to decide upon a specific 
number o f iterations. In a practical exercise, it would 
ultimately depend upon the amount of time available to the 
researcher for the experiment.

(6) Choose the lowest and highest correlation coefficient as indi
cators for the worst- and the best-case approximation of AVI.

Method 2: Error in the Estimated Visibility Indices
In th e  p rev iou s m eth od s, th e AVI to EVI correlation  co effic ien ts  
g iv e  an  in d ica tio n  o f  the re liab ility  o f  EVI in  representin g  the  
spatia l pattern o f v is ib ility  d om in an ce. H ow ever, th ese  d o  not 
reveal th e  am ou nt o f  a p prox im ation  in  the EVI, A  aim pla  
m eth od  for m easuring th e uncerta in ty  in  th e EVI is  an average 
ratio o f  EVI over AVI, as fo llow s:

Average Error (%) =  ±  ^ ------ X 100 . , .  (1)

where x/ is the normalized EVI of an observer f, Xj is the nor
malized AVI, and n is the number of observers. Note that nor
malized AVI and EVI are used to ensure that the approximation 
in visibility dominance is revealed.

Significance of the Topographic Features
As mentioned in the introduction, a Reduced Targets Strategy  
based on a small number of random non-topographic feature 
targets could also reduce the visibility index computation 
time. Therefore, in order to validate the uniqueness and bene
fit of our choice of targets, we wanted to ensure that they 
would be better than the same number of random targets spa
tially distributed across the terrain. One of the ways of verify
ing the significance of the topographic features as targets is to 
compare the quality of the visibility pattern produced by an 
equal and decreasing number of topographic feature targets 
and the random targets. In this work, we used the skip inter
val method of generalizing our topographic feature set and 
gradually kept increasing the skip interval. Some other suit
able guides for the minimum number of test points could be 
the number of point topographic features (peaks, pits, and 
passes), a satisfactory level of accuracy, and the maximum 
permissible computation time.

For each set of topographic feature targets, we generated 
four sets of equal numbers of random targets. The quality of
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Figure 4. Comparison between the (a) Golden case  based  
visibility dominance and (b) topographic features based  e s 
tim ated visibility dominance in the Cairngorm study area. 
Darker colored a reas have more visual dominance than 
lighter colored areas.

the visibility dominance pattern produced from the topo
graphic feature targets was then compared with the one pro
duced from the random targets. The comparison was based on 
the two types of uncertainty estimation methods described in 
the previous section.

Results
Automated Extraction of the Topographic Features
After iterating with various window (kernel) sizes followed by 
visual inspection, we found that the 5 by 5 (500 m by 500 m) 
window and 3 by 3 (300 m by 300 m) window are suitable for 
extracting most linear (ridge, channel) and point (peak, pit, 
pass) topographic features, present in the Cairngorm (Fig
ure 2b) and Isle of Man (Figure 3b) DEM, respectively, where 
910 and 2007 topographic features have been extracted as the 
optimal targets. However, as mentioned previously, the num 
ber of topographic features extracted from the DEM depends 
upon the size of the filter window. Therefore, different w in
dow sizes will produce different numbers of topographic fea
tures. In future work, it would be interesting to investigate the 
change in the EVI pattern and its correlation with the AVI with 
varying extraction scales.

Visibility Analysis and Uncertainty Assessm ent
Because our study areas are small, we have been able to 
obtain the Golden Case visibility patterns of our study areas 
(Figures 4a and 5a), These visibility index patterns are now 
the ideal standards, i.e., the AVI. The visibility indices have 
been normalized (as previously) to assess the relative visibil-

A
Figure 5. Comparison between the  (a) Golden ca se  based  
visibility dominance and (b) topographic features based  
estim ated visibility dominance in the Isle of Man study 
area. Darker colored a reas have more visual dominance 
than lighter colored areas.

ity dominance of the points in the visibility pattern. Figures 
4b and 5b show the pattern of the EVI over the two terrains, 
and it is clear from the figures that the overall pattern of the 
visibility indices is similar to the Golden Case. In fact, as indi
cated by the correlation coefficients, there is 97 percent and 
82 percent overall correlation between the AVI and EVI of the 
Cairngorm and Isle of Man DEMs, respectively (Figures 6a 
and 7a), The ridges and peaks have high visibility indices

y = 0.979X + 0.0026 

R2 = 0.9B 
p = 0 .9 9  

error = + 16% 
n = 5548

0.3 0.4 0.5 0.6

Normalised AVI 
(a)

Predicted AVI 
(b)

200-1 

180 ' 

160 

140 

? 120 

s

60

0.4 0.5 0.6 0.7 0.8 0.9 1

Normalised EVI

(c)

Figure 6, Uncertainty a sse ssm en t in the  EVi in the  Cairn
gorm study area based  on (a) AVi to EVi plot of all Cairn
gorm points, (b) residuals based  on the  linear regression 
between AVI and EVl, and (c) errors in the  EVl.
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y = 0.9509% + 0.0176 
If  = 0.67 
r = 0.82 

emx = <• 33% 
16335

Normalised AVI

0.7 0.8 0.9 1

P red icted  AVI

.■re-. -• •..
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Norm alised EVI 

(C )

Figure 7. Uncertainty a sse ssm e n t in the  EVl in the  Isle of 
Man study area  based  on (a) AVI to EVl plot of all Isle of 
Man points, (b) residuals based  on the  linear regression 
between AVi and EVi, and (c) errors in the  EVi. Note the dis
tinct fork in both (a) and (b), indicating that the  EVl has over
estim ated the visibility dominance of som e points.

compared to the pits, passes, and channels. The plot of the 
AVI versus EVl for the Isle of Man DEM (Figure 7a) indicates 
that, in the case of some viewpoints, the optimization ap
proach significantly overestimated their visibility dominance. 
A careful analysis of the spatial distribution of Figure 5h data 
revealed that these anomalous points are located around the

main ridge structure in the central part of the DEM. The reason 
for this lies in the fact that the ridges make up a large propor
tion of the topographic features and therefore have a signifi
cantly better view of the topographic features (as also shown 
by Lee (1992)) compared to the other parts of the terrain. The 
plot of the residuals based on a linear regression supports this 
observation by the distinct fork-shape distribution of the 
residuals (Figure 7b). At the same time, it is evident fi-ora the 
range of the EVI that our optimized approach has significantly 
underestimated the visibility indices. The average error in the 
Cairngorm and Isle of Man DEMs are ±16 percent and ± 3 3  per
cent, respectively. Further, Figures 6c and 7c show that the error 
varies according to the visibility dominance of the observer 
space, w ith the less dominant points having the bigger errors. 
The residuals versus the predicted AVI plots (Figures 6b and 
7b) reveal an interesting dichotomy. In the case of the Cairn
gorm study area, the residuals are uniform but, in the case of 
Isle of Man study area, the residuals are strongly related to the 
visibility index magnitude. An implication of this observation 
is that the regression between AVI and EVI should only be used 
as a basis for testing similarity (e.g., using the correlation co
efficient) but not for modeling visibility magnitudes.
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y = 0.9804% + 0.0012 
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Figure 8. Uncertainty a sse ssm e n t In the  EVI in the 
Cairngorm study area  based  on (a) AVI to EVl plot of the  
topographic features, and (b) AVi to EVl correlation 
coefficient versus errors a t a s e t  of random locations.
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Figure 9. Uncertainty a sse ssm e n t in the EVl in the  Isle of 
Man study area  based  on (a) AVi to EVl plot of the  topo
graphic features, and (b) AVi to EVl correlation coefficient 
versus errors at a se t of random locations.

