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Nomenclature 

 

( )zyx ,,   Spatial Coordinates 

 

t    Time ( s ) 

 

A    Area of coarse grid cell ( 2m ) 

 

bA    Building area within coarse grid cell ( 2m ) 

 

BCR    Building Coverage Ratio 

 

CRF  Conveyance Reduction Factors  

 

u    Velocity in x  direction ( 1ms− ) 

 

v    Velocity in y  direction ( 1ms− ) 

 

w  Generalising window size dimension (m) 
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Abstract 

With urbanisation continuing to encroach upon flood plains, the constant replacement of 

permeable land with impermeable surfaces and with the changes in global climate, the 

need for improved flood modelling is ever more apparent. A wide range of methods 

exist that simulate surface flow; most commonly in one-dimensional (1D) or two-

dimensional (2D), and more recently on smaller scales in three-dimensional (3D) 

models. In urban flood modelling, 2D models are often the preferred choice as they can 

simulate surface flow more accurately than their 1D model counterparts; they are, 

however, more computationally demanding and thereby usually require greater 

simulation time. With the vast amount of information used in flood modelling, 

generalisation techniques are often employed to reduce the computational load within a 

simulation.  

The objective of this thesis is to improve 2D flood modelling in urban environments by 

introducing a new and novel approach of representing fine scale building features within 

coarse grids. This is achieved by creating an automated approach that data-mines key 

features such as buildings and represents their effects numerically within a multiple 

layer grid format. This new approach is tested in comparison to two other, already 

established generalising techniques which are single layer based. The effectiveness of 

each model is assessed by its ability to accurately represent surface flow at different grid 

resolutions and how each copes with varying building orientations and distributions 

within the test datasets. The performance of each generalising approach is determined 

therefore by its accuracy in relation to the fine scale model and the difference in the 

computational time required complete the simulation. Finally the multilayered 

methodology is applied to a real case scenario to test its applicability further. Overall it 

revealed, as predicted, that the multilayered approach enables far greater accuracies at 

routing surface flow within coarse grids whilst still greatly reducing computational 

time.  

As a further benefit in urban flood modelling, this thesis shows that using a multilayered 

data format it is possible to simulate the influence of features that have a grid resolution 

finer than the initial terrain topology data, thus enabling, for example,  the routing of 

surface water through alleyways between buildings that have a width less than one 

meter. 
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1 Introduction 

1.1 Background 

Flooding events have featured more consistently within the media in recent years, both 

home and abroad. Flooding is often assumed by the public to be a result of dam 

breaches or rivers overflowing; it can, however, arise from a number of factors; one for 

example could be an extreme rainfall event over large impermeable region, where there 

is insufficient drainage capacity. The importance of “Flooding from Other Sources” 

came to the fore following the Autumn 2000 floods in the United Kingdom, causing 

wide spread damage not linked to large scale river flooding (Hankin et al. 2008). During 

these events, some 10,000 properties were flooded and 11,000 people were forced into 

temporary accommodation, businesses were closed, and roads and railways were 

brought to a standstill. The total cost of this damage and disruption has been estimated 

at £1 billion (Néelz et al. 2006).  

The government report by the Regional Resilience Forum (2006) provided insight into 

the causes and effects of a major flooding incident that occurred in the village of 

Boscastle 2004. This village was the recipient of a 1 in a 400 year rainfall event where it 

was estimated that 1,422 million litres of rain fell in just 2 hours, with some areas of 

Cornwall receiving 200+ millimetres of rainfall between 11:00 and 18:00. The resulting 

damage to the town and property is estimated to be around £50 million pounds. In 2007 

there were numerous flooding events around the UK during June and the resulting costs 

from these was in excess of £2 billion with £1.5 billion of that cost coming from 

insurers.  More recently, in February 2010 a flash flood occurred in Madeira in Portugal 

which resulted in 42 fatalities, 120 known injured and an unknown amount of people 

missing. It is clearly apparent that the implications associated with flooding events can 

have serious consequences both financially and emotionally for those affected. 

As population sizes increase and living space becomes a premium, the growth of cities, 

often referred to as “urban sprawl” becomes ever more apparent and the likelihood that 

the developments within and around these cities will encroach into floodplains areas, 

deemed  previously to be at moderate to high risks of flooding will increase. Hundecha 

and Bárdossy (2004) showed that urbanisation clearly leads to an increase in surface 

flow during a summer storm, and Waheed and Chukwuemeka (2010) showed this in 

that the increasing urbanisation along the Kaduna River floodplain was responsible for 

the problem of flooding experienced in recent times along the rivers floodplain. This 
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change in the likelihood of flooding events occurring could be increased further as a 

result of global climate change. Bronstert (1996) stated in his journal paper “the 

investigations about climate change and small scale flash floods, i.e. due to local 

thunder storms, are still in the very beginning”.  Since then there has been extensive 

research into the effects of climate change and it has been a topic featured heavily both 

within the media and as an intense topic of debate within world governments. Recent 

events are ever more leading us to believe that climate change is a contributing factor in 

the number of extreme flooding events in recent times. The document published by the 

Met Office (2009) entitle “Warming, Climate change the facts” states that global 

warming and subsequently climate change will result in more frequent and intense 

heatwaves, floods, storms, wildfires and droughts. With this, it is ever more apparent 

that there is a need to model the effects of urbanisation and climate change and to do 

this, faster and more accurate flood modelling approaches need to be developed. 

1.2 Motivation 

In surface flow-path flood modelling, 2D models are often the preferred choice as they 

can simulate surface flow more accurately than 1D models. The main advantage of 1-D 

models is being that they often require less data, thus less computation time and 

computer memory than 2-D models. 1-D models, however, ignore the details of 

hydraulic processes occurring at intersections and, more generally, in the extremely 

intricate network of streets and open spaces Kamal El Kadi et al. (2009). Mark et al. 

