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Abstract

Simulating urban hydrology using actual sewer networks can be tedious and even practically impossible 
for large and/or old areas, especially when considering high spatial resolution requirements of physically-
based models. Therefore, the rapid generation of artificial networks is of considerable interest, especially 
for city-scale analyses. Fractals are scale-independent, self-similar geometric shapes, and fractal trees are 
fractals consisting of a network of connecting lines.  This paper presents a new public-domain application 
for generating artificial sewer networks using the dendritic and space-filling ‘Tokunaga’ fractal tree 
geometry (Artificial Network Generator, ANGel).  Options include varying the number of generations, 
clipping to a drainage basin, irregularization, and expansion (densification) of an existing network.  
Output consists of line, point and area shapefiles with various attributes (e.g. flow length) and a statistics 
(e.g. Horton’s bifurcation ratio) file.  An application of the program to the Faneuil Brook sub-basin in 
Boston is presented.  Artificial sewer networks generated using the program are compared to the actual 
network in terms of various hydrologic statistics and travel time distributions.    

1. Introduction 

The urban landscape is a complex environmental system that reflects the dynamic and intense alteration 
of natural environmental processes by human activity. Urbanization radically changes flow paths and the 
quantity and quality of waters that flow through the drainage network and into receiving water bodies 
such as wetlands, rivers, lakes and estuaries. While urban hydrology (considered here as water and 
associated biogeochemical cycles in the urban environment) can be a highly dynamic and intermittent 
process, the cumulative effects of its impacts on receiving waters are very significant. It is important to 
better understand the role of short-term (e.g., spatially distributed intermittent rainfall acting on movable 
material collected in the atmosphere or on the surface since the last storm), and long-term (e.g., the 
geometry and density of the storm sewer network, or the specific arrangement of land uses and storage 
elements) dynamic processes of the urban hydrologic system.  Urbanization is a dominant global 
phenomenon and there is an urgent need to advance the science of urban hydrology.  
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Hydrologic simulation models are important tools for research and management of the urban 
environment.  One of the primary data requirement for hydrologic simulations and key input for 
hydrologic models is the drainage network.  Of course, the best network to use for simulations is the 
actual one. However, there are a number of cases where we may want to generate and use an artificial
network:

For many older cities, a consistent digital representation of the drainage network is not available.
Generating such a representation from hard copy “as build” drawings can be very time consuming
and often practically impossible for large areas.  Using an artificial network could represent an
alternative.

For analysis of alternative future scenarios (planning), the “actual” sewer network is not known.  Of 
course, it could be designed by engineers, but this would make alternative analysis more time 
consuming and expensive.  An artificial network generated based on some planning variables (e.g. 
land use) could be used for such an analysis.

Artificial networks can be used for research.  The rapid generation of drainage networks at various 
densities can be useful for understanding the effect of scale on hydrologic simulations or the
development of scaling laws.  Much research on this problem has been done in rural hydrology (e.g. 
Wood et al., 1988; Song and James, 1992).

In some cases the best solution may be a hybrid combination of coarse-scale actual and fine-scale 
artificial network. This would allow the modeler to incorporate large-scale features, like pump
stations or combined sewer regulators, where site-specific information cannot be neglected, and 
small-scale features, like individual gutters or driveways, where their exact location and properties are
not as important.  Also, the hybrid approach would allow the modeler to simulate at a consistent 
resolution, which would eliminate scaling effects introduced by applying non-linear models to
heterogeneous data at varying scales (e.g. Beven, 1989). 

In rural hydrology, Geographic Information Systems (GIS) procedures exist that automatically generate
watershed features (streams, watershed boundaries) and assemble them into a network for modeling (e.g. 
Maidment, 2002; Hellweger and Maidment, 1999).  Procedures also exist that take an existing network
and densify it (Hellweger, 1997).  However, in rural settings, the hydrology is mostly controlled by
natural topography and the network can be generated from digital elevation model (DEM) raster grids. 
The question is, can a similar approach be developed for the urban environment, where the hydrology is
not (directly) driven by the natural topography. Can an automated approach of designing an urban
drainage network be developed that produces the same results, in terms of peak flow, volume, quality 
parameters, etc. as a high-resolution manual set-up? The idea is to generate an artificial drainage network
that may look different, but produces effectively the same results as the actual system.