Based on Method 1 for uncertainty estimation. Figures 8a 
and 9a show the relation between the AVI and EVI of the topo
graphic features in the Cairngorm and Isle of Man DEMs, re
spectively. The strong correlation coefficients of 0.98 (Cairn
gorm) and 0.83 (Isle of Man) suggest that the optimization has 
successfully achieved representing the overall visibility pat
tern. To perform a more exhaustive assessment, we generated 
16 sets of 414 (unique number of EVI in the Cairngorm study 
area) and 19 sets of 479 (unique number of EVI in the Isle of 
Man study area) spatially distributed random points in the 
Cairngorm and Isle of Man study areas, respectively. We then 
calculated the correlation coefficient between the AVI and EVI 
for each of these sets of random points. Figures 8b and 9b 
show the wide variation in the quality of the estimated visibil
ity pattern at various points on the terrain, thus supporting 
the exercise to validate the quality of the estimated visibility 
iteratively.

Significance of the Fundamental Topographic Features
Figures 10a and 11a show the comparison between the corre
lation coefficients and average approximation of the AVI and 
EVl calculated with the topographic feature targets and the 
random targets, at various target numbers. To begin with, note 
the considerably small number of targets compared to the 
total number of terrain points and yet the high correlation be
tween the AVI and EVl of the observers. The figures show that

Proportion o f targets to  total number o f terrain points (%)

18 16 14 12 10 8 6 4 2 0

Topographic Feature Taigets 

Random Targets

0.94

0.92

0.9

(a)

45

Topographic Feature Targets 

Random Targets
40

12 10 216 14 8 6 4 0
Proportion o f targets to num ber of total terrain points {%)

(b)

Figure 10. Validation of the  significance of topographic fea
tu res a s  optimal ta rge ts  in the Cairngorm study area  based  
on (a) comparison of the  AVi to EVi correlation coefficients 
and (b) error in EVl for a decreasing number of topographic 
featu res and random targets.

at high target numbers, by virtue of their wider spatial distrib
ution. random targets could provide a better approximation 
of the visibility pattern than could the topographic features. 
However, as the number of targets is decreased, the quality of 
the approximation degrades rapidly in the case of random 
targets but, on the other hand, topographic features provide a 
more consistent and better approximation. This suggests that, 
at high target numbers, the better correlation between the AVI 
and EVI is a result of both the spatial distribution and the 
topographical significance of the reduced number of targets. 
However, at low numbers, the topographical significance will 
be a more useful basis for placing targets across the terrain. 
Therefore, it can be stated that one could reduce the number 
of the topographic features for the visibility computation for 
large terrains w ith a large number of topographic features, 
without the fear of losing any significant visibility pattern in
formation. The plot of the errors in each case (Figures 10b and 
1 lb) essentially support the results based on correlation 
coefficients.

An interesting aspect of Figures 10a and 11a is the inter
section of the topographic feature target and random target
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Figure 11. Validation of the  significance of topographic fea
tures a s  optimal targets  in the  Isle of Man study area 
based  on (a) comparison of the AVI to EVl correlation coeffi
cients and (b) error in EVl for a decreasing number of topo
graphic features and random targets.

correlation coefficient curves. It may indicate that in each ter
rain there are target numbers at w hich both the topographic 
feature targets and random targets could provide an equal 
level of spatial optimization. While there are situations in 
which this insight could be useful, for example, in deciding 
the optimal number of viewpoints for solving the time con
suming minimum number of watchtowers problem (Lee. 1991), 
ironically it would not be possible to use this information 
without having done this iterative process.

Optimization of Computation Time
Figure 12 shows the linear relation between the CPU time us
ages versus the various magnitudes of visibility computations 
performed in the work. Computations here represent the prod
uct of the number of observers and the number of targets. The 
computation times for extracting the topographic features 
from the Cairngorm and Isle of Man DEMs in LandSerf were 
less than one second. As can be seen clearly, the time saved is 
substantial. However, the CPU time usage could be further op
timized by combining the current approach with a R educed  
Targets Strategy such as horizon culling.

Log  Computations (obsefvofs x targets)
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10000
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R' = 0 

Observers = 16335

Isle of Man 
OCalm gonn

y = 2E-05X + 0.8942 
R̂= 1 

Observers = 5548

Figure 12. Linear relationship between the com puta
tion time and the com putations.

Conclusion and Future Work
In this work, we have shown that the use of the fundamental 
topographic features as targets, as part of the R educed Targets 
Strategy, can be used to decrease the visibility computation 
time substantially w ithout any significant visibility informa
tion loss. This approach is especially useful for a fast approxi
mation of visibility dominance in mountainous terrain. The 
reduced sampling of the targets on the terrain, however, intro
duces an uncertainty in the visibility indices of the observers 
on the terrain.

In the current work, the use of the correlation coefficient 
and the simple EVl to AVI ratio as measures of a visibility pat
tern quality and uncertainty provides only a global pattern 
matching, but visibility is a directional property. We an tici
pate developing ways in which we could estimate the visual 
integrity in our optimized approach. Although our observa
tion that, at certain numbers, both topographic features tar
gets and random targets would produce a similar quality of 
visibility estimation is based on thorough experimentation of 
the current study areas, experiments w ith other DEMs will be 
useful for fully validating this empirical observation.

The current work has also brought up a number of inter
esting questions, which could be investigated in future work. 
While the residuals between AVI and EVl in the case of the 
Cairngorm study area are uniform, in the case of Isle of Man 
study area, residuals appear to be dependent upon the visi
bility index magnitude. There can be many reasons for this 
anomaly, and one may even he able to model the non-uniform 
residuals in  individual cases using a non-linear regression 
model. However, we believe it is more important to realize 
that visibility, as a property of terrain location, could not be 
modeled because it is derived only after an LOS test with other 
locations. Therefore, it is invariant of the local properties 
(e.g., elevation, slope, aspect) and global properties (e.g., geo
graphic setting, i.e., faults, etc.) of a location. Thus, based on 
the current study, we believe that the regression between AVI 
and EVl only provides the information about the similarity or 
the amount of approximation.