(2004) showed that in a 1D flood model streets can be treated like prismatic channels, 

but when the curbs are overtopped, the flow can no longer be treated as 1D. In a 

comparative study between a coupled sewer and surface model in the form of 1D/1D 

and 1D/2D Djordjevic et al. (2007) showed that the integrated 1D/2D model enables 

more accurate representation of the urban surface. However, further practical problems 

are encountered by this approach; most notably a much longer computational time is 

required. 

One simple approach that can be used to reduce the computational time required in 2D 

modelling is to utilise coarser resolution of data by down-sampling the original data-set. 

The generalisation of this data however leads to a trade off between computational 

accuracy in relation to computational time. Yu and Lane (2006) showed that even 

relatively small changes in model resolution have considerable effects on the predicted 

inundation extent and the timing of flooding. The reduction of resolution is a particular 

issue within urban areas which tend to be highly detailed with fine scale features such as 
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buildings. This generalisation can lead to the “spreading” of buildings and the 

subsequent loss of flow-paths between these buildings (through alleyways), which can 

generate false divergences of surface flow. Therefore a new method of simplifying fine 

detailed data presented herein is required. 

1.3 Objectives 

The objective of this thesis is to create a new and improved approach for simulating 2D 

surface flow within urban environments. This is achieved by the following steps: 

 

1. Analyse effects on topology when generalising Digital Surface Models (DSM)  

 

2. Investigate an existing  methodology of representing buildings externally within 

a single layer generalised model and determine its strengths and weaknesses 

 

3. Design a new approach for representing buildings within generalised grids 

 

4. Create a methodology that enables an automated generalisation of fine scale 

terrain, that utilises the approach laid out in objective 3 

 

5. Evaluate new approach by investigating how it copes with different building 

orientations, building distribution and generalised scales 

 

6. Identify potential applications for new approach 

1.4 Research question & justification 

1.4.1 Question 

Simulating surface water flow through urbanised areas is a complex process and can be 

highly dependent on the fine scale features present within the DSM. With computational 

time being highly influenced by the grid resolution and the accuracy of surface flow 

being influenced by fine scale features a trade off between accuracy and simulation time 

is inevitable. The question this thesis sets out to address is: 

How can we decrease the resolution of an urban digital terrain model whilst 

still maintaining the influence of the fine scale features? 
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A solution to this question would enable quicker flood risk simulations over large 

urbanised areas whilst maintaining an accuracy within the results that is akin to that 

observed in reality and already established 2D urban flood models. 

1.4.2 Justification 

The effects of the relationships between computational time, resolution and accuracy 

have been well documented in the past and are outlined in the following chapter. This 

thesis looks into the generalisation effects caused within urban environments and 

specifically at a means to address the problems associate with this. The methodology, 

therefore, covers the following areas: 

1- Simplify Digital Terrain Models. Fine resolution digital terrain models 

comprise of a large quantity of cells and as such require vast numbers of 

calculations across an area per time step. To reduce complexity, it is therefore, 

apparent that the reduction of grid cells could reduce the number of calculations 

required per simulation. 

 

2- Maintain accuracy within simple model. The trade off between accuracy and 

computational time in relation to resolution needs to be addressed. This thesis 

looks specifically at the influences of building features with a terrain model and 

seeks to represent them externally to the terrain. This should reduce errors 

associated with the generalisation process whilst still being able to reference the 

building properties externally.  

 

3- Show that single layer representations of fine scale features within coarse 

grids is limited. The limitations of single layered approach relating to its 

inability to represent complex building layouts. 

 

4- Reduce computational time on 2D simulations. The computational time 

required to prepare and carry out 2D simulations using fine grid resolutions is 

significantly high. Comparatively Haile and Rientjes (2005) showed the 

variance of computational time in simulations at low and high resolution varied 

from just a few hours to 13 days respectively. 
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5- Show that multiple-layers enable finer scale features to be present in model. 

Demonstrate that features which are of a finer resolution than that of the original 

dataset can be referenced in multilayer space to allow for even greater accuracy. 

1.5 Thesis outline 

Section 2 is an introduction to the underlying principles in both terrain representation 

and generalisation. Here the effects of scale and applied generalisation on surface 

topologies are discussed along with previous attempts to incorporate novel ways of 

representing buildings within coarse grids. The uncertainties related to these effects and 

model representations are then analysed as to provide grounding for the analysis of a 

revised 2D model. Section 3, the methodology will introduce a simple terrain 

generalising technique and show the errors that are generated with this approach on 

surfaces with and without buildings. This chapter will then move on to introduce pre-

processing techniques and new model concepts designed to reduce the errors that are 

associated with coarse (generalised) grid resolutions. Section 4, entitled “results and 

discussion” will show how each of the selected generalising techniques used within a 

2D modelling program copes with representing buildings at different grid resolutions, 

different orientations and different distributions and will look at the future possibilities 

for the newest approach. Section 5 investigates the use of applying this new approach 

on real case scenario using LiDAR data and a rainfall input. Section 6 goes on to show 

potential applications for this approach that could enable further improvements to 2D 

modelling. The final chapter, Section 7 concludes the thesis by providing an overview 

of each models performance and highlighting the potential of the new application. 
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2 Literature Review 

 

2.1 Introduction 

This chapter sets out to highlight some of the previous research that has been 

undertaken within the field of flood risk modelling and terrain generalisation. It will 

discuss the representations of terrain within urban flood models and introduce models 

currently being used and developed within the field of flood risk. The literature review 

will finally move on to highlight new developments within two-dimensional flood 

modelling and their benefits and limitations. 