The purpose of this paper is to present a program for generating artificial sewer networks, called the
Artificial Network Generator (ANGel).  The underlying methodology is based on fractal geometry, which
is described in the next section (Section 2).  Then, the program is described, including user-input options 
and program structure (Section 3).  Section 4 presents an application of the program to the Faneuil Brook 
sub-basin in Boston.  The paper ends with a summary and conclusions section (Section 5).  A simple step-
by-step tutorial is presented in Appendix A.
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2. Methodology (Fractal Geometry) 

Fractals are geometric shapes that are self-similar over a wide range of scales, and fractal trees are a class
of fractals consisting of a network of connecting lines. Examples of natural networks that have been
associated with fractal trees include tree branches, blood arteries and natural drainage systems. Although 
fractals were not introduced by Mandelbrot until 1967, Horton’s (1945) empirical work indicates that the 
bifurcation ratio (ratio of number of streams in successive stream generations) and the length-order ratio
(ratio of mean length of streams in successive generations) of natural drainage networks are nearly 
constant across scales. As a result, fractals have been the subject of significant interest in rural hydrology
(e.g. Tarboton et al., 1988; Hjelmfelt, 1988; LaBarbera and Rosso, 1989; Robert and Roy, 1990; Rosso et 
al., 1991; Marani et al., 1991; Helmlinger et al., 1993; Tarboton, 1996).

A fractal tree could be used to represent an urban drainage network. However, there are numerous types
of trees, many having properties inappropriate for the urban environment. Many binary trees are not 
“space-filling” and are “self-touching” (inconsistent with the concept of a dendritic network). A special
type of binary tree, the “H”-tree (bifurcation ratio = 2, angle = 90 ), is space-filling and not self-
touching. Binary trees with side branches can be space-filling. However, the binary structure results in 
intersections of three lines, whereas in the urban environment above- and below-ground flow paths often
follow roads that often form intersections of four lines. It may be that the most appropriate fractal tree is
the one referred to by Turcotte and Newman (1996) as “Tokunaga” tree, shown in Figure 1. This fractal
tree is space-filling and not self-touching. Note that, although similar, the fractal tree presented in Figure
1 is different from the “Peano” tree discussed by Marani et al. (1991) and Tarboton (1996). 

The Tokunaga fractal tree is constructed from a straight line 
(initiator) by (1) splitting the initiator and (2) adding three 
lines at 90o, 180o, 270o angles at the end point of the 
initiator.  The procedure is repeated for each subsequent 
generation for each line, with the exception that no 
redundant lines will be added.

The geometry of a network tree can be summarized using a 
number of parameters, including Horton’s bifurcation ratio: 
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where, Ni is the number of streams of order i, where “order”
refers to the Strahler stream ordering system.  The
bifurcation ratio is the ratio of the number of streams of one 
order to the number of streams of the next higher order.  For 
two generations of the Tokunaga fractal tree, Rb = 3/1, and 
for many generations Rb  4. Horton also introduced the
length-order ratio:

Figure 1. Construction of a “Tokunaga”
fractal tree (from Turcotte and Newman,
1996).
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where ri is the mean length of streams of order i.  The Tokunaga fractal tree has a constant Rr = 2.  The
fractal dimension is (Turcotte, 1997): 
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The substitution of (1) and (2) gives the fractal dimension of a drainage network in terms of Rb and Rr:
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For two generations, the Tokunaga fractal tree has D = ln(3)/ln(2) = 1.58, and for many generations D
2.

3. Implementation (Program Description) 

The program, called Artificial Network Generator (ANGel), is written in Visual Basic for Applications
(VBA) for ArcGIS 9.1.  This paper presents version 1.0 of the program.  All user input is specified on the
form shown in Figure 2.  The program is available free of charge from the corresponding author.  This
section describes the user options. The program structure is described in Appendix B.

Figure2: Input Window of the Artificial Network Generator (ANGel)

3.1 Starting Network

The program works by taking a network (the “starting network”), also called the initiator (red line in 
Figure 3), and expanding it.  The user has the option of specifying the starting network as a straight line
by typing the coordinates of the start and end points into text boxes in the form, or by clicking on the
map.  The other option is to use an existing shapefile as the starting network.  Figure 3 shows two 
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artificial networks.  The network in Figure 3a was created using user-supplied X/Y coordinates.  The
other one was created by expanding an existing network.  Note that ANGel uses the convention that lines 
are directed from downstream to upstream, so an existing shapefile will have to conform to that. 

(a)     (b) 
Figure 3. (a) A fractal network with user-specified starting network, (b) A fractal network with existing shapefile as 
starting network.

3.2 Type 

The current version of the program supports only the Tokunaga fractal tree as network shape.  Future
plans are to include a number of additional algorithms, including the H-Tree and Peano fractals as well as 
“fishbone” (NFB) shapes. 