Finally, two relatively straightforward extensions of the 
current work include (1) the combination of the Reduced Ob
servers Strategy (e.g., horizon culling) and the proposed Re
duced Targets Strategy for visibility index computation on very 
DEM and (2) the understanding of the effect of the topographic 
feature extraction scale on the computed visibility pattern.
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Abstract
Animated sequences of raster images that represent continuously varying 
surfaces, such as a temporal series of an evolving landform or an attribute series 
of socio-economic variation, are often used in an attempt to gain insight from 
ordered sequences of raster spatial data. Despite their aesthetic appeal and 
condensed nature, such representations are limited in terms of their suitability 
for prompting ideas and offering insight due to their poor information delivery 
and the lack of the levels of interactivity that are required to support 
visualization. Cartographic techniques aim to assist users of geographic 
information through processes of abstraction, by selecting, simplifying, 
smoothing and exaggerating when representing an underlying spatial data 
set graphically. Here we suggest a number of transformations and abstractions 
that take advantage of these techniques in a specific context-that of 
addressing the limitations associated with using animated raster surfaces for 
visualization, and propose them in the context of a framework that can be used 
to inform practice. The five techniques proposed are spatial and attribute 
smoothing, temporal interpolation, transformation of the surfaces into 
a network of morphometric features, the use of a graphic lag or fading and 
the employment of techniques for conditional interactivity that are appropriate 
for visualization. These efforts allow us to generate graphical environments 
that support visualization when using animated sequences of images represen
ting continuous surfaces and are analogous to traditional cartographic techni
ques, namely, smoothing and exaggeration, simplification, enhancement and 
the various issues of design. By developing a framework for considering 
cartography in support of visualization from this particular type of data and 
phenomenon we aim to highlight the utility of a generically cartographic 
approach to information visualization. A number of particular techniques 
originating from computer science and conventional cartography are used in 
an application of the framework. A suitably interactive software tool is offered 
for evaluation-to establish the results of applying the framework and 
demonstrate ways in which we may augment the visualization of dynamic 
raster surfaces through animation and more generally aim to offer opportunity 
for insight through cartographic design.
Inform ation  V isu a liza tion  (2003) 2, 126-139. doi: 10.1 Q57/palgrave,ivs,950GG43

Keywords: Animated maps; cartography; dynamic surfaces; fading; blending; morpho
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Introduction: problem with animated maps for visualization
Cartographers and researchers in the fields of scientific and cartographic 
visualization have uSed a num ber of technologies to  produce anim ated 
maps, initially as paper-based cartoons, then  th rough film and analogue 
video, and subsequently in  the form of sophisticated 2D and 3D digital 
representations. Although it is generally accepted th a t anim ated maps are
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a simple and appealing way of providing a m ental model 
of dynamic inform ation, their effectiveness has been 
questioned from as early as the 1960s.^ More recent work 
has also raised doubts about the u tility  of animation.^"^ 
Despite this apprehension, developing technologies 
m ean that data sets containing ordered sequences of 
closely related events are com m only anim ated to  depict 
subjects such as meteorology,^ landscape processes® and 
traffic accidents^ for the purpose of bo th  com m unication 
and visualization, A num ber of supporters of anim ation 
have suggested ways to  alleviate the  lim itations of 
anim ated maps.^°“ ®̂ Ware^^ offers an  incisive breakdown 
of the various advantages and disadvantages of anim ated 
maps and identifies suitable research directions.

Bertin's^ m ain criticism of anim ated maps is th a t the 
presence of m otion distracts a user's a ttention  from the 
visual properties of symbols th a t represent data values, 
thereby resulting in  a lim ited interpretation. Unlike a 
static map, an anim ated m ap necessitates an active 
attention to  interpret the stream of inform ation. DiBiase 
et a l} ^  and MacEachren^^ dem onstrate how properties of 
dynam ism can be used to  extend Bertin's symbology. 
Formal and generic guidelines for the use of these visual 
variables do no t exist and while their effectiveness is 
largely unknow n, Berlin's^ objections are n o t fully 
satisfied (see Gershon^® and Acevedo and Masuoka^^ for 
studies on the im plications of dynam ic visual variables 
on  time-series animations).

Another dem anding requirem ent and lim itation has 
been th e  provision of interaction in  anim ated maps for 
visualization. Ware^^ presents an overview of the issues 
related to  interactivity for visualization. Despite the 
development of sophisticated and interactive visualiza
tion  systems for 2D and 3D data types,^°“^  ̂ com bining 
anim ation and interactivity remains a challenge tha t has 
no t been adequately addressed. More specifically, recent 
research has objected to  the  passivity of applications of 
anim ated cartography and thus questioned their capacity 
for exploratory m ap use.®'^

These lim itations may arise due to  practical and 
conceptual bottlenecks. Certainly, the hardware and 
software available to generate anim ations w ith in ter
activity has been improving all the time^'^® but a desktop 
solution for our often-massive data sets still seems far 
away. The conceptual lim itations are less well defined but 
can be addressed w ithout requiring research expertise in  
the advancing technology of hardware. The two possible, 
and not necessarily unrelated reasons for less than  
effective visualization w hen using dynam ic raster sur
faces are inform ation overload and a lack of spatio- 
temporal continuity  (e.g. T24-26^ For example, various 
instances of anim ated maps exist th a t dem onstrate the 
way tha t w hen successive frames in  a sequence contain 
high levels of variation the variation is interpreted by the 
viewer as representing m ovem ent rather than  attribute 
change (e.g. AIDS Data Anim ation Project^^.) MacEach- 
ren^® offers perceptual and cognitive reasons for these 
interpretations.

These issues have been considered to  be responsible for 
distraction, poor retention and lack of clear expression of 
the information,®'^®'^^ evident hindrances to  the  process 
of gaining insight from imagery.

Few general recom m endations exist in  relation to 
anim ated cartography for visualization. In terms of 
generating interactive interfaces for geovisualization 
generally, Cartwright et note th a t 'no  theory of 
interactive geovisualization has yet been developed, no  
general guidelines exist, and we have very lim ited 
knowledge of the im pact of interactivity on  how  people 
th ink  or make decisions w ith interactive environm ents.'