2.2 Terrain Data 

Computational modelling of the real world is becoming more commonplace with the 

increasing abilities of computers. In the past, surface topologies were often generated 

from contour lines taken by interpolating spot heights measured by hand on site. This 

was time consuming and lead to extremely coarse approximations of the overall surface. 

In recent times, however, technology has enabled generation of highly detailed 

topographical maps over large areas in a relatively short amount of time. With all this 

information now available, a race has ensued as to get the best out of the information for 

creating simulations of real world phenomena. With this, a lot of investment in both 

time and money has been made in the development of accurate flood risk models. Over 

time as computational power increased, developed models have progressed from 1D 

such as for example the Storm Water Management Model (SWMM) to 2D models like 

SOBEK (http://delftsoftware.wldelft.nl/), MIKE21 (http://www.mikebydhi.com/), and 

TUFLOW (http://www.tuflow.com/), and more recently 3D models in the form of 

Computational Fluid Dynamics. Within the flood modelling community 2D is often the 

preferred choice as is less computationally demanding than that of its 3D successor and 

enables greater accuracy of surface flows and interactions than its 1D predecessor. With 

that, the accuracy of modelling 2D surface-flows in flood modelling is primarily 

dependant on two key features. First is the accuracy of the input terrain data used within 

in the model (both pre and post-processed data), and second are the encompassing rules, 

simplifications and methodologies employed for surface flow routing calculations albeit 

by finite-difference, finite element and more recently cellular automata.  
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2.2.1 Generating a surface 

Within many modelling applications, ranging from simulating lava and pyroclastic 

flows down the side of an active volcano, desertification  in central Asia, and surface 

hydrology to name but a few; an accurate digital representation of a terrain surface is 

required, often referred to a DSM. Within the 2D surface flow modelling field, a regular 

grid, raster-based representation is commonly the preferred choice due to its simplicity 

and computational efficiency  (Martz and Garbrecht 1992). These regular sized grid cell 

representations of terrain are referred to as "Raster grids". Raster based datasets can be 

generated by interpolation of points from a contour map, by going out into the field and 

measuring points, or as more commonly used (in particular for large regions) via the use 

of Light Detection And Ranging (LiDAR). This technology involves the use of pulses 

of laser light directed towards the ground and measuring the time of pulse return. The 

return time for each pulse back to the sensor is processed to calculate the variable 

distances between the sensor and various surfaces present on (or above) the ground 

(Lillesand and Kiefer 1999). Figure 2-1 shows and example of how LiDAR data is 

obtained from a light aircraft.  

 

 

Figure 2-1. LiDAR scanning process 

(http://ralph.swan.ac.uk/glaciology/projects/slices/Lidar/index.htm) 
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With this LiDAR technology, vast quantities of data can be captured quickly over a 

large area to a much higher level of accuracy than with previous methods. The reasons 

therefore for use of LiDAR are outlined by Priestnall et al. (2000) are as follows: 

1. Offers a cost-effective way of producing DSMs with accuracy to the order of 

decimetres and is less prone than other remote sensing systems to difficulties in 

measurement due to variations in weather. 

2. Offers precise definition of surface features through a very high density of 

recorded points, allowing the creation of gridded DSMs with cell resolutions of 

1-3m. 

Raster (or regular grid) DSMs thus record elevations at a constant interval referred to as 

the “resolution”. The representation of a terrain by a gridded DSM requires a large 

volume of data that increases with the square of resolution (GAO 1997). It is 

conservatively estimated that the accuracy of LiDAR, as determined from error 

propagation, is about 15 centimetres in elevation (vertical) and horizontal position 

(Burtch 2002). In standard conditions, taking into account the flight (speed 200–250 

km/hour, altitude 500–2,000 m) and sensor characteristics (scan angle ± 10–20 degrees, 

emission rate 2,000–50,000 pulses per second), Earth elevations are collected within a 

density of one point every 0.5–3 m (Brovelli et al. 2004). The large quantity of pulses 

emitted means that in areas of vegetation some pulses are likely to penetrate through 

small gaps in vegetation canopy and reach the surface before being reflected. From this 

it is assumed the last returning pulse (pulse with longest time of flight) has the highest 

probability of detecting the height of bare earth. This enables a distinction to be made 

between surface height and vegetation height. This assumption however of surface 

height may not be entirely accurate and will result in an increase in height uncertainty, 

therefore some form of uncertainty/error assessment is needed. The ground point errors 

within LiDAR acquired data are determined statistically via the use of a Root Mean 

Square Error (RMSE) method (The RMSE value is calculated by examining the 

difference between a number of test points measured via a field survey or by 

aerotriangulation. GAO (1997) used 200 randomly selected checkpoints to calculate the 

RMSE using the following equation: 

 ( )2
1

1 n

i i

i

RMSE Z z
n =

= −∑   (2.1.0) 
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Where n = number of checkpoints; zi = interpolated elevation at checkpoint i; Zi = the 

elevation read directly at the same position.  

To assess the quality of a DSM, Day and Muller (1988) suggested three attributes that 

need to be considered: 

• accuracy with respect to an independently derived DSM principally through 

calculation of the difference between the forward geocoded height model and 

the reference model; RMSE difference values together with histograms of 

distribution of the height differences provide a range of quality metrics 

• reliability - defined as the proportion of points with elevation errors greater in 

magnitude than three standard deviations 

• sampling density - defined by proportion of points actually matched 

In comparison to other techniques, data obtained via LiDAR is still proven to be one of 

the most accurate means of obtaining topographical information quickly over a large 

surface area. The level of detail within the dataset and the noise present during 

acquisition however, means that the data still requires some post processing before it 

can be used effectively in applications. 

