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ABSTRACT: The substantive preprocessing invariably required by current methods to convert scan digitized contour 
maps into a digital elevation data base severely limits the use of raster scanning for many practical applications. This 
paper presents an efficient "raster based approach to label contour lines digitized from topographic maps. In contrast 
to the predominantly "vector based" techniques currently in use to scan and capture topographic data from hard-copy 
contour maps, the proposed method uses a semi-automatic "batch-oriented" strategy. The key to the method is the 
use of graph theory to reconstruct the topological adjacencies of elevation regions in rasterized contour maps. The 
approach was successfully tested on a prototype scale in digitizing several map segments with terrain slopes ranging 
from flat to highly mountainous areas. In addition to a significant reduction in the time required to digitize and label 
scanned maps, from the order of weeks to a few hours, a major strength of the designed approach is the potential of 
using the many inexpensive raster scanners that are now easily coupled to desktop microcomputers. The proposed 
method is therefore not only well suited to reduce the associated costs of digitizing maps on a large scale within large 
organizations, but is also attractive to the many small and medium sized organizations that have so far not been able 
to take advantage of available digitizing technology. 

INTRODUCTION 
NGINEERS AND EARTH SCIENTISTS involved in terrain analysis 

Erecognize the need to obtain digital topographic data in a 
timely and economic manner. The availability of hardcopy maps 
at scales suitable for practical engineering provides a basis for 
an innovative approach to create digital elevation models (DEMS). 
As summarized by Peuquet and Boyle (1983), the approach re- 
lies on "digitizing" or "capturing" the contour lines from top- 
ographic maps into a computer. 

Most current digital cartographic efforts started by simulating 
the manual cartographic process. As a consequence, contour 
lines from maps, e-g., quadrangle maps of the United States 
Geological Survey (USGS), were digitally scanned and recorded 
as vectors (Allder ef al., 1982). In this process, the digital car- 
tographic data output (e.g., points on a contour line) from a 
scanner is represented as a [x,y] vector. A key to the creation 
of the DEM was the "tagging" or "labeling" of the digital con- 
tour vectors with the appropriate elevation. During tagging, the 
vector contour data are physically and logically associated with 
their analog attribute, elevation. As the tagging procedure re- 
quires the contour information in a "vector" data structure, it 
is frequently called a "vector" based method. Subsequently, 
interpolation of the tagged contours results in a DEM. Vector- 
based techniques of tagging invariably rely on a highly labor 
intensive manual operation and costly computer graphics re- 
sources; as a consequence, this constraint has limited its use. 

Recent advances in low cost raster scanning techniques have 
resulted in a renewed interest in identifying less expensive al- 
ternatives for quickly digitizing maps. At this time, however, 
although raster scanning is being widely used to digitally "cap- 
ture" the contour lines, attempts to solve the topological prob- 
lem of automated "labeling" continue to rely on vector based 
methods. This is accomplished by using a conversion between 
raster and vector formats. Considering the significant organi- 
zational and time resources needed for vector based tagging 
methods, Selden (1985) stated, "...the successful development 
of automatic feature tagging capabilities in raster scanning sys- 
tems will emerge as a significant factor in comparing raster and 
vector systems ... ." Meanwhile, the costly vector tradition of 

cartographic data processing continues to be a major constraint 
to the practical use of raster technology. 

The ability to automate the task of tagging or labeling the 
digitized contours with the corresponding elevation in a raster 
format, without vectorizing the data, is the key to the design 
of a practical raster-based system. The last two decades of re- 
search in the area of automated map digitization have shown 
that, simple as it is in concept, the replication of the vector 
labeling operation using a raster format is a complex topological 
problem (Sircar, 1986). 

Clearly, in order to fully utilize the power of a large range of 
relatively inexpensive raster-based scanning hardware, new to- 
pological insights are required in managing raster digitized con- 
tour information. In summary, an ability to interpret and manage 
scanned raster images of contour maps without the costly and 
time consuming vector-raster conversions is pivotal to the de- 
sign of a practical contour labeling technique. Thus, the specific 
objective of the present research was to develop a fully raster- 
based method to label scan digitized contour lines. Such a method 
would significantly reduce the cost and effort of many practical 
applications in the Earth sciences and related fields of engi- 
neering, such as obtaining terrain data for hydrologic design 
models, land planning, and models for water quality assess- 
ment. 