In the absence of such a general theory, and  w ith the 
objective of addressing the  lim itations associated w ith 
anim ated maps for visualization a cartographic approach 
can be taken. There are clear associations between the 
challenges involved in  generating maps for visualization 
in  w hich the data represented does n o t vary over tim e 
and those in  w hich it does, bu t the  results are n o t likely 
to  be particularly similar. Here a framework is presented 
th a t identifies transform ations th a t m ay be applied to 
surface data to  augm ent anim ation for visualization. This 
framework draws upon  m etaphors relating to  established 
cartographic practice to  guide the com bination and use 
of particular m ethods of transform ation and graphic 
representation and the developm ent of instances of 
interactive tools. In turn, the results of employing the 
framework offer an opportunity  for the evaluation of 
such tools as we develop our knowledge of visualization.

The framework offers an  approach consisting of five 
com ponents th a t allow us to  consider the ways in  which 
we can address the lim itations associated w ith using 
anim ation for visualization. These are introduced in  the 
nex t section. They take advantage of techniques used in  
com puter sciences and conventional cartography. It m ust 
be stressed at this stage th a t the  exact im plem entation of 
any of the techniques will inevitably vary according to  
the  context of the visualization (data, user, use, etc.). It is 
im portant to  emphasize th a t we do no t necessarily claim 
th a t the individual techniques used here are in  any way 
'optim al' or the 'm ost effective' m ethods to  use. This 
would negate the exploratory spirit of visualization. We 
simply draw upon  the research of others to  make 
suggestions as to  appropriate transformations and intel
lectual designs. Our claim is th a t the framework identifies 
certain issues to  consider in  a particular (data m odel and 
use specific) scenario. Doing so enables us to  address 
some of the complex issues th a t m odern (geo)visualizers 
face as they aim  to utilize anim ation effectively in  a 
visualization context. The aim is to  provide sufficient 
explanation in  the sections th a t follow to  dem onstrate 
the proposed framework and use examples to  illustrate 
ways in  which it may be applied in  a flexible manner.

Proposal: a framework with cartographic 
parallels
Considerable headway has been made in  dealing w ith the 
interactive anim ation of point-based data sets in  the
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MapTime software.^®'^^ Here similar ideas are applied to 
the kinds of raster structures used to store continuous 
fields. Such structures are relatively dense and represent a 
range of geographic phenom ena such as elevation, 
precipitation and population density. Formally, a surface 
in this work refers to a rasterized smooth doubly 
continuous function (i.e., no holes or overhangs) of the 
form z  = f(x,y), where z is the property (e.g., elevation, 
population density, etc.) being mapped and associated 
with a point x,y. However, the proposals are generic 
enough to be applied for piece-wise surfaces as well.

Step 1: Smoothing-ensure high or Increased spatial 
continuity
Rasters that model continuous phenom ena using coarse 
spatial and attribute resolutions result in spatial visual 
discontinuities that make it difficult to identify and 
understand the patterns that are revealed. Small-scale 
features can dominate at the expense of more significant 
large-scale variation. Smoothing techniques have been 
applied to maps of discrete representations of space to 
address this issue and are equally applicable to surfaces.^^ 
For instance, the population density surfaces in Figure 1 
are mapped at the resolution of the data set (200 m -m ore 
information about these data and associated applications 
is available at reference^^.) While we can detect patterns 
at this scale, the limitations of anim ation introduced 
above suggest that cartographic abstraction be applied if 
multiple maps of related distributions are to be used as 
part of an animated sequence.

Openshaw et suggested the use of density esti
mation methods such as those proposed by Gatrell^'^ 
and Bracken^^ for creating a smooth map display of 
socio-economic data. More recently, Paddenburg and 
Wachowicz^^ studied the use of spatial generalization to 
reduce noise in raster surfaces and concluded that this 
pre-processing reveals the 'true inform ation' otherwise 
suppressed by noise.

Spatial and indeed temporal continuity can be in
creased in surfaces in a number of ways. Visualization-

oriented solutions may require that data users enhance 
the continuity w ithout any knowledge of the surface's 
particular process or model partly because this informa
tion is frequently not available to the visualizer/animator. 
By way of example, spatial continuity may be increased 
by fitting a bivariate quadratic polynomial function^^ 
through the surface to derive the smooth interpolated 
forms of the surface. This can be applied to increase both 
attribute resolution and spatial resolution (Figure 2):

(i) Interpolation to the current spatial resolution- 
increasing attribute resolution (Figure 2a). The inter
polation of the existing raster values (i.e. the 
attribute) using a quadratic polynomial function also 
results into an increase in the attribute resolution as 
the abrupt differences between adjoining raster cell 
values are reduced. This can be considered 'attribute 
smoothing'.

(ii) Interpolation to a higher spatial resolution-increas
ing the spatial resolution (Figure 2b). While this 
process involves the generation of additional data 
and so could be considered 'exaggeration' the visual 
effect is one of spatial smoothing.

Step 2: Exaggeration-ensure high or increased 
temporal continuity
Practical limitations often mean that ordered sequences 
of surfaces cannot be sampled frequently enough to 
create a continuous temporal series. The temporal gaps 
lead to abrupt jumps in the anim ation of dynamic 
surfaces. A typical example of lack of temporal 
continuity is shown in Figure 3. A detailed longitudinal 
record of the morphology of a dynamic sand spit on coast 
of North Norfolk, U.K., consists of biannual measure
ments. Yet the feature changes constantly in the dynamic 
coastal environm ent where it is subject to denudation 
and deposition.'^® Attempts to reduce the abrupt jumps 
between successive situations depicted in an anim ation 
and so increase temporal continuity include adjustment 
of the 'duration' dynamic visual variable, either by

r
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Population Density  
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Figure 1 Population density surfaces of the different age cohorts in an area in NE Leicester, U.K. (a) 5-15 years; (b) 15-59 years; and 
(c) 60+years.
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Original surface with a data value  

' “  Interpolated surface with a data value

(a) To same spatial resolution

(b) To higher spatial resolution

Figure 2 Increasing spatial continuity by fitting a smooth 
surface over a local neighbourhood.

Elevation (m)

Figure 3 Digital elevation models of a sand spit at Scolt Head 
Island, North Nofolk. Two situations are shown representing 
the results of surveying the feature (a) February, 1997 and 
(b) September, 1997.

slowing the sequence or through direct user control. 
Alternatively additional situations can be derived from 
the data to smooth transitions. This approach am ounts to 
'exaggeration', but concurs with MacEachren's^® recom
mendation to map in a way that represents the real world 
phenom enon under consideration, rather than the 
nature of the data model. An additional considera
tion is the fact that in their critique of animation 
Morrison et a l}  suggest that the inclusion of 'microsteps 
between larger steps' may be beneficial to the viewer.