3.3 Number of Generations to Add 

The user specifies the number of generations to add to the starting network.  The starting network is 
designated as generation 1.  If the user specifies to add two generations to the starting network, a three-
generation network will be created.  The program also accepts zero as input, for when the user only wants 
to calculate statistics (e.g. stream order, average flow length, Horton’s ratio, length-order ratio, drainage 
density) of an existing network.  Figure 4 shows three artificial networks.  The network in Figure 4a was 
created by adding no generation to an existing network, while the one in Figure 4b was created by adding
four generations to a user-specified starting network (yellow line).  The network in Figure 4c is an
example of a relatively complex network.  It was created by adding five generations to a user-specified
starting network (cyan line), and also by introducing irregularity in the network (see section 3.1.4).  Note 
that in ANGel by default the streams in the fractal network are colored by their Strahler stream order. 
Future plans are to allow the user the option to input a desired drainage density of the artificial network 
and the program to automatically generate a network with the user-specified drainage density.

 (a)   (b)    (c)
Figure 4. (a) A fractal network generated by adding zero generations to an existing shapefile. (b) A fractal network
generated by adding four generations to a starting network, (c) A complex fractal network generated by adding five
generations to a starting network.  Note that (c) is also irregular in shape (see section 3.1.4)
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3.4 Advanced Options

The user specifies a “spatial tolerance” distance, which describes the spatial accuracy used by the
program. In general, the value should be based on the spatial accuracy of the input shapefiles.  Note that 
all input and output distances are in map units.  That means if the map distance units are in meters, the 
drainage density is in m/m2.  The program uses the spatial tolerance in a number of ways:

The program determines the existence of connections based on a “spatial tolerance” distance.  That
means if two points are within a distance of less than the spatial tolerance, they will be considered to 
be connected.
The program also identifies the existence of intersections amongst the lines (which can happen when
generating an irregular network or expanding an existing network) and shortens one of these 
intersecting lines based on the “spatial tolerance” distance.  If a line intersects another line (that is 
neither its downstream line nor one of its upstream lines) the program will shorten one of the lines 
(the one of the higher generation).
The spatial tolerance is also used to identify and remove short lines from the network.  The short
lines are usually the result of clipping a network to the extents of a catchment area.
The program uses a buffer for clipping the network to the boundary of the catchment area.  The 
spatial tolerance value input in the form also determines the buffer distance from the boundary of the
catchment area at which the network will be clipped. 

The user can specify a catchment area to clip the artificial network to.  The program automatically
populates the pull-down menu “Clip to Basin Area” with the polygon shapefiles in the table of contents. 
Figure 5 shows a fractal network before and after it has been clipped to a catchment area boundary.  The
program calculates and assigns the stream IDs and Strahler stream order of the lines and traces the
downstream IDs of the lines both before and after the clipping operation.  This is essential to establish the 
correct topological relationships between the lines, which may have changed as a result of clipping.
Clipping can create “orphans”, lines or entire portions of the network, which are cut off from the main
network.  Those lines are identified and removed.

(a)    (b) 
Figure 5. A fractal network before (a) and after (b) clipping to the extents of a catchment area 

Networks generated using strict fractal algorithms are very regular, but actual networks are seldom so. 
Therefore, the program can generate an irregular network.  The user specifies the degree of irregularity by 
entering a percentage in the “Irregular” option.  Figure 6 shows two artificial networks with the same 
starting network and number of generations.  One of them was generated without the irregular option,
while the other one was generated with an irregularity of 30 percent.
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 (a) (b)
Figure 6.  (a) A regular fractal network.  (b) An irregular network with 30 percent irregularity

The user can generate the same irregular network every time by inputting the same positive integer value
(e.g., 1, 2, etc.) in the “Seed” option, which is the seed value used by the random number generator.  A 
different network is generated by setting the “Seed” option to ‘-1’, which means the program will use the
system date as seed value.

3.5 Output 

Program output consists of point, line and area shapefiles, and a text file listing statistics.  Future plans are 
to generate output in the form required by sewer models (e.g. SWMM, Rossman, 2005).  The line 
shapefile has a polyline for each sewer line.  The point shapefile has a point at the upstream end of every
line.  The area shapefile has drainage area polygons for each line and is generated by using the
“ConvertToVoronoiRegions” method of ArcGIS, which writes the set of Voronoi polygons for each node 
(or point in the point shapefile) to a feature class.  The Voronoi region (also known as Thiessen or 
proximal polygon) encloses an area that is closer to the source node than to any other node in the
triangulation.  Table 1 lists the attributes of the output point, line and area shapefiles.   The line shapefile 
is automatically added to the table of contents and symbolized using the “Unique Values” option on the
“StrOrder” (Strahler stream order) field. Box 1 shows an example of an output statistics text file.