A GRAPH THEORETIC REPRESENTATION OF CONTOUR 
LINES IN TOPOGRAPHIC MAPS 

The search for raster-based algorithms to manage spatial data 
has resulted in efforts to reconstruct the topology of contour 
maps using spatial relationships. The close association between 
spatially adjacent regions separated by contour lines and a graph 
data structure is intuitive. It parallels the intuitive use of the 
vector data structure for replicating the cartographic task of la- 
beling a contour line. Boyell and Rushton (1963) first demon- 
strated the mapping of both contours into links, or edges, of a 
graph and intercontour spaces into nodes. 

Since then, several researchers have made use of the topol- 
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ogical equivalence of the nested nature of contours to a "free" 
tree or a graph structure with no cycles (Figure 1). Thus, paths 
crossing a sequence of contours move along a set of connected 
links in the corresponding tree, which provides rapid identifi- 
cation of the contours. One of the first uses of this concept was 
in the building of a search directory of terrain information. 

Morse (1968, 1969) mapped contour lines into "nodes" and 
intercontour regions into "junctors." This format of notation 
appears to be a direct consequence of the more popular "vector" 
mode of map-to-image digitization, which was prevalent at the 
time. For a long time, the vector mode of digital output con- 
strained the search for more economic strategies of map digi- 
tization. Only since the advent of less expensive raster technology 
for high resolution digitizing had there been some progress in 
the development of raster-based algorithms. 

Mark (1978) reported the potential of the graph structure as 
a representation device of the shape of topographic surfaces 
and their parallelism with the surface networks (relating peaks, 
passes, and pits) of Pfaltz (1976). In the same paper, Mark sug- 
gests interesting applications of the concept to contouring prob- 
lems. In a construct similar to that of Merrill (1973), Mark (1978) 
mapped contour lines into edges or links and intercontour re- 
gions into nodes of a graph. Later, Mark (1986) generated a 
graph or tree topology by considering the spatial adjacency of 
both contour lines and the intercontour spaces of the map. Fig- 
ure 2a depicts a contour map and Figure 2b its free tree repre- 
sentation using Mark's (1986) approach. The contour lines are 
identified as L1, ..., L6 and the intercontour regions as R1, ..., 
R7. 

Roubal and Poiker (1985) first reported the use of contour tree 
structures in automating the process of labeling the digitized 
contour line. Their method (Figure 2c) focused on defining a 
graph structure using the topo16gical adjacency of only contour 
lines as nodes in the graph. However, the representation of 
Roubal and Poiker results in the loss of its tree structure for 
even very simple contour maps (Sircar, 1986). The approach 
described herein has used a representation of contour lines in 
a graph structure similar to that of Mark (1986). 

The present method uses insights gained by the free-tree 
representation of contour maps. The nested structure of 
intercontour regions or elevation regions enclosed by contour 
lines in a map is closely analogous to that of an "oriented tree." 
Given a set of vertices or nodes (V) in a graph, an oriented tree 
(Knuth, 1976) is defined as a "directed graph" with a specified 
vertex or root node, R, such that (i) each vertex (node) V # R 
is the initial vertex (node) of exactly one edge (link or arc), 
denoted by e[V]; (ii) R is the intial vertex of no edge; and (iii) 
R is a root in the sense defined above (i.e., for each vertex V 
# R there is an oriented edge or path directed from V to R). In 
a contour map the root may be formed by the lowest or highest 
elevation region. 

FIG. 1. An example of a contour map segment and the corre- 
sponding graph representation in the form of a free tree. 

For the set of all intercontour regions within a map, there is 
a corresponding equivalent binary relationship (= <) created by 
decreasing or increasing elevations across contours. This is a 
partial ordering relation, i.e., reflexive, antisyminetric, and 
transitive. The set of intercontour regions or "elements" may 
be addressed as a partially ordered set, or poset. Using the free- 
tree concept as a basis, each element of the poset (or intercontour 
region) is initially made a node on the contour graph, and the 
link or edge between nodes or elements of the poset are the 
contour lines (values) of elevations that separate them. 