A number of techniques exist for exaggerating in this 
way. One of these is blending through which a smooth 
transition of intermediate situations or 'microsteps' can 
be achieved. Blending is used widely in the computer 
graphics field for transforming one particular shape or 
object into another.®^ Commercial software such as 3D 
Studio Max^° provides tools for applying the technique to 
both raster and vector surfaces. Blending can take place

using linear interpolation between the two temporal 
situations or by using a more sophisticated nonlinear 
interpolant. The first of these options is used by the 
interpolation function for that generates intermediate 
frames between two situations in MapTime.®^ (Situations 
are termed 'key frames' in the context of the MapTime 
software.)

Step 3: Simpllfication-highlight the information 
content
Human visual processing has limited capabilities for 
interpreting the parallel inform ation streams that char
acterise dynamic p ro c e s s e s .H u m a n  cognition pro
cesses, especially the working memory can follow at 
most three to seven simultaneous cues.^ '̂'^^ Highlighting 
the information content is a key cartographic objective 
when scenes are complex. Tobler'^^ suggested addressing 
this issue by reducing complex processes into com ponent 
parts or simplified representations. Morrison et a l}  
indicated that a clear apprehension and expression of 
the conceptual message is essential in animated graphics. 
Dransch'*® identifies a number of features that may 
enhance the cognition process in multimedia systems, 
including the need to 'increase the im portant informa
tion'. This can be achieved through careful and m ean
ingful simplification.

Two key inform ation streams in a dynamic surface are 
the structure of the surface and the local importance of 
points. In the most com mon representations of surfaces 
such as the colourmap (cartographic equivalents use 
hypsometric tints to represent elevation through hue) 
and contour map (or coloured isopleth), the delivery of 
the structural inform ation is dependent upon the con
tour interval and spatial and them atic resolutions.'^'*

Fowler and Little^® proposed that the fundamental 
morphometric feature networks of a surface, constructed 
by connecting the peaks to passes with ridges and the pits 
to passes with channels, are sufficient to describe the 
significant inform ation about a surface. Later, Helman 
and Hesselink^^ and Bajaj and Schikore^'* demonstrated 
that the morphometric feature representation could 
enhance the graphic representation of vector and scalar 
surfaces significantly as compared to the use of colour- 
maps and contour maps. It follows that the derivation of 
morphometric feature networks from dynamic surfaces 
has the potential to lessen the magnitude of the 
inform ation flow when animating sequences of surfaces 
for visualization, thus reducing the load on the viewer 
and potentially aiding interpretation. The application of 
this technique offers a meaningful and consistent 
m ethod of simplification that reveals the information 
content of a surface and thus simplifies in anticipation of 
the anim ation of an ordered sequence.

In the terms of Dransch's proposals,'*® this step of 
extracting morphometric feature networks is designed to 
increase the im portant information, reduce the inform a
tion overload, and help in creation of a mental model 
of the dynamic processes. Bajaj and Schikore^^ propose
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Figure 4 Increase in the structural information delivery with the addition of morphometric features, (a) Raster colour map; (b) 
contour map; and (c) morphometric features in a part of the Scolt Head sand spit.

using morphometric feature representation of surfaces as 
they are explicitly defined, are less dependent upon the 
selected spatial-thematic resolution than contour and 
colourmaps and highlight the terrain structure more 
clearly (Figure 4).

These characteristics of morphometric features are also 
useful for representing dynamic surfaces through anim a
tion because:

(i) The consistent definition means tha t they can be 
used to reference and m onitor changes (quantifica
tion of movement). The morphometric feature net
work provides a frame of reference, which could be 
used to track changes in the surface for example the 
rate of the displacement of the ridge lines through an 
anim ation could indicate the behaviour of the surface 
under changing conditions

(ii) The use of point and line symbols to represent major 
features enables the viewer to take advantage of their 
natural propensity to interpret attribute change 
between successive scenes as motion and reduces 
the possibility of m inor variations in visual variables 
being interpreted as such.

The morphometric feature representation is concep
tually similar to the ideas of topological rendering of 
volume data sets proposed by Upson and Kerlick^^ and 
Kerlick.'^

Extraction of the morphometric features Researchers in 
Geographic Information Science and Com puter Science 
have suggested a num ber of ways of extracting 
morphometric features from representations of conti
nuous surfaces. Wood"^  ̂provides an algorithm for detecting 
the topographic features: peaks, pits, passes, ridges and 
channels. The three most popular methods for the 
classification of the points on the surface into the various 
feature types are as follows:

(i) Manual digitizing. This is the most tedious approach 
for the classification of the points and lines but it 
remains as the final resort for the extraction of a 
structurally consistent set of the fundam ental topo
graphic features from contour maps (i.e., no dis

connected lines and unidentified p o i n t s ) . T h e  
automated classification of the topographic feature 
suffers from a number of lim itations arising from 
data and algorithm-specific issues.^^’̂ *

(ii) Triatigulation. This m ethod involves the triangula
tion of the surface points over a local neighbour
hood and comparing the elevations of a point with 
all its adjacent vertices. The points are then classified 
based upon this comparison.^^"^^

(iii) Polynomial surface fitting. A smooth surface is fitted 
through the surface points and the points are 
classified based upon the curvature of the fitted 
surface.^^ The advantages of using a polynomial 
surface fitting, specifically the bivariate quadratic 
surface fitting, are described by Wood.'^^

Issues related to feature extraction Automated raster 
processing suffers from the lim itation that the results of 
the analysis are subject to the size of the local 
neighbourhood tha t is, the window or kernel, centred 
at the study point, used to perform the processing. In 
terms of feature extraction scale dependencies result.^'^ 
Topographic features exist across a range of scales and 
will be detected by kernels of different sizes. While, there 
have been many efforts to model the scale-space^^ of 
surfaces using wavelets,^^'^^ fractals, scale-space 
t h e o r y a n d  quadtrees, to-date a unified treatm ent 
has not been agreed. The triangulation-based feature 
extraction m ethod has the lim itation tha t it only 
triangulates over a 3 points x 3 points window 
therefore larger scale features may remain undetected. 
In contrast, the bivariate quadratic surface fitting has the 
advantage that kernel size can be increased/decreased 
iteratively until a visually acceptable, though scale- 
dependent, level of simplification has been achieved. 
While, it is clear tha t the extraction of the features at all 
the scales cannot be guaranteed, morphometric feature 
networks offer a form of representation of the surface that 
may be suitable for visualization that takes advantage of 
animation. Experimentation with various kernel sizes 
is recommended and conforms with the spirit of 
visualization. It is likely to lead to insight into the 
nature both of the simplification and the simplified
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surface. A related possibility exists for using anim ation to 
investigate these effects of scale and their dependencies.