ANGel: Artificial Network Generator 
Network Statistics 
Note: All in map units. 
Generated on 5/25/2006 4:31:28 PM 

Basic Line & Area Statistics 
Number of Lines = 46 
Sum, Ave Line Length = 8460.02071344244, 183.913493770488 
Sum, Ave Line FlowLength = 102087.233138679, 2219.2876769278 
Sum, Ave Line Area = 4658994.18104066, 101282.482196536 

Basic Stream Statistics 
Number of Streams = 29 
Sum, Ave Stream Length = 8460.02071344244, 291.72485218767 

Hydrology (e.g. Horton) Statistics 
Bifurcation Ratio (Rb) = 4.8 
Length-Order Ratio (Rr) = 3.94334672574138 
Drainage Density = 1.81584702291961E-03 

Fractal Statistics 
Fractal Dimension (D) = 1.14328124247406 

Box 1: An example output of the Stats text file 
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Table 1.  Attributes of the Output Point, Line and Area Shapefiles

Output ShapeFile Field Description

Point ID A unique integer ID for each node in the network.

Line ID A unique integer ID for each line in the fractal network.

NUpstr The total number of streams upstream of the line in the network.

Generation The generation number of the line in the network.

DownID The ID of the stream immediately downstream of it. 

Outlet A Boolean which indicates whether the line has the outlet
immediately downstream of it or not. 

Temp A temporary variable assigned to the line during the network
generation.

Orphan A Boolean which indicates whether the line is a straggler (has no 
upstream line) or not. 

Length The length of the line, in meters.

FlowLength The length of the line to the outlet of the network, in meters.

StrOrder The Strahler stream order of the line.

StrID The stream ID of the line in the network.

Area The drainage area of the line in the network, in square meters.

Area ID A unique integer ID for each drainage area in the fractal network.
This ID is the same as the ID of the corresponding node.

Area The drainage area, in square meters.

NodeIndex A field generated automatically by the ‘ConvertToVoronoiRegions’
function.

TagValue A field generated automatically by the ‘ConvertToVoronoiRegions’
function.

In the program the default path of all the output files is set to the current directory in which the program is 
saved.  The default filename for the line fractal always begins with ‘L’ followed by ‘Fractal1’, say.  The 
default filenames for the point fractal and the area fractal shapefiles begin with ‘P’ and ‘A’, respectively
followed by the same ‘Fractal1’, say.  The default filename of the statistics text file is ‘Fractal1.txt’. 
These default names get updated every time the program is run with ‘LFractal2’, ‘PFractal2’, ‘AFractal2’,
‘Fractal2’, ‘LFractal3’, ‘PFractal3’, ‘AFractal3’, ‘Fractal3’, and so on.  This ensures that all the output 
files have new names assigned to them every time that ANGel is run.
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4. Application 

To evaluate and test the program, it was applied to the Faneuil Brook sub-basin in Boston, which is 
described in this section. First, some characteristics of the site are outlined, followed by a description of 
how the input data was prepared, and then the results of the application are presented.

4.1 Faneuil Brook Sub-basin 

Faneuil Brook is a tributary to the lower Charles River in Boston.  The lower Charles River extends
approximately 15 km (Zarriello and Barlow, 2002) between the Watertown Dam and the New Charles 
River Dam in Boston, Massachusetts.  The four largest tributaries to the lower Charles River, excluding
the watershed above Watertown Dam (upper watershed), are Laundry Brook, Faneuil Brook, Muddy
River, and Stony Brook.  The lower Charles River Watershed is one of the oldest urban areas in the 
United States, and the Faneuil Brook sub-basin covers parts of the municipalities of Newton and Boston.
The drainage area of the Faneuil Brook sub-basin is approximately 4.66 km2.  Figure 7 shows the Faneuil
Brook sub-basin including its sub-catchments, the actual sewer lines and Chandler Pond.