Every poset has two subsets that are specially relevant: the 
set of maxirnals and the set of minirnals. A maximal is an element 
that does not have anUupper" (higher in elevation in this case) 
element, while a minimal is an element that does not have a 
"lower" (lower in elevation) element in the set. By rooting the 
tree at a minimal or maximal and by imposing an "upwards" 
or "downwards" sense of direction in the graph, the poset formed 
by the intercontour regions in a map becomes analogous to an 
oriented tree. In the propsosed method, regions of lowest 
elevation in all nested sets of contours in a map (or minimals) 
are treated as root nodes of the contour graph. 

It is possible that the contour graph be (i) an oriented tree 
with a global root (Figure 3a) equivalent to a poset with one 
minimal, region "A," or (ii) a number of trees sharing some 
nodes, in which case there are more than one global root, such 
as intercontour regions labled "1," "7," "10," and "13" (Figure 
3b). Nodes of type "F," "G," and "I" in Figure 3a and "4" in 
Figure 3b are examples of m e a l s .  In contrast, root node types 
"A" in Figure 3a and "1," "7," "10," and "13" of Figure 3b are 
minimals. 

A COMPUTER REPRESENTATION OF THE LABELING 
PROBLEM 

Given a map, it is relatively simple to use the insights de- 
veloped by an oriented graph or tree representation of contour 
maps and manually construct and label the contour edges. 
However, the equivalent problem for the computer is three- 

FIG. 2. A contour map and the corresponding free tree depicting the 
spatial adjacencies of intercontour regions and the contour lines. (a) 
A contour map segment. (b) The contour tree using the approach 
of Mark (1 9861. Both intercontour regions and contour lines are used 
as nodes in the graph structure. (c) the contour graph using Roubal 
and Poiker's approach (1985). Only contour lines are treated as 
nodes in the resulting graph. 
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(b) 
FIG. 3. Oriented tree representation of contour maps. (a) Map (c) (d) 
with a single global minimal (root). (b) An instance of a map FIG. 4. Stages in the construction of a contour tree using as an with multiple nodes as distinct minimals (roots). example the map segment depicted in Figure 3b. (a) Example of 

black and white contour line drawing separate input to the scanning 
process. @) Format of the corresponding binary output raster of 

fold: (1) to convert the infomation captured from a raster-scanned scanned line drawing. (c) Represents the undirected adjacency ma- 
map into a computer representation of the graph or tree-like trix (free tree) representation of the intercontour regions, (d) The 
topology; (2) to provide a mechanism to label the edges or links labeled adjacency matrix (oriented tree) representation. 

with the correct value of the elevation; and (3) to reconstruct 
the digital raster, using the computer representation of the con- 
tour graph, with the value at each contour pixel replaced by the figure 4d, which is the computer the labeled 
elevation of the contour line it represents. graph, the value "2" at the matrix element (2,3) indicates that 

region "2" and region "3" in the map are separated by a contour 
CONSTRUCTING THE CONTOUR TREE value of "2 ft." 

For the sake of simplicity, it is assumed that contour lines do 
The input data for implementing the approach discussed in not intersect and that there are no gaps along a line. Although 

the present paper is a raster-scanned black-and-white contour in practical applications the assumption of contours without 
separate (Figure 4a) of a topographic map with gaps and labels gaps and the absence of merged lines is a non-trivial one, it 
removed. The technology to produce a binary representation of remains a r e e m e n t  for both vector- and raster-based technology. 
the contour lines in a pixel-based image frame is well established In practice, in the vector case, most commercially available 
(Sircar, 1986; Peuquet and Boyle, 1983). Each contour in the systems attempt to provide only manual editing tools for those 
original hard copy or "analog" map is translated into a binary instances where the assumptions are not valid. In the raster 
digital raster, as shown in Figure 4b. The output of the scanning approach, similar steps may be taken to reduce the time 
process results in a raster with either an "absence (marked 0)" consuming burden of manual inspection and editing. Later in 
for a non-contour pixel or map background and a "presence this paper, a discussion has been included on how the current 
(marked 1)" for a contour pixel. A set of connected "1" pixels approach may also enhance the efficiency of techniques in use 
represent a contour line. to solve such problems. 