2.2.2 Filtering LiDAR data 

When generating surfaces using LiDAR, the desired target for each pulse is the bare 

earth. However, pulses returned to the aircraft are recorded irrespective of what they 

have struck. These pulses can be reflected off a variety of non bare-earth objects 

buildings, cars trees, power lines and even birds (Liu et al. 2005). These effects coupled 

with noise which can arise internally as a result of electronic interference from the 

switching of the circuits responsible for laser pulses or from external electromagnetic 

sources such as the sun or moon (Fang and Huang 2004), mean that prior to its use 

LiDAR needs to be cleaned (filtered). In terms of cleaning the raw data there are various 

techniques used for noise reduction, such as accumulation of LiDAR echo data on the 

assumption of noise randomness; moving average method; filtering using fast Fourier 

transform; or hysteresis smoothing method (Okumura et al. 1992). Noise within the data 

can also be reduced by using more simple, low-pass global-filtering techniques such as 

an averaging window whereby a value for one cell is interpolated via examining the 

values of its neighbouring cells. Some of these filtering techniques result in the loss of 

significant information or a change in resolution of the input DSM or make detrimental 

changes to key features within the model. When filtering LiDAR datasets these 
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potential loss effects must be taken into consideration. Recent studies (e.g. Fang and 

Huang (2004), Tate et al.(2005)) developed new approaches to noise filtering of DSMs 

utilising wavelets.  These can enable what is known as a "lossless" technique, where 

overall number of grid-cells and resolution remains unchanged, but can enable the 

removal of small features such as peaks and pits within the DSM as wavelets can be 

used to identify and remove high-frequency components. One example of such 

approach was the use of the A-Trous wavelet function (Evans 2006) that enabled the 

reduction of noise and removing fine-scale (high frequency) features whilst maintaining 

the integrity & properties of key channel networks features within the DSM  in 

comparison to low-pass filtering techniques. This created a smoother representation of 

the surface with reduced error production (errors were determined via comparison of 

key channel classification changes).  

The filtering of data can be carried out globally or selectively and are thus named 

accordingly. Global filtering techniques are computationally less demanding as their 

properties are fixed during the filtering process. Typical basic filters used on datasets 

are those of low-pass and high-pass filters. These filters can be applied to either smooth 

or sharpen an image respectively. 

 

 

Figure 2-2. Low-pass filtering using smoothing kernel 

 

Figure 2-2 (Lillesand and Kiefer 2000), shows the resulting output for a centralised 

pixel within an original dataset that is enclosed by the low-pass filtering kernel. This is 

a commonly used low-pass filter and unlike the wavelet approach mentioned previously 

this method if far more simplistic and faster to apply. The value of a centralised cell is 

calculated via the use of the generalising kernel and the cell values within the 

generalised window which the kernel is applied to. The convoluted value is thus derived 

in the following way:  
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This filtering kernel can then move to the next spatial location to create a new value. 

This approach is designed to smooth the image and is a simplistic method of removing 

outlier values that could be as result of noise. It does not alter the image’s resolution, 

However, due to the kernel requiring pixel/cell data around its centralised cell the cells 

located at the boundaries are lost. Figure 2-3 shows the effect of a larger 9x9 filtering 

kernel used to remove a substantial amount of Gaussian noise from a grey-scale image. 

The image used is a picture of a walkway situated in St Lukes campus at the University 

of Exeter. The filtered image appears far less chaotic as the high-frequency noise 

component is removed but it is also apparent that other fine details have been lost from 

such as definition within the brickwork pattern. 

 

 

Figure 2-3. Using low-pass filter to remove noise from a grey-scale image (original photograph 

taken by Tim Pestridge on behalf of the University of Exeter) 

 

Unlike the low-pass filters, the high-pass filters are designed to emphasise features 

within an image which can for instance be used for edge detection. One of the simplest 

methods of high-pass filtering is to first apply a low-pass filter as to obtain the low 

frequency component of an image then subtract this component from the original image. 

Figure 2-4. Shows how a low-pass filtered image can be used to generate a high-pass 

filtered image. Here a 9x9 global filtering window is applied to the original image 

(image without noise added) to generate the low-pass filtered image which constitutes 

Original Original + Noise Original + Noise with

9x9 Low-Pass Filter
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of the low frequency components of the original image. As the original image is 

comprised of low-frequency and high-frequency components by subtracting the low-

frequency image away from the original image only the high-frequency components 

remains. The resulting image clearly highlights the line details such as the shape of the 

archway, the brick pattern and the outline of the figure but within this image the sense 

of shading and depth that subsequently falls within the low-frequency components of 

the picture is lost. 

 

Figure 2-4. High-pass filtering  

 

Selective filtering is the removal of specific features that match a set criterion. In terms 

of LiDAR data the removal of manmade objects to create a bare earth model is carried 

out using selective filtering techniques. For hydrological models there are two primary 

types of terrain topology datasets usually generated: First is known as a Digital Surface 

Model (DSM) which is a real representation of the terrain with all detected features 

present, such as trees, buildings, walls etc. The second is a Digital Elevation Model 

(DEM) which refers to the bare earth surface with no vegetation or manmade features 

present. Both representations have their uses for different applications. To generate a 

DEM, data has to be filtered in order to eliminate vegetation and buildings referred to as 

"off-ground" points (Brovelli et al. 2004). The distinction between vegetation and 

buildings can be obtained by examining differences between first and last LiDAR 

pulses within the area as there will be greater variance in time of flight for pulses within 

vegetation. Using this information features that are regarded as being "off-ground" are 

removed and the heights where these feature were situated are interpolated via the 

analysing surrounding ground points. The LiDAR filtering methodology used by 

Original 9x9 Low-pass filter Original minus 9x9 

low-pass filter
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(Sánchez and Brovelli 2007) relies on the following steps designed within the GRASS 

software package: 

• Outlier removal. 