The Faneuil Brook sub-basin is a part of the greater Boston area and is highly urbanized.  The land use in
this area is represented primarily by multi-family residential (49 percent) and singe-family residential (16 
percent) uses.  Other land uses include participation recreation, such as golf and tennis courts, 
playgrounds (10 percent), urban open space, such as athletic fields, cemeteries and parks (9 percent),
commercial (9 percent), forest (3 percent), transportation (2 percent), open water (1 percent),  and 
industrial (1 percent).  The major soil types in the Faneuil Brook sub-basin are either derived from till or
are disturbed urban land. Soils classified as disturbed urban are found mostly near the river in areas filled
to eliminate tidal marshes and mud flats.  Another soil type found to the north of the sub-basin is derived 
from glacial outwash (Zarriello and Barlow, 2002). The two geomorphic districts in the Charles River
watershed are the Boston Lowland and the Needham Upland.  The Faneuil Brook sub-basin, which lies in
the lower Charles River watershed, is in the Boston Lowland.  The Boston Lowland is less than 50 ft 
above sea level and historically comprised large areas of mudflats and tidal marshes (Zarriello and 
Barlow, 2002).

4.2 Input Data Preparation 

The existing “actual” sewer network of the Faneuil Brook sub-basin was obtained from the USGS GIS 
database of the lower Charles River (Zarriello and Barlow, 2002). First, it was ensured that all the lines 
in the shapefile pointed in the upstream direction. Note that the most downstream point of the Faneuil 
Brook sub-basin is located at the outfall point to the lower Charles River in the northern part of the sub-
basin.  A number of modifications were made to the existing network:

The present version of ANGel is not capable of handling ponds or lakes in the system.  Therefore,
Chandler Pond, which covers an area of 4.61 x 10-2 sq. km in the south-western part of the sub-basin,
was removed.

The program can not handle loops in the existing network.  Hence all loops in the system were opened 
up.

Double sewer lines were removed from the existing network.  The double sewer lines run parallel to
each other being on both sides of the Massachusetts Turnpike, which runs along the northern part of the
Faneuil Brook sub-basin.  The present version of ANGel is not capable of handling such double sewer
lines, and hence one of the double lines was removed.
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Figure 7. Faneuil Brook sub-basin of the lower Charles River watershed, showing the actual sewer network and the 
pond (Zarriello and Barlow, 2002).

4.3 Results 

ANGel was used to generate artificial storm sewer networks for the Faneuil Brook sub-basin.  The
general strategy was to develop several versions of the actual network at different densities (“Level 1”, 
“Level 2”, etc.), and then use the program to generate artificial networks with similar densities.  Then,
various hydrologic attributes (e.g., bifurcation ratio, length-order ratio, etc.) of the actual and artificial 
networks are compared.  The results are summarized in Table 2 and discussed further below.

At the lowest density level (Level 1), there is a single sewer line in the sub-basin (Figure 8a), which can
be approximated using a single straight line (Figure 8b).  In this case the straight line was drawn to be
shorter than the actual sewer, so the flow length of the actual sewer line is longer than that of the artificial
one.  Consequently, the drainage density of the actual network is higher than that of the artificial network
(Table 2).

(a)    (b) 
Figure 8.  Sewer networks of Faneuil Brook at density level 1.  (a) Actual sewer network, (b) Artificial sewer network.
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At the next density level (Level 2), the actual sewer network is represented by seventeen sewer lines
(Figure 9a).  Note that the average drainage area and the flow length distributions (Figure 10, discussed 
next) for the actual network were calculated based on drainage areas computed by the program.  Future
plans are to also use existing drainage areas, rather than just the existing sewer lines.  For this level, two 
different artificial networks were generated.  The first one (Figure 9b) uses the same two points (as in 
Figure 8b) as the initiator, and the resulting network consists of 57 lines.  The second one (Figure 9c) uses 
the actual network at Level 1 (Figure 8a) as the initiator.  The resulting network consists of 81 sewer 
lines.  When the artificial network generated at the second level of density (Figure 9c) is compared to the 
actual drainage network at the same density level (Figure 9a) some problems are evident.  The artificial
network does not cover the western part of the sub-basin, but neither does the actual network.  However, 
the artificial network also does not extend into the eastern parts of the sub-basin that are covered by the 
actual network.  Although all the three networks at this level of density look different, their average flow 
lengths and drainage densities are quite comparable to one another (Table 2). The bifurcation ratios of 
both the artificial networks are quite similar, but they are higher than the bifurcation ratio of the actual
network.  Also, the average drainage areas of the two artificial networks are nearly equal, but less than 
that of the actual network.  The length-order ratios and the fractal dimensions of the networks at the
second density level are quite different from each other.