Among the various methods available to logically represent There are three principal steps in constructing an adjacency 
the graph structure in a machine, an approach in routine use matrix from a raster digitized image. First, the regions bounded 
is that of the adjacency matrix (Sircar, 1986). The adjacency by contours should be labeled as shown in Figure 5a. This can 
matrix, which is equivalent to the graph in Figure 3b, is illustrated be done by applying a connected components algorithm to label 
in Figure 4c. The adjacency of the region in the map labeled every inter-contour pixel in the raster. Second, all of the contour 
"1" to the region labeled "2" is indicated by the presence of a boundaries ("1"s) of the raster output from the first step should 
"1" at the Row 1, Column 2 address of the matrix shown in be eroded such that intercontour region tags are rendered directly 
Figure 4c. Stated in the terminology of graph theory, the adjacent to each other (Figure 5b). Third, the raster output from 
"children" of node (region) "4" in Figure 3b are nodes (regions) the previous step should be traversed to examine adjacencies 
"3, 5, 8, and 11." among pixels and generate an adjacency graph of all of the 

Using the definitions stated above, the problem of "labeling" connected components in the image (Figure 4c); this is logically 
a contour line may be restated as the problem of labeling the equivalent to the free tree. 
edges of a graph with an appropriate value of the elevation. 
For example, if the elements of the matrix of Figure 4c were LABEL'NG THE AD~ACENCY GwH 
replaced with the value of the correspondiig elevations, the Given a set of rninimals to be treated as roots, the intuitive 
labeling problem would be complete (Figure 4d). As shown in idea now is to "pick up" the graph at the minimals and rearrange 
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A 

(a) (b) 
FIG. 5. (a) Results of labeling the connected components (inter- 
contour regions) in the raster image depicted in Figure 4b. (b) 
Result of eroding the contour pixels. 

it. This is accomplished in the current method by applying a 
breadth-first graph traversal algorithm (Horowitz and Sahni, 
1982) to the adjacency matrix. At every node visited during the 
traversal, a test is made to check for adjacency, and corresponding 
children, if present, are labeled with the appropriate elevation 
value. Thus, the adjacency matrix is rearranged from an 
undirected graph into a set of directed or rooted trees (Gold 
and Cormack, 1986) (Figure 4d); the sense of direction in the 
graph traversal is provided by labeling the edges with increasing 
elevation (by one contour interval) from the root (Figure 3b). 
Both the information on the minimals and the contour interval 
is input by the user. Figure 6 is another example of a map and 
a corresponding breadth-first traversal that correctly labels all 
the contour lines, with the user providing the information on 
the local minima only. 

Initially, at the start of the labeling process, only the edges 
emerging from the minimals are labeled with the elevations that 
are manually input by the user. These minimum elevation regions 
are determined by a visual inspection of the map. At the outset, 
the task of visual inspection appears to be highly complicated, 
but, in practice, the task is rendered fairly simple by adopting 
a few heuristic rules that are true for most of the usual terrain 
types in the continental United States and for most other regions 
of the Earth. 

The set of heuristics or guidelines to aid in detecting the regions 
of relative locally minimum elevation regions are as follows: 

Every region where a stream exits a map in the downstream 
direction is a region of local minima (Figure 7a); notice that most 
streams on a topographic map, unless very small or dry, are colored 
blue and are very easy to detect; 
If a contour line closes the boundary of a map such that neighboring 
contours around it increase in value, the inner most intercontour 
region is a locally minimum region (Figure 7b); 
Contour closures in maps that are hatched inwards, which indicates 
depressions, are also regions that are locally minimum (Figure 7c); 
and 
Lakes, resewoir boundaries, and wide reaches of a stream or river 
(blue regions in map) are locally minimum regions. (Figure 7d). 
As the traversal of the graph proceeds, the outgoing edges of 
succeeding nodes are automatically labeled. The elevation of each 
node is calculated as the sum of the elevation of the incoming 
edge incident to that node and the value of the contour interval 
of the map. 