• DEM interpolation by bicubic or bilinear splines, residual classification and 

buildings and vegetation edge detection. 

• Determination of the area inside these edges. 

• Building and vegetation removal and terrain surface reconstruction by bilinear 

spline interpolation with hybrid norm. 

Outliers are points within the terrain that have small area but their height difference with 

respect to its surrounding terrain is significantly large (above a threshold value). These 

points could be due to refection of laser pulse off clouds, passing birds or a system 

malfunction.  

Buildings and vegetation classification is done by first carrying out edge detection by 

looking for regions with high gradient values. Figure 2-5 shows the edges detected via 

the gradient comparison analysis of a sample of LiDAR data of Stuttgart Railway 

station (Sánchez and Brovelli 2007). The edges (areas where the gradient is above a pre-

defined threshold value) of features are clearly visible as red lines against the surface 

terrain. 

 

Figure 2-5 Edge detection taken from LiDAR scan of Stuttgart Railway Station; YELLOW 

'Terrain' points, RED 'Edge' points (Sánchez and Brovelli 2007) 
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Once the edges of these features are established a baseline for building heights with 

respect to ground heights can be obtained. It is this baseline that enables the 

classification of “off ground” points. The next stage of building identification is 

“Building Segmentation” where the derivation of individual buildings can be 

established. This is achieved using a “region growing” (moving window) algorithm that 

successively collects points of the same window and is described by Sampath and Jie 

(2007) in the following steps: 

1. Start from building point 0P , 

2. Centre a window at the point and collect all the points { }1 2, ,... kA P P P= that fall 

within the window, 

3. Move the window centre to 1P , 

4. Collect the points that fall within the window and store them in a temporary 

array, { }1 2, ,... rT tP tP tP= , 

5. Move the window centre to point 2P . Append the newly collected points to the 

array T , and in this process make sure no two points are identical, 

6. Continue the process till the window has been placed over all the points in set  

A , 

7. Merge points in Aand points in T and store them in B , i.e., { }.B B A T= ∪ ∪

Initially B is a null set, 

8. Replace points in A  with points in T such that the newly populated set A  is 

equivalent to { }T A⊄ , 

9. Go back to Step 3, 

10. Stop when no new points are added to set B . 

 

At the end of these steps, the set B constitutes of points that belong to the same building. 

The set of points inB are removed from the original dataset and the algorithm continues 

to work on the rest of the points until all the “off-ground” points are mapped to 

individual objects. After this stage has been completed filtering of clustered sets maybe 

carried out in that small clusters are more likely to trees or vehicles and can therefore be 

removed if required. After the removal of the buildings the terrain heights located where 

the building previously resided can be interpolated via the use of bicubic or bilinear 

splines as briefly mentioned earlier where by assessing the variations in terrain heights 
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about the outer edge of a feature an approximate bare-earth terrain layout can be 

established within the enclosed building boundary.  Neidhart and Sester (2008) show 

and example in their paper (Figure 2-6) of generating an approximate bare-earth surface 

via the use of representing it with a polynomial and weighting functions. Here of a side 

view of an artificially generated terrain layout with buildings (in blue) and an adjusted 

polynomial representation generated after one iteration (in red) and five iterations (in 

green). The interpolated line shown in green appears to logically fit the variations 

present within the original data and provides a good estimation of the bare-earth surface. 

 

Figure 2-6. Interpolating surface heights from DSMs (Neidhart and Sester 2008) 

 

2.2.3 Resolution scale 

Due to LiDAR technology enabling the accumulation of vast amounts of topographical 

data at extremely high resolutions, the end user can be overwhelmed with the 

information available. The high resolution data often surpasses the user's needs and as 

such a coarser resolution representation of the data is often generated. It is now widely 

recognised that topographically, model results and accuracy are sensitive to the 

resolution of the source data. As the spacing of elevation samples increases, fine-scale 

features are lost and the surface becomes more generalised (Gallant and Hutchinson 

1997). The user's choice of required resolution varies from application to application, 

Ying and Wang (2006) used 4401100× cells at 15m
 
and 220550×  cells 30m resolution 

respectively for modelling surface flow propagation as a result of a Dam/Levee breach. 

Djordjevic et al. (2007) opted to use an even finer 2m
 
grid resolution DSM for their 2D 

surface flow simulation within a smaller urban environment in order to keep key 

information such as building and road features, which at the larger scales would be lost. 

The key point to consider when looking into choice of cell resolution is "scale" and in 

particular within the context of modelling scale. In this context, scale is regarded as to 

the level of influence of features within a study area in relation to the size of the study 

area. For example, when modelling the flow of water on a large scale like that in terms 

of examining outflows from an upstream catchment into a river then a coarse resolution 

would be used, such as 100m
2
 cells as used by (Jain and Singh 2005), as at this scale the 
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effects of buildings need not be considered. Fewtrell et al. (2008) highlighted that in 

terms of scale needed for accurate prediction of water depths an initial estimate of the 

minimum grid cell size for urban applications is roughly equal to the shortest length 

scale of the urban structures. There has been extensive research into "scale" in 

hydrological modelling in both the spatial and temporal aspects. Blöschl and Sivapalan 

(1995) compiled an extensive review of a framework for scaling issues in hydrology; 

Figure 2-7, taken from their review proceedings, is a diagrammatic attempt to classify 

hydrological processes according to typical length and time scales. 