Step 4: Enhancement-assisting the working memory 
for visualization
The framework for augm enting the dynam ic raster 
surfaces for visualization aims to  provide ways in  which 
the inform ation delivery can be adjusted to  data- and 
user-specific requirements. There is always a danger tha t 
the duration of symbol display in  anim ated maps, w hich 
rely on discrete transient symbols, may n o t be suitable for 
the requirem ents of particular com binations of user and 
data. Dynamic visual variables can be used to  address 
some of these issues by em phasizing particular situa
t i o n s . L e v y  et al.^^ dem onstrated an example where 
point symbols represented the distribution earthquake 
epicentres over tim e. In this instance the symbols 
represented short-term events, bu t persisted and decayed 
over a longer period to  assist in  the interpretation of the 
spatial patterns of the  earthquakes. Openshaw et 
proposed a similar idea of a progressive decay of 
lum inosity w ith tim e until points or symbols disappear 
altogether after some fixed time. Shepherd^^ identifies a 
num ber of forms of visual transition between scenes, but 
notes tha t m any questions rem ain unanswered due to  a 
lack of rigorous testing and evaluation. He suggests tha t 
symbol persistence and decay m ay assist the observer's 
own persistence of vision and so improve the  interpreta
tion of visual inform ation th a t varies over time.

A graphic lag can be used between successive events to 
assist the visual m em ory and help in  the process of m ap 
interpretation.^^ The technique has been widely in  the 
video media where it is known as 'fading in ' and 'fading 
ou t' (visual attack and visual decay^®'®°). These 'fades' are 
identical to  blending in  principle except th a t the 'fading 
in ' involves blending from a blank surface and 'fading 
ou t' to a blank surface. Graphic lags represent a visual

enhancem ent th a t offer points of reference for in terpret
ing the changes between successive situations, which 
could be useful in  observing the evolution of the  map.

Step 5: Design-im plem enting appropriate interactivity 
and controls
In the visualization context h igh levels of interactivity 
are essential to prom pt thinking. Highly interactive 
systems th a t com bine different types of interactivity, 
including those th a t are 'h igher' and more complex, 
support exploration m ost successfully.^^ Incorporating 
appropriate interactivity is a key design issue for 
visualization tools.

Interactivity can be incorporated in to  real-time anim a
tion  software by using an increasing num ber of appro
priate software methodologies. The Tcl/Tk scripting 
language is an example th a t can be used to  generate 
highly interactive prototype map-based interfaces.^^'^^ A 
high-level scripting tool, the  language is designed for 
developing graphical user interfaces to  link existing 
software functionality. Relatively sophisticated features 
of the language enable visualizers to  define graphic 
symbols at specified locations, stipulate symbolism tha t 
relates directly to  data and define behaviours for each 
symbol so th a t visual queries can be made by interacting 
directly w ith the representation during anim ation. The 
environm ent is flexible and allows anim ated sequences 
to  be generated and used in  a continual or sequential 
manner^^ w ith a num ber of design features th a t provide 
the conditional interactivity required to  fully support the 
visualization process.®^

Implementation: using the framework for 
visualization
The structure and  flow of the framework used to  augm ent 
the anim ation of raster surfaces for visualization is shown 
in  Figure 5. Two examples of the way in  w hich the

3: Simplification 5: Design4: Enhancement1: Smoothing 2: Exaggeration

Rationale : Rationale : Rationale : Rationale :
Reduce noise Reduce noise Highlight information Add information
Focus on broad trends Focus on broad trends Reduce memory load Aid working memory

Techniques : Techniques : Techniques : Techniques :
Attribute interpolation Temporal interpolation Use of morphometric Graphic lag

(Blending) feature networks

Rationale :
Support visualization

Techniques : 
Interactivity 
(selection, 
interrogation, re
expression, etc)

Figure 5 Proposed Implementation of techniques to augment the visualization of dynamic raster surfaces. The framework can be 
used as part of the process of continual iterative re-design.
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framework m ight be applied are now  offered by way of 
example. These use an  attribute series depicting the 
population density of an  ordered sequence of age cohorts 
in  an area N orth East Leicester, UK and a tem poral series 
recording the elevation of an active sand spit at Scolt 
Head Island, Norfolk, UK. The population density 
surfaces are rasters of 200m spatial resolution obtained 
from the Small Area Statistics data set m aintained by the 
Census Dissemination U nit at the M anchester Inform a
tion  and Associated Services, UK (Figure 1). The point 
elevation data was collected twice a year from 1992 to 
1999 (Figure 3). For a m ore detailed treatm ent of this data 
set refer to  Raper.^®

Smoothing and exaggeration: increasing the spatial 
and temporal continuity
To illustrate the use of the framework the  population 
density surfaces and elevation surfaces were sm oothed by 
interpolation. The former were sm oothed by in terpolat
ing to  50 m  resolution (i.e., in terpolation to  a higher 
spatial resolution) and then  200 m  spatial resolution (i.e., 
interpolation to the existing spatial resolution) using 
LandSerf.^^ The software provides functions for a bivari
ate quadratic interpolation of a raster surface to  an 
arbitrary spatial resolution.

The poin t elevation data were converted in to  raster grid 
of 6.6 m  spatial resolution using Inverse Distance 
W eighted interpolation in  the  ArcView software.^^ This 
particular spatial resolution was deemed m ost suitable to 
cover the geographic extent of the  po in t data set. 
Temporal in terpolation was applied to  the elevation data 
to link each pair of consecutive surfaces w ith 22 
interm ediate surfaces ('microsteps') by interpolating 
between them . Blending was im plem ented using the 
Avenue scripting language in  ArcView.

Enhancement and design : interactive software tools to  
support visualization
Various controls to  support anim ated, sequential and 
conditional interaction®'^ have been im plem ented in  an 
application for anim ating m orphom etric feature ne t
works such as those derived here, in  order to  support 
visualization. The inpu t in to  the  surface network visua- 
lizer (snv. Figure 6; is the m orphom etric feature data set 
derived from the  tem poral and attribute series. Ordered 
sequences can be stepped through interactively or set to  
loop repeatedly (supporting sequential and anim ated 
functions®^). Various forms of interaction can be 
achieved to  interrogate for data values, select sections of 
the scene, reveal or hide various features in  the display 
and vary the  cartography. These features support condi
tional interactivity®^ and span the  range of levels of 
sophistication of task to  w hich interactivity can be 
applied identified by Crampton.®^

In addition, a graphic lag is im plem ented whereby a 
user-defined rate of change in  the lightness of symbols 
representing th e  m orphom etric features present in  
surfaces is used to  fade in  and  fade out between successive 
situations. In its approach, graphic lag essentially im ple
m ents a type of epichronic symbolism,^® similar to  the 
ideas of Levy et al.^^ and Openshaw etal.^*  for controlling 
the brightness and lum inosity of symbol colours, respec
tively. The graphic lag is defined in  term s of the num ber 
of the interm ediate frames th a t is, levels of interm ediate 
intensity  values assigned to  a m orphom etric feature 
before it disappears com pletely and the m orphom etric 
feature in  the  consequent surface appears.