The manner in which the information on local minima is input 
may be either interactive or batch. Raster outputs of maps (e.g., 
USGS quadrangle sheets) with very high resolution scanners could 
generate image sizes as large as 18,000 pixels by 20,000 lines. 
In such cases, it is recommended that the list of "local minima" 
be input in a batch mode. The reduction of the task of "tagging" 
to a batch CpU load, in contrast to the manual procedures in 

Local minima (minimals) - contour regions "f', 
V 

The adjacency graph 

n n 
Elevation of "f' < Elev. of "a" < Elev. of "i" 

The oriented tree after 
pointing at the minima 

Breadth First Traverse: f-e-a-d-b-c-g-ih-j-m-k-n-1 
FIG. 6. An example of a breadth-first traversal path to label the adja- 
cency graph of a map segment with multiple minimals. 

a local mini- (stream) 
local minimum 

(depression a! map edge) 

Internal depressions 
(local minimum) 

L,R -local minima 

FIG. 7. Schematic of different types of regions forming local 
elevation minima in a rectangular map area. 

the vector techniques, is perhaps the most important advantage 
of the raster approach. 

Once the adjacency matrix is completely labeled with the correct 
contour values, the remaining task is to reconstruct the labeled 
contour image illustrated in Figure 8b. The labeled adjacency 
matrix, such as in Figure 4d, that is output from the graph 
traversal contains the values of all edges or boundaries between 



LABELING RASTER DIGITIZED CONTOUR MAPS 

B i ~ a r y  image + 
(from contour map 
shown in Fig. 3b) 

Labeled raster 

FIG. 8. Raster image output. (a) Binary image from scanned contour 
line separate. (b) Labeled contour pixels using the graph theoretic 
approach. 

intercontour regions. Thus, a border pixel between region 2 and 
region 3 of a map, such as in Figure 3b, would be labeled with 
the value of the element in row 2 and column 3 of the 
corresponding adjacency matrix. The detection of the border 
pixels is accomplished in a single traversal of the raster. 

Once a raster is available in the format of Figure 8b, the 
corresponding DEM can be constructed using any of a number 
of interpolation routines (Sircar, 1983; Sircar, 1986). The procedure 
of generating DEMS from a tagged digital contour raster is now 
fairly standard and is routinely used in many contour digitizing 
operations, including USGS procedures (Sircar and Cebrian, 1986). 

RESULTS AND DISCUSSION 
For the present research, high resolution scanner input im- 

ages of contour maps have been simulated using video tech- 
nology. The resolution of the video scanning technique used 
for the present study is approximately 50 lines/inch, and the 
raster sizes were limited to 512 by 512. High resolution scan- 
ners, on the other hand, operate at resolutions up to 1000 lines/ 
inch. The difference in resolution affects only the ability to scan 
large map areas. All of the input documents were first edited 
in a manual preprocessing step to remove all gaps. In addition 
to removing gaps, intermediate contour lines were deleted for 
two of the test cases described herein. The larger contour in- 
terval makes it possible to maintain the spatial separability of 
the imaged lines by preventing contours from merging. In the 
majority of cases, the presence or absence of the intermediate 
lines does not affect the topology of the resultant graph; it only 
alters the number of nodes traversed. Although a few local 
peaks or passes may be eliminated, the structure of the algo- 
rithm for labeling remains unchanged. 

Three map segments were tested to demonstrate that the la- 
beling algorithm correctly labels a digital line image in raster 
mode with minimal user interaction. The first example used to 
test the approach was a 15-minute quadrangle sheet from a 
mountainous Himalayan region in Nepal. The second map cho- 
sen for the testing was the Damascus, Maryland, USGS quad- 
rangle sheet. The mapped area represents a hilly terrain of 
moderate to steep slopes varying from about 2 percent to ap- 
proximately 15 percent. In the third example, an attempt was 
made to extend the generality of the contour labeling algorithm 
to flat or moderately steep areas. In this case, an area was cho- 
sen from the Bay View, Maryland, quadrangle sheet in the east- 
ern United States. In this area, the slopes vary from almost 0 
to approximately 3 percent. 