 

 

Figure 2-7 Hydrological processes at a range of characteristic space-time scales. (Blöschl and 

Sivapalan (1995)) 

 

Zhilin (2008) stated that in digital terrain analysis scale may be interpreted to mean: 

• degree of abstraction, 

• degree of detail, 

• ratio of distance and, 

• magnitude of study area. 

In terms of DSMs, however, scale could be defined by a set of parameters: 

• magnitude of study area (or cartographic ratio), 
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• accuracy, and 

• resolution. 

(Deng et al. 2007) investigated scale in DEMs and specifically the two null hypotheses: 

• Terrain attribute values calculated from DEMs do change in consistent ways 

when the input DEM resolution is altered. 

• The response of terrain attribute values to DEM resolution change does not vary 

significantly across landscape locations. 

 

They looked at the effects of DEM resolution on slope, plan curvature, profile 

curvature, north-south slope orientation (NS), east-west slope orientation (WE), and 

topographic wetness index (W). Figure 2-8 shows diagrammatic results of resolution 

effects on terrain properties. 

 

Figure 2-8. Distribution patterns of terrain attributes at different spatial resolutions. Light colours 

represent larger values, and dark colours represent smaller values. (Deng et al. 2007) 

 

Looking at the representation of slope at different scales, the overall mean change in % 

slope is relatively small whereas the localised effects on slope change are large (Figure 

2-9).This implies that high frequency components are more greatly affected by 

resolution changes in comparison to the low frequency components. 
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Figure 2-9. Variation of slope attributes for 5m, 25m, 50m, and 100m DEM resolutions. (Deng et al. 

2007) 

 

As a result of their analysis on the specific study area Deng, Wilson et al.(2007) 

conclude that: 

1. Terrain attributes respond to resolution change in characteristically different 

ways, especially when the resolution is coarsened in the range of 5-50m. Plan 

and profile curvatures are the most sensitive among the tested attributes, 

whereas slope is the least sensitive. 

2. Consistently smaller correlations were observed across all terrain attributes 

when the pairs of DEM resolution compared were increasingly distant from each 

other. 

3. Large differences were observed between 5 and 10m W (wetness index) on all 

landform classes, signifying that 10m may be too coarse a resolution for W 

modelling, at least for this landscape. 

 

As a rough guide when choosing a dataset to be used for modelling, the following 

criteria need to be considered: 

• Size of the study area, 

• Minimum size of key features required by the model, 

• Complexity of model, 
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• Type of model used for simulation. 

 

Zhilin (2008) considers finding the optimum scale (resolution) mathematically for a 

given application and the method used which seems interesting was that of the "local 

variance method". The procedure for this is as follows: Firstly plot local variance as a 

function of resolution. The local variance is defined as the average of the variances 

within a moving window passing over the entire area. If the spatial resolution is 

considerably finer than the objects in the area, most measurements will be highly 

correlated with their neighbours and the variance will be low. If the approximate size of 

objects studied are close to the resolution, the values tend to be different from each 

therefore the local variance increases. Second find the resolution with maximum 

variance and regard as optimum resolution. Data variability can be plotted against 

resolution Figure 2-10. 

 

 

Figure 2-10. Data variability to determine optimum resolution (Zhilin 2008) 

 

It is important to note at this point that the optimum resolution will differ between 

the DEM and DSM accordingly and that to down-sample fine resolution data to a 

coarser "optimum" resolution for the model a suitable generalisation technique is 

required.  

2.2.4 Generalisation 

The simplification process of DSMs is known as "generalisation" and there are three 

different methodologies that are commonly used (Weibel 1989): global filtering, 
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selective filtering, and heuristic filtering. Each type of filter has its benefits and pitfalls 

when it comes to generalisation. Global and selective filtering techniques were 

discussed in previously; heuristic filtering is a more trial and error based filtering 

technique as a means of improving the quality or extracting information from the data. 

In hydrological models there are often features that play significant roles in routing and 

storing surface flow. These could be natural pits, ridges, channels and man-made 

features. These features can be lost in the generalisation process leading to inaccurate 

flood model simulations so methods were devised in order to keep this information. One 

used method to solve this problem was a multi-scaled approach which enabled the 

representation of terrain in various resolutions simultaneously. In regions where there 

are no significant fine resolution objects present the data can be represented by coarse 

grid-cells and where fine detail objects are present finer resolution grid-cells can be 

used.  Zhilin (2008) proposed the incorporation of a "critical-point-based" analysis of 

the terrain to determine the more important points with the study area and preserve the 

fidelity of the surface within an irregular grid (a Triangular Irregular Network (TIN) 

representation). One such approach of simplifying TINs is the use of the Douglas-

Peucker algorithm (Bonham-Carter 1994); which is designed to preserve maxima and 

minima points within a threshold tolerance. This algorithm starts off by keeping anchor 

points (first and last point) then recursively divides up a line. Figure 2-11 (0) shows the 

original curved line and Figure 2-11 (4) shows the final simplistic derived 

approximation of that curve. The algorithm recursively divides up the line. If a point 

lies outside the approximation at a given step perpendicular to the approximated line 

segment beyond a threshold value (ε ) then the approximation is deemed to be 

insufficient and the extreme point is chosen as another anchor point. Figure 2-11 shows 

that a close approximation of the curve in (0) represented by 8 nodes can be created 

using just 5 nodes. 
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Figure 2-11. Douglas Peucker algorithm (Bonham-Carter 1994) 

 

When applying this technique to DSM's a critical point analysis points can be analysed 

in X and Y directions and along the diagonals; therefore in terms of pre-processing of 

DSM's as this approach time consuming; and within urban environments there are 

numerous sudden changes within the terrain which adds to the complexity of point 

selection during the recursive process adding to the time.  