Experience of using the framework
The experience of using the framework to  transform  and 
present sequences of raster surfaces in  a m anner th a t is 
suitable for visualization suggests some promise and 
highlights a num ber of issues.

Simplification: morphometric feature extraction
The m orphom etric features were extracted from the 
population density and  elevation surfaces using LandSerf, 
which utilizes the polynom ial surface fitting m ethod  to  
identify the  features (see the section on Extraction of 
m orphom etric features). The kernel size used to  extract 
the features defines the nature and  spatial extent of the 
structure generated by the feature extraction process. In 
the examples used here a kernel size of 9 (i.e., 
450 m x  450 m), was found to be m ost appropriate 
for extracting the  m orphom etric features in  the  popula
tion  density surfaces following some experim entation. In 
the case of elevation rasters a 7 x 7  kernel (i.e., 
46.2 m  X 46.2 m), was regarded as the m ost suitable scale 
for identifying the m ost interesting m orphom etric fea
tures across the area of the surface. Some exploration and 
testing were required to  achieve these results. The 
implications of scale dependency on  the visualization of 
surfaces based on  m orphom etric features are discussed 
further.

Temporal series
Figure 7 shows an  example of the tem poral continuity  
achieved by blending the terrain of the  sand spit recorded 
in  February 1997 in to  th a t recorded in  September 1997. 
W hile we can interpret the  sm ooth changes in  relief it is 
n o t possible to  assess the changes in  the structure of the 
surface, as the  structure is n o t obvious from the field 
view. Figure 8 shows a part of the  same sequence of the 
blending w ith the overlay of the surface network, in 
w hich the changes in  the structure can be identified. 
Note the  detection of the m orphom etric features th a t are 
significant at this scale of m easurem ent at the  top right of 
the spit in  Figure 7. These features evolve throughout 
the sequence. The anim ation can be accessed online 
and assessed.®^ Figure 9 shows the  use of the fading 
technique in  m onitoring the  splitting of the central 
ridge in  the sand spit w ith a graphic lag operating over 
three interm ediate frames between successive situations 
(tem poral events). The graphic lag is designed to  aid the 
working m em ory w ith the in ten tion  of easing the
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Figure 6 snv -  a surface network visualizer. The software application animates morphometric features networks and provides 
interactive controls to visualization. Demonstrator download: http://www.soi.city.ac.uk/~jad7/snv/.

transition between events as suggested by Shepherd.
It can also be experienced and evaluated by using 
the anim ation software. In the example reproduced in 
Figure 9 the bifurcation of the central ridge is evident.

Attribute series
The attribute smoothing achieved by interpolating the 
population density surfaces at 200 m spatial resolution 
(Figure 10) improves the spatial continuity from that 
shown in Figure 1 but the cell edges are still visible. 
Further smoothing by interpolating to 50 m cell resolu
tion results in a less noisy distribution that is more 
suitable for anim ation (Figure 11). As the morphometric 
feature extraction is based on the curvature of the surface, 
the smoother the local neighbourhood, the more reliable 
will be the polynomial surface fitting. The surfaces inter
polated to a spatial resolution of 50 m were thus used in 
this instance to derive the surface feature networks.

The morphometric feature representation of the popu
lation density surfaces (Figure 12) reveals the following 
characteristic spatial patterns of the different age groups:

• The morphometric feature networks of the 5 -15  years 
and 60+ years age group are generally more sparse than 
the 15-59 years age group.

• Some of the local population density peaks suppressed 
in the colourmaps (Figure 11) are revealed by the 
morphometric feature representation. For example see 
the cluster of points in the NW quadrant with some of 
the highest deviation from the average population 
density. Interactive techniques for extracting/suppres
sing inform ation in snv allow the user to focus in on 
particular areas of interest such as this.

• The stability of population centers in areas of high 
population through successive age cohorts until the 
older generation is assessed, which displays significant 
variation.

• Sequencing and anim ation techniques reveal this 
pattern.

Scale series
Due to the multi-scaled nature of the properties char
acterising most surfaces, there are multiple valid m orpho
metric feature representations of surfaces (Figure 13). As 
noted above, a consensus has not been reached about the 
treatm ent of scale in geographic information science but 
there are a number of ways in which researchers have 
tried to present the scale-space.^^ A detailed discussion of 
this topic is beyond the scope of this paper, yet the scale- 
dependency can provide interesting insights about the
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Figure 7 A total of 22 intermediate surfaces (microsteps) generated by blending the February, 1997 surface (Situation 1) into the 
September, 1997 (Situation 2) surface.

• Pit

Figure 8 Use of the morphometric features to highlight the changes in the morphometry of the sand spit. A box is used to indicate 
an area of interest. Note that the morphometric features identify changes that are not evident from the representation that uses colour 
to show variation in elevation.

structural organisation of the mapped property. For 
instance, Figure 13 reveals the gradual aggregation of 
the morphometric features around the major urban 
centres as the window size used to extract the features 
is increased. It remains, however, difficult to arrive at a 
particular extraction window size suitable to represent a 
surface. The choice is likely to be governed by the scale of 
the area of interest. A window size that could identify 
most morphometric features in the surface should be the 
first choice. For instance, in case of Figure 13, if one is 
interested in identifying m inor variations in the surface 
then the window size 5 is useful and similarly the 
window size 19 will be most capable for detecting larger 
variations. Animation can however be used to address 
these issues. An ordered sequence of feature networks

generated across a range of scales can be a useful tool for 
visualization. Using the anim ation techniques presented 
here may help us gain insight into the scale dependence 
of morphometric feature networks. Indeed anim ation is 
likely to be a useful tool to sequence through any number 
of alternative graphical representations of the data set 
derived from the flexible application of the framework.

Conclusions, directions and proposals
As is the case with traditional cartography, information 
(geo)visualization is not an exact science with a fixed 
solution domain. While graphical methods for visualiza
tion should draw on appropriate theoretical literature 
and exhibit graphic logic, the degree of success with 
which the process of visualization is aided by graphic
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Figure 9 Use of the graphic lag to the highlight the changes in the Scolt Head dynamic sand spit.
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Figure 10 Smoothing population density surfaces by interpolating to 200 m spatial resolution; (a) 5-15 years; (b) 15-59 years; (c) 
60+years. See Figure 1 for of original data.
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Figure 11 Smoothing population density surfaces by interpolating to 50 m spatial resolution, (a) 5-15 years, (b) 15-59 years, (c) 
60+years. See Figure 1 for representation of original data.
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Figure 12 Use of morphometric features to compare the population density distribution of three age cohorts in NE Leicester, (a) 5 -  
15 years; (b) 15-59 years; and (c) 60+years. The features were extracted from the 50 m grid resolution surfaces in Figure 11 using a 
filter window size 9. Note how the density of morphometric features augments the visualization of the inhomogeneous age 
distribution in some parts (e.g. southeast) of the study area.

tools lies in the 'eye of the beholder'. Our experience 
with using anim ation for insight in research, teaching 
and learning, leads us to postulate tha t the hum an 
visual processing system does not have the propensity to 
interpret complex animated sequences particularly 
successfully. Experimental and theoretical evidence in 
the literature would appear to support this suggestion, 
especially in light of our limited cognitive capabilities 
for processing parallel streams of more than  7 + 2 
information.'** In the words of Morrison et al.,^ 
'The drawback of anim ation may not be the cognitive 
correspondences between the conceptual material 
and the visual situation but rather perceptual and 
cognitive lim itations in processing a changing visual 
situation'.