The processing time to label the map for all of the prototype 
tests was on the order of seconds. The short processing times 

are possible because the images are all very small compared to 
the 300 to 400 million pixels generated by high resolution scan- 
ning of full size USGS quadrangle maps. However, the present 
prototype tests have clearly demonstrated the success of the 
labeling algorithm. It has also enabled the development of a 
strategy to label raster-based images. 

Unlike the vector case, the function of tagging in the current 
method involves a machine traversal of the adjacency matrix 
only. The number of elements traversed in the adjacency ma- 
trices in the three examples ranged from 70 to 90. For a full- 
sized quadrangle sheet, the number would probably average 
between 300 and 1000. However, because the matrix traversal 
is automatic and requires no user supervision, these large array 
sizes are of no operational significance. 

Approximately 50 locally minimal regions were required on 
the average to correctly label the maps. However, this is de- 
pendent on the complexity of the terrain. The operator is re- 
quired to visually inspect the map image on a screen and list 
the pixel coordinates corresponding to a point within each lo- 
cally minimum region in the image plane for input to the la- 
beling procedure that can be run in batch mode. The time required 
for visual inspection in the general case varies from 5 to 30 
minutes, with obviously more time required for maps of com- 
plex terrain patterns. 

For the most part, the time needed to process a map with the 
raster approach depends on the time consumed in disk-to- 
memory transfers. The times required to implement algorithms 
such as connected components labeling, border erosions, and 
traversals of adjacency matrices depend significantly on the per- 
formance of the host computer. At the average data transfer 
rates now available in commercially available, off-the-shelf 
workstation hardware, the times to process images even as large 
as 500 million pixels are on the order of minutes. 

The only required interactive session is that necessary before 
the labeling operation to identify the minimal regions in the 
image and following the labeling to check for the correctness of 
the solution. In addition to verifying the results of automatic 
labeling, a certain amount of time is also needed to check for 
gaps and cliffs and to preprocess these before labeling can be 
undertaken. Compared to the time required to process vecto- 
rized contour maps-on the order of weeks for UsGs quadrangle 
maps- the raster-based approach would require only a few hours. 

As stated previously, the assumption of no gaps along any 
contour line or the absence of intersecting or merged contours 
in the digitized raster image is unrealisitc. However, it remains 
a necessity if either the vector-based method or the present 
raster-based approach is to work successfully. However, one 
important advantage of the graph representation of contours is 
that the approach may also be used in a preprocessing step to 
detect either gaps or merges in contours. While the graph 
representation of Roubal and Poiker's (Figure 2b) was not found 
to be useful in efficiently labeling the contour graph, the 
representation of Mark (1986), shown in Figure 2a, appears to 
be very useful in detecting the location of gaps in contour lines. 

Three different examples of contour trees for map segments 
where contours have been separated by gaps are shown in Figure 
9 using Mark's approach. Both contour lines and intercontour 
regions are labeled with distinct identifiers L1, L2, L3, L4, and 
L5 and R1, R2 and R3, respectively, as nodes in the contour 
tree. For those lines without gaps, the corresponding nodes in 
the contour tree usually have a unique relationship within the 
graph. Each node representing a contour line will be connected 
to two intercontour region nodes. For contour lines with gaps, 
however, the corresponding nodes are found to be linked with 
only one intercontour region node. A search for all "contour 
line" nodes in the adjacency matrix thus formed with links to 
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FIG. 9. Examples of contour maps with gaps (indicated by arrows) and their corresponding free 
tree re~resentations. The cases shown in (a) and (b) are the more common occurences while 
the situation depicted in (c) is an extreme case with gaps in all of the contour lines in a map 
segment. 

only one intercontour region results in the detection of all of 
the contour lines with gaps. Once the lines with gaps are 
identified, these may be processed by either automatic, semi- 
automatic, or manual editing procedures. 