The key issue confronted with using a multi-scaled approach is that the data-set will be 

in an irregular grid format which is computationally and mathematically more complex 

to incorporate into models as opposed to regular-grid representations. Regular grid 

representations are often the preferred choice of data format due to their ease in 

manipulation and representation within GIS packages. There are a large variety of 

methods available for generalising regular grids and the easiest way of generalisation 

(besides re-sampling), is a low-pass filter (Burrough and McDonnel 1998). This is a 

global filtering technique which does not distinguish between geomorphologic 

characteristic and uncharacteristic features. Figure 2-12 shows a 9x6 grid being down-

sampled into a 3x2 grid representation. 
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Figure 2-12.  Generalised DSM generated using a 3x3 low-pass averaging window 

 

Wood (1996) showed that topographical features can generally be classified into 6 

simple specific types (Figure 2-13) and the generalisation process can result in the 

subsequent changing of these features: 

 

 

Figure 2-13. 3x3 Cell representation of the 6 fundamental topographical  feature types (Wood 1996) 

 

Using a 3x3 low-pass averaging filter window at this scale on the varying feature types 

shown in Figure 2-13  into a single cell would of course transform them all into the 

"plane" classification (with the exception of the plane which remains unchanged). This 

plane generation is only situated on the chosen window size scale and feature types that 

are larger in dimension than that of the averaging window may not necessarily become 

planular but may have their dimensions altered within the x, y, and z axis. The alteration 

or loss of these feature types can pose problems within the hydrological modelling areas 

as discussed previously as key features like ponds may become shallower, channels may 

become wider, and buildings may spread and take up larger areas within the landscape. 

With these changes within the landscape during generalisation, 2D models with a lower 
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resolution are more likely to result in flooding over a wider area and at shallower depths 

than high resolution 2D Models. Furthermore, as the level of detail in the surface 

topology in the low resolutions is reduced the level and scale of the physics used in the 

2D model can become less complex Djordjević et al. (2010 (In Press)). 

Within urban flood modelling it is the man-made building features that play a 

significant role in the routing of surface flow at and it is these key features that are 

distorted or lost during the generalisation process. As discussed by Bates et al. (2003), 

there is a newly emergent research area involved in looking at dealing with massive data 

sets and integrating them into lower resolution inundation models in a manner that 

maximises the use of information available. 

2.3 Representing key features within coarse grids 

Resolving surface water movement through urban areas requires resolution of complex 

flow paths around buildings, representation of microscale topographic and blockage 

effects and numerical schemes capable of dealing with high-velocity flow at shallow 

depth. This requires model grids of the order of 1-5m resolution (Hunter et al. 2008). 

These resolutions, however, are time consuming and computationally taxing to simulate 

so data is often generalised to a more manageable resolution. The generalisation of 

DSMs within urban environments leads to significant changes in the topology due to the 

spreading or loss of dominant features. To avoid the errors generated, it is common 

practice to remove the buildings from the model and interpolate ground heights in their 

location prior to generalisation. Yu and Lane (2006) stated that, the presence of 

significant features (houses, walls, etc.) on a river floodplain is important in both the 

volume of the floodplain that can be occupied by the flow and the direction that the 

flow takes across the floodplain. This fact is also true for pluvial flooding; therefore the 

building information needs to be maintained to some degree as to ensure the accuracy of 

the derived floodplain for a flood event.  

The spreading effect of leaving buildings in prior to generalisation will cause changes to 

the topology resulting in changes to the direction surface-flow paths. Syme (2008) 

showed the effects of cell size in representing surface flow (Figure 2-14). Here the 

resulting surface water propagation of a river wall breach event, modelled on 5m, 10m, 

and 20m grid-cells. From this example we can see that the behaviour of surface water is 

greatly governed by the fine detailed features in the 5m grid resolution and that the 

removal or reduction of these features as a result of scale/resolution change causes 
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significant changes to flow directions. To model urban areas using coarse grids 

accurately, information is still required to represent fine detailed features present within 

each coarse grid cell such as building, walls, and fences. 

 

 

Figure 2-14. Effect of cell size on flow around buildings (Syme 2008) 

 

The building's influence within a generalised grid-cell can be referenced separately to 

some degree numerically, by increasing the Manning's roughness coefficient n within 

the coarse grid-cell. The up-scaling of n however may reduce fluxes across linear sets of 

grid cells, but will not necessarily recognise the full topographical nature of the 

structure (Yu and Lane 2006). Figure 2-15 shows the percentage of overestimation of 

the inundation extent in comparison to the benchmark 4m grid resolution model on a 

test at 60h into the simulation in relation to the changing the Manning roughness 

coefficient. 
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Figure 2-15. The relationship between n and the percentage of overestimation of inundated extent 

at 60h into simulation. A negative overestimation is equivalent to an underestimation (Yu and Lane 

2006) 

 

From this observation we first notice a significant increase in the overestimation of 

flood extent at coarser resolutions and that a large increase of the Manning's roughness 

coefficient is required 1≥n  in order to reduce the flood inundation area to that more 

akin to the 4m resolution. Overall Yu and Lane concluded that the use of changing 

roughness coefficients in order to compensate for coarser mesh resolutions is limited by 

the degree of the coarseness of the grid cells. The lower the resolution the less influence 

adjusting the roughness parameter alone has, as this only controls the speed and not 

direction of cell wetting. 