(a) (b) (c)
Figure 9: Sewer networks of Faneuil Brook at density level 2. (a) Actual sewer network, (b) Artificial sewer network.
(c) Artificial sewer network from the existing actual network at Level 1
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No. of 
Lines

Average
Flow
Length (km)

Average
Drainage Area
(sq. km) 

Bifurcation
Ratio (Rb)

Length
Order
Ratio (Rr)

Drainage
Density (km/sq. 
km)

Fractal
Dimension

Level 1 
Actual 1 2.25 4.66 - - 4.82 x 10-4 -

Artificial (X/Y) 1 1.71 4.66 - - 3.68 x 10-4 -
Level 2 

Actual 18 2.27 0.27 3.5 1.29 2.33 x 10-3 4.87
Artificial (X/Y) 57 2.1 0.08 5.2 3.49 2.42 x 10-3 1.32

Artificial (from L1) 81 2.41 0.06 5.67 4.6 2.21 x 10-3 1.14

Table 2. Properties of Actual and Artificial Networks

Gh
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An important property of a drainage network is the distribution of travel times from various points in the
basin to the outlet, because it determines the shape of the runoff hydrograph at the outlet.  The probability
density function (PDF) of travel times is also referred to as the geomorphologic instantaneous unit 
hydrograph, GIUH (Chow, et al., 1988; Helminger, et al., 1993).  For a constant velocity, the shape of the
travel time PDF will be the same as that of the flow length PDF. The flow lengths PDF (for travel from 
the upstream end of each line to the outlet) for the three networks at density level 2 are presented in
Figure 10.  The percentage of drainage area contributed by lines with a flow length less than 1 km is
highest for the actual network at approximately 18 percent, followed by 15 percent for the artificial
network developed from the actual network, and approximately 12 percent for the artificial network.  The
percentage of drainage area contributed by streams with flow lengths between 2 and 3 km is highest for 
both the actual network and the artificial network.  However, for the artificial network developed from the
actual existing network at density level 1, the streams with flow lengths between 3 than 4 km contribute
to the highest percentage of drainage area of approximately 38 percent.
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Figure 10: Frequency Distribution of Flow Lengths for Level 2 Networks

5. Summary and Outlook 

A program for generating artificial sewer networks based on fractal algorithms was presented.  The
program uses the Tokunaga fractal tree geometry and provides a number of features, like generating an
irregular network, clipping the network to a drainage basin and calculating a number of attributes (e.g. 
Strahler stream order) and statistics (e.g. Horton’s bifurcation ratio). The program was applied to the 
Faneuil Brook sub-basin in Boston. Artificial sewer networks, generated using the program, were 
compared to the actual network at various densities.  Although the present version of the program was 
able to generate artificial networks at the desired drainage densities, some of the hydrologic statistics (e.g. 
Horton’s bifurcation ratio) were significantly different.  The probability density functions of the travel
times are somewhat comparable. The significance of the agreement or disagreement between the various
descriptors of the actual and artificial networks will have to be determined with respect to the goal of 
generating the artificial network in the first place. In other words, model applications to the actual and 
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artificial networks are needed to determine if the artificial networks are adequate, which is one of our 
future tasks. 

The development and application of ANGel is ongoing and future work includes, for example,
incorporating additional algorithms, like the H-Tree and Peano fractals as well as “fishbone” (NFB)
shapes.  Future plans also include incorporating algorithms for using existing drainage areas, rather than
just existing sewer lines.  The broader goal of this study is to run hydrologic simulations using drainage 
networks at different densities to understand the effect of varying spatial resolution on urban hydrologic
modeling.  Hence, model simulations will have to be run with the artificial sewer networks generated by
the program.  These hydrologic simulations will be run using the Storm Water Management Model, 
SWMM (Rossman, 2005).  SWMM is used because it has been designed for hydrologic simulations in 
highly urbanized areas, the focus of our research.  In this direction, future plans are to generate output in 
the format used by the SWMM model.
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Appendix A: ANGel Tutorial

This document contains a simple step-by-step tutorial for running the ANGel artificial network generator.
The user should have ArcGIS 9.1 with the 3-D Analyst extension installed and the following files: 

ArcGIS map document file: ANGel.mxd
TutArea shapefile (.shp, .shx, .sbx, .sbn, .prj, .dbf)
TutActual shapefile (.shp, .shx, .sbx, .sbn, .prj, .dbf) 

The tutorial files are available from the corresponding author.

Completing the tutorial will take about ten minutes. The tutorial consists of the following three parts: 

A. Load program and generate default network. 
B. Generate high-resolution artificial network. 
C. Expand existing network. 