Here we have endeavored to dem onstrate tha t the 
combination of methods employed in various related 
disciplines to support visualization offers some opportu
nity for solutions to this situation. A generic framework is 
introduced through which various data transformations 
are applied in a m anner tha t corresponds with estab
lished cartographic practice. The framework is dem on
strated using examples depicting ordered variations in 
time, attribute and scale. It draws parallels between 
existing cartographic practice and opportunities for 
information visualization tha t address identified 
limitations in processing anim ated sequences of surfaces 
for prompting thought and insight. The framework can 
be used for generating anim ations for visualization and is 
implemented as follows:

(i) Increasing the spatial continuity by removing small- 
scale variations and focusing on broader trends due 
to the lim itations of the visual memory and our 
tendency to focus on attribute change that we 
interpret as movement. A clear parallel exists 
between this process and that of sm oothing in static 
cartography.

(ii) Increasing the temporal continuity to reduce the 
am ount of change between successive frames in an 
anim ation that displays an ordered sequence of 
situations recorded in a data set. This process of 
temporal smoothing, implemented here using 
blending techniques, corresponds with the exag
geration often applied to data depicted in static 
maps.

(iii) Transforming the data to highlight the inform ation 
content. The aim is to clearly express the significant 
inform ation about the surface, an im portant objec
tive under the identified lim itations of animated 
cartography. We suggest and docum ent the use of 
morphometric feature networks to accomplish the 
kind of cartographic simplification tha t is achieved 
in static maps through selection and generalization.

(iv) Enhancing the graphic representation to aid inter
pretation. The graphic lag applied in the im plem en
tation outlined here is an attem pt to address some of 
the lim itations of the working memory experienced 
by visualizers and identified in the literature.

(v) Im plementing a suitable design. Appropriate con
trols for animated, sequential and conditional 
interactivity support the identification of periodicity 
in the data sets as well as more sophisticated tasks 
such as the extraction of sub-sets, the suppression of 
detail, and the investigation of cause and effect with 
a view to ideation.^* These interactive design issues 
mirror efforts in static cartography to maximize map 
utility by employing suitable symbolism, scale, and 
projection, labelling and visual hierarchies.

The framework is not designed to be applicable to all 
visualization efforts, or to be applied with obstinate 
rigidity to those situations in which it is found to be 
useful, as m any methods of smoothing, exaggerating, 
simplifying, enhancing and designing are available and 
may well be appropriate in different situations other than
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Figure 13 Scale dependency of the morphometric feature extraction in the case of the 15-59 years age population density surface. 
Note how the varying extraction window size (number on the top right) influences the detection of features of varying geographic 
extent. In this case, therefore, the morphometric feature representation provides an objective method for identifying the multi-scale 
nature of the population density spatial distribution.

those introduced here. But it does highlight the oppor
tunity for a more generic application of cartographic 
techniques to the complex graphics that we generate in 
our efforts to gain insight into dynamic and multifaceted 
phenomena. And we have found it useful to draw 
analogies between the techniques developed in cartogra
phy to represent information graphically in forms that 
are effective and fit for use and our own efforts to 
generate tools and techniques that make animations 
suitable for visualization. W hat we are proposing is 
effectively a metaphor and what we offer here is a 
structured, series of arguments with theoretical and

experiential justification, and an opportunity for feed
back from the community.

Evidently opportunities exist for:

• formal evaluation of the use of some of the specific 
techniques identified here in a number of scenarios 
(varying data, user, use, etc.);

• generating software environm ents that allow users to 
experiment with the variety of choices that might be 
made when implementing the framework (potentially 
by achieving higher levels of integration between the 
various techniques in a single software environment);
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• evaluating the framework itself m ore formally in  a
range of situations (both w ith in  and  possibly beyond
the visualization of dynam ic raster surfaces).

Some issues associated w ith static cartography also 
apply to  anim ations for visualization. W hile the  surface 
networks express the m orphom etric inform ation con
tained in  the surface, the choice of symbols used to 
represent the features is subjective and user/task/m edia 
dependent. This should be addressed using best practice 
and suitable design criteria, and in  the visualization 
context the user m ust be able to  select suitable 
sym bolism -by (re)ordering/(re) sorting in  Cram pton's 
scheme.^^

Prototypes tools th a t support visualization offer an 
opportunity  for gaining feedback on the techniques th a t 
are being developed and evaluating and improve design 
in  a m anner appropriate bo th  for this m edium  and to 
visualization tasks in  general.^'^ The argum ents presented 
here are em bodied in  working software^^ th a t can be 
accessed by the reader in  order to  assess the  ideas 
presented and their im plem entation. We have m ade our 
software available for inform al evaluation online in  a 
move m irroring th a t recom m ended by Block and 
others.®* Developments are expected in  response to 
formative evaluation. Anticipated im provem ents to  
functionality include increasing the  levels of interactivity 
in  'snv' by adding a graphic lag to  the  coloured symbols 
and intelligent zoom ing th a t relates to  particular fea
tures. At present the software dem onstrates the  design

stage of the  framework. The results of decisions and 
transform ations m ade in  im plem enting the  framework 
are anim ated. A m ore integrated approach to  the 
sequence of processes in  w hich users can vary the 
decisions m ade and see the results in  real time, would 
improve the  opportunities for visualization, particularly 
if facilities for journaling and  steering the  process were 
offered. The current visualization tool is 'loosely coupled' 
according to  Rhyne's®^ model of levels of integration 
software for GI processing and visualization, a typical 
situation w hen prototyping ideas.

Ultim ately the  suitability of the tools and repre
sentations should be evaluated in  relation to  their 
qualities for particular applications. Formal evaluation 
of the theoretical argum ents and prototype im plem enta
tions presented here across a range of users and  uses 
is an  im portant future action as we strive to  develop 
knowledge of the way people th ink  and make 
decisions w ith interactive environm ents and bo th  
guidelines for and ultim ately theories of interactive 
geovisualization.
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