Although Mark's approach has been found to be useful in 
handling the case of contours with gaps, the graph structure 
used in the present study has been found to be relatively more 
efficient in the handling of cliffs or intersecting contours. Figure 
10a is an example that illustrates the ease of locating intersecting 
regions in the resultant adjacency graph. The graph simply loses 
its tree structure. 

The problem of correctly labeling the merged contours 
automatically can be stated as the problem of determining a 
correct traversal path from nodes R2 and R5 in Figure 10a. The 
graph traversal of the adjacency matrix from low to high 
elevations during the labeling process will generate a correct 
labeling for even intersecting contours if guided by the following 
criterion: accept only those nodes that result in a maximal path- 
length from the lowest to the highest region. Using this rule 
for the case shown in Figure 10a, the traversal paths RZR7- 

(b) 
FIG. 10. (a) Example of a typical instance of merged or inter- 
sected contours caused normally by natural cliffs or man- 
made constructions on the surface, e.g., cuts, culverts, etc. 
(b) A case of merged contours resulting in an ambiguous 
labeling of the contours. 

R&R5 and RZ-WRPR5 would be the selected paths for a correct 
traversal and labeling of all of the merged contour line segments. 

Although the detection and labeling of merged contours, or 
cliffs, is a logical outcome of the present approach, the method 
is constrained to only one category of cliffs. Intersecting contours 
detected as joining a cliff line at one point must also have a 
second contact with the same cliff at a different point within 
the raster. For cases that do not satisfy such a condition, there 
is no automatic labeling solution. An example of such an insoluble 
condition is shown in Figure lob, where the region R5 cannot 
be uniquely labeled. In the majority of cases, however, most 
real maps rarely fall into this category. A second condition that 
needs to be satisfied for a practical graph traversal for merged 
contours is that the number of intercontour regions affected by 
a cliff is small, and is indeed most likely to occur in the majority 
of cases. The universal path-generator chosen for the present 
study cannot work when the numer of nodes is large. 

The example of Figure 10 is a simple one. However, although 
there are a large class of possible scenarios for merged contours, 
it is possible to summarize cliffs into two main categories. These 
are shown in Figure l l a  and llb. In addition, it is possible for 
intercontour regions to be fragmented by more than one 
intersection or merging contours (Figures l l c  and Ild). While 
the path-generator rule postulated above can solve the labeling 
problem for regions fragmented more than once by cliffs of the 
same type, it cannot solve the problem of one intercontour region 
involved in two cliffs of different types as shown in Figure l ld.  

For the graphs shown in Figures lla,  llb, and llc, there is 
only one path, in each case, that fulfills all of the prerequisite 
conditions for a correct automatic traversal. These are respectively 
R1-R2-R3-R4, Rl-R2-R3-R4, and Rl-R2-R3-R4-R5, respectively. 
In Figure lld, however, the paths R1-R3-R4-R5, Rl-R2-R4-R5, 
Rl-R4-RZR5, and Rl-R3-R4-RZ-R5 are eligible, and, therefore, 
there is no unambiguous correct path. It is recommended that 
the nodes be left unlabeled for later manual editing in those 
cases where the graph traversal results in unambiguous 
situations. However, the automatic detection and marking of 
these cases are a natural by-product of the traversal and require 
no extra effort. In reality, situations as complex as the ones 
discussed above will be rare and, in the majority of cases, the 
present approach will lead to a correct labeling even for merged 
contours. 

CONCLUSION 

Currently available hardware and software capabilities, rang- 
ing from the use of virtual memory to parallel processing, to- 
gether with large screen oriented interactive devices, offer, for 
the first time, a unique opportunity to use the described ap- 
proach to label raster digitized contour images in practical en- 
gineering scenarios. The raster approach developed here leads 
to the replacement of the extremely time consuming elements 
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digital data acquisition systems in the Geographic Information 
Systems (GIs) industry. 
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Erratum 

In the Program for the ASPRS Annual Convention in Baltimore, Bon Dewitt, of the University of Florida, was incomctly listed as the 
moderator for the Non-Conventional Applications on Wednesday, 27 March. We regret the error. 