Part A: Load program and generate default network

Step 1. Open the file ANGel.mxd in ArcGIS and load the shapefile “TutArea.shp”, which is the 
catchment area, and the shapefile “TutActual.shp”, which is the actual sewer network.

Step 2. Click on the button “Run ANGel” to start ANGel. The ANGel User Input Form appears on the
screen as shown below. 
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Step 3. Click OK to accept all default input.  The generated line fractal with the default name
“LFractal1” is automatically added as a new layer to the Table of Contents on the map and the lines are
also automatically colored by their Strahler stream order.  The output is shown below.  You may turn off 
the “TutActual” Layer to view the output better. 

Part B: Generate high resolution artificial network

Step 4.  Now we will explore the different options on the form. Click on the button “Run ANGel” again
and this time specify the starting network by selecting the “User Specified” option.  Then click the 
“Click It!” button beside Start X/Start Y and when the form hides, click on the map close to the actual
outlet (look at the actual network “TutActual.shp”).  The form appears again and you can see the “Start
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X” and “Start Y” text boxes have been populated with the coordinates of the point you clicked on the 
map.  Similarly, click on the “Click It!” button beside End X/End Y and when the form hides, click on
the map close to the centroid of the catchment area. The form appears again and this time you can see the
“End X” and “End Y” text boxes have been populated by the coordinates of the point you clicked on the 
map.

Step 5. In the Type section, the default is set to “Tokunaga” and the other options are not available in
the present version of ANGel. 

Step 6. In the Number of Generations to Add section, enter 3 as number of generations to add to the
starting network.

Step 7. In the Advanced Options section, enter 4 as the Spatial Tolerance value.  The spatial 
tolerance is a function of the spatial accuracy of the input shapefiles.

Step 8. Select the “Clip to Basin Area” option and select the “TutArea” shapefile from the pull-down 
menu.  This option clips the generated network to the extents of the catchment area.  Also, note that the 
pull-down menu is automatically populated with the area shapefiles you have on the map document, and
you can select the catchment area to which you want the fractal to be clipped.

Step 9. Select the “Irregular” option to generate an irregular network.  Leave the percentage
irregularity to the default value of 30.  You may increase or decrease the percent irregularity.  However, 
more than 50 percent irregularity may introduce abnormalities in the network.  For a new irregular fractal 
every time, leave the seed value to -1.  For the same irregular network enter a seed value other than -1 
(e.g., 1, 2, etc.). 

Step 10. In the Output section, select the “Point”, “Line”, “Area” options to add the point, line and
area shapefiles, respectively to the map document.  If you want to know the statistics of the generated 
fractal network, check on the “Stats” option.

Step 11. In the “Filename” textbox accept the default pathname and filename of the line fractal
network.

Step 12. Click OK.  The generated line fractal with the default name “LFractal2” is automatically
added as a new layer to the Table of Contents on the map and the lines are also automatically colored by 
their Strahler stream order.  The point shapefile “PFractal2” and the area shapefile “AFractal2” are also 
added to the map automatically.  The output of the generated fractal network with the lines, points and
areas and the output of the statistics text file “Fractal2” are shown below.

The output shown below was generated with the seed option set to 1.  Note that your output may be 
slightly different because of a different random number sequence (-1 seed option).
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Part C: Expand Existing Network

Step 13. In this last part we will explore how ANGel can also be run to generate an artificial network, by
expanding an existing network.  Turn off all other layers except “TutArea” and “TutActual”.  Click on the
button “Run ANGel”.

Step 14. This time specify the starting network by clicking on the “Existing Shapefile” option.  Select
that “TutActual” shapefile from the pull-down menu.  Repeat step 5 as above.

Step 15. In the Number of Generations to Add section, enter 4 as number of generations to add to the
existing network.

Step 16. Repeat steps 7 through 12.  Note that for a different shapefile as the starting network, the spatial
tolerance may need to be set at a lower value depending on how accurate the shapefile is. 
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The generated line fractal with the default name “LFractal3” is automatically added as a new layer to the 
Table of Contents on the map and the lines are also automatically colored by their Strahler stream order. 
The point shapefile “PFractal3” and the area shapefile “AFractal3” are also added to the map
automatically.  The output of the generated fractal network with the lines, points and areas and the output
of the statistics text file “Fractal3” are shown below.

The output shown below was generated with the seed option set to 3.  Note that your output may be 
slightly different because of a different random number sequence (-1 seed option).
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Appendix B: Program Structure

This appendix describes the main structure (program flow).  The first step in the program is to develop the 
initiator.  As shown in Figure B.1, if the user selects to use an existing network, the program will read the
specified shapefile.  It will then calculate topology (connectivity) amongst the lines.  Then the outlet is 
found as the line without any downstream lines.  Junctions are snapped, which is done for aesthetic
reasons.  Lines that connect without additional tributaries entering at the junction are combined
(dissolved) into one line.

No
If Use Existing Network

Yes

Assign attributes to initiator based
ReadLFractal (infractname, True)                       on form

CalcTopology

FindOutlet

SnapJunctions

DissolveLines

Figure B.1: Program Flow to Develop the Initiator (Starting Network)

Once the initiator has been developed, the network is expanded based on the number of generations input 
by the user.  An expansion consists of two basic steps: (1) splitting the line and (2) adding three lines at 
90o, 180o, 270o angles at the end point of the line. When adding the three lines, the percent irregularity, if
input by the user, is taken into account.  Note that the lengths of these extensions in an irregular fractal
will not be the same, unlike a regular fractal, and will depend on the percent irregularity and the seed
value input by the user.  The procedure is repeated for each subsequent generation for each line, with the
exception that no redundant lines will be added.  After the expansion is complete, the program again 
calculates the topology (connectivity) amongst the lines.  Next, the ‘unwanted intersections’ amongst the 

Proc. ESRI International User Conf. 2006



Ghosh et al. 21

lines are identified.  Typically, expansion for any irregular network and even a regular network developed
from an existing network will almost always result in such ‘unwanted intersections’ of the lines.  It is 
okay for two lines to intersect if either of them is upstream or downstream of each other, or if they
intersect at a junction (i.e., have the same downstream ID). Any other intersection in the network apart
from these will be classified as ‘unwanted intersection’.  All the lines are checked for intersections 
amongst themselves and unwanted intersections are marked.  Then the higher-generation line in these 
unwanted intersections is shortened so that it comes within a distance of twenty times the spatial tolerance 
(specified in the input form) of the other.  At this stage, the lengths of each the lines in the network are 
calculated, and the program removes all lines in the network whose lengths are less than twenty times the
spatial tolerance (specified in the input form).

Next, if the user chooses to clip the network to the extent of a catchment area, a new shapefile (temporary
version “a”) with line features is created.  Then, a buffer area shapefile is created around the catchment
boundary at a distance of twenty times the spatial tolerance (specified in the input form) from the 
boundary.  Now, if no generations are added to the starting network, the program reads the network 
shapefile (temporary version “a”).  If the number of generations added to the starting network is greater
than zero, the network shapefile (temporary version “a”) is clipped to the catchment area and a new line 
shapefile (temporary version “b”) of the network is created.  The program then reads this new shapefile
(temporary version “b”). 

Irrespective of whether the network has been clipped or not, the next step in the program is to remove all 
lines in the network, which are shorter in length than twenty times the spatial tolerance (specified in the
input form).  Also, at this stage irrespective of clipping or not, the topology (connectivity) amongst the 
lines is recalculated to establish any changes in connectivity that might have occurred as a result of 
clipping.

The clipping operation often results in ‘stragglers’ or ‘orphans’, which are lines that have been cut off 
from the network.  These are now identified and removed by the program.  The lengths and the flow 
lengths (length to the outlet) of each of the lines in the network are calculated. The Strahler stream order
and stream ID of each line are established.

Next, a node is created at the upstream end of each line.  This results in a point fractal from which a point
shapefile is created.  Each of these nodes in the point shapefile will have a drainage area associated with
it.  The program then generates the area shapefile in which Voronoi regions or proximal polygons are 
created for each node, enclosing an area that is closer to the source node than to any other node in the
point shapefile.  At this stage, the final version of the network (line shapefile) is created by writing all the 
attributes to it like the stream lengths and flow lengths, the stream IDs and their Strahler stream order, and
the drainage area associated with each line.  Next the point, line and area shapefiles are directly added to 
the map if the user has selected the respective options on the form.  After adding the network to the map,
the program colors the lines in the network by their Strahler stream order. Finally, the statistics text file is
generated if the user selects to do so.  This text file summarizes the basic line (length, flow length and
area), stream (stream length), hydrology (bifurcation ratio, length-order ratio, drainage density), and
fractal (fractal dimension) statistics of the network.
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SplitLine

Figure B.2: Program Flow to Add Generations to the Starting Network
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Figure B.2: Program Flow to Add Generations to the Starting Network (contd.)
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