So with the removal of buildings completely resulting in an increase of the inundated 

area and the generalising the buildings along with the terrain will result in changes to 

the flow routing, a compromise is needed. (Haile and Rientjes 2005) looked at three 

separate ways of representing buildings either as solid objects, partially solid objects, 

and hollow objects (Figure 2-16). 
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Figure 2-16. a) solid objects, b) partially solid objects, or c) hollow objects (Haile and Rientjes 2005) 

 

Figure 2-17. shows a comparison chart of the inundated areas for each type of building 

representation shown above: 

 

 

Figure 2-17. Bulk flow characteristics for different types of building representation at 5m 

resolution (Haile and Rientjes 2005) 

 

In their study, they again varied the surface roughness values according to the building 

representation. Comparison of the bulk flow characteristics (Figure 2-17) has shown 

that they do not change significantly and again show that building representation 

through the modification of roughness coefficients alone is not sufficient to represent 

the hydrodynamic effects buildings generate in the real world.  

One approach adopted by Yu and Lane (2006) was to represent fine scale characteristics 

within a coarse grid using sub-grid parameterization. Here they introduced a “porosity” 

function within the coarse model; this was used as a means of maintaining the slope 
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integrity of a surface within the coarse representation. McMillan and Brasington (2007) 

adopted a similar approach in their work, whereby fine scale topology is also 

represented within coarse grids in terms of its “porosity”. Figure 2-18 shows an 

example of 1m grid cell topology within a 5m grid cell. The fine scale topology 

provides information ascertaining to where water can enter the coarse grid and the 

direction it can leave in. This relationship is dependent on the depth of water within the 

cell and is defined in this instance as its “porosity” referenced within a lookup table. 

This approach enabled significant improvements in modelling at coarse resolutions with 

little increase in computational costs. 

 

 

Figure 2-18. Schematic representation of micro-topography within coarse model grids, here 

showing a 1 m resolution DEM embedded within a 5 m resolution model cell (McMillan and 

Brasington 2007). 

 

Schubert et al. (2008) compared two approaches of representing buildings within an 

unstructured mesh at different resolutions; the first being the Building Hole (BH) and 

Building Block (BB) methods. Figure 2-19 shows a comparison of the different 

methods for representing buildings at different mesh sizes ranging from 0.8m to 5m. 
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Figure 2-19. Building Hole (BH) and Building Block (BB) mesh representations of terrain 

(Schubert et al. 2008) 

 

Results showed that the BH method maintained a constant depiction of building shape 

with mesh coarsening and addressed the problems encountered when representing 

buildings locally by height in the BB approach. 

The representation of buildings specifically within coarse grids has been explored 

further. One such means of simulating buildings within coarse grids was employed by 

Soares-Frazão et al. (2008) via the incorporation of storage and conveyance porosity 

coefficients.  The storage porosity ( )1 φ− represents the fraction of the ground surface 

occupied by buildings, structures etc that are impermeable or have very little 

permeability to incoming flow. The conveyance porosity is the fraction of the cross 

section available to flow. In their paper the value φ  is not calculated for each cell 

individually, rather it is calculated with respect to the area as a whole as the average 

building coverage of the land area. The land is then discretized into an arbitrary number 

of cells each having the same value φ  assigned. Moreover the storage and conveyance 

porosity are assumed to be identical for simplicity.  

A more localised approach for representing buildings was adopted by Hsu et al. (2000). 

Here they used a 2D diffusive overland-flow model and looked at numerically 

representing buildings as solid objects within a coarse grid via the use of a linear ratio. 

This method was later refined and improved upon by Chen et al. (2008) within a 

modified Urban Inundation model (UIM). Here, the area buildings occupied within 
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coarse grids are represented numerically via the use of a Building Coverage Ratio 

(BCR) and the restriction of surface flow propagation from one coarse cell to another 

was governed by the Conveyance Reduction Factor (CRF), which is akin to the 

previously discussed conveyance porosity. This approach however allows for different 

BCR and CRF values to be assigned to each coarse grid cell. 

In the UIM the inertial term in the momentum equations is neglected based on the 

assumption that the acceleration term is negligible compared with gravitational and 

frictional terms. This assumption/simplification enables the UIM to work 

computationally quicker but at the expense of not being able to handle large slopes, high 

flow rates and causing potential instability problems within the solutions.  

The depth-averaged shallow water equations comprising of the continuity equation 

(2.1.0) and momentum equations (2.1.1 & 2.1.2) on the overland surface are therefore 

written as:      
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where d = water depth, h = water stage, u = velocity component in x-direction, v = 

velocity component in y-direction, t = time, g = gravitational acceleration, q = source at 

sink per unit area, and 
A

Ab=β  detaining ratio which represents a linear ratio of 

building area to total area of interest (Hsu et al. 2000) for a square building. The 

fictional terms in the x and y directions respectively are given by equations 2.1.3 and 

2.1.4, where n is the Manning’s roughness. 
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The UIM  and the methods employed to solve these equations is discussed in greater 

detail in section 3.9. 

2.4 Flood Modelling 

The real world processes and physics that occur in flood based events are extremely 

complex and difficult to represent completely in a mathematical form. There are, 

however, established methods and simplified equations that can address the dynamics of 

flooding as shown in Table 2-1.  

Table 2-1. Hydraulic conditions accounted for by simplification of wave equations (Butler and 

Davies 2004) 

Accounts for Kinematic wave Diffusion wave Dynamic wave 

Wave translation YES YES YES 

Backwater NO YES YES 

Wave attenuation NO YES YES 

Flow acceleration NO NO YES 

 

Each approach takes into account different considerations and simplifications, and as 

such, they differ in their ability to cope under different conditions. For example, 

comparing the ‘diffusion wave’ (Equation 2.1.5) with the ‘kinematic wave’ (Equation 

2.1.6) reveals that although the ‘diffusion wave’ travels at the same speed ‘c’ as the 

‘kinematic wave’ as a result of the right hand side it is subject to diffusion. The 

diffusion coefficient ‘D’ regulates the attenuation of the wave downstream (Butler and 

Davies 2004). 
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As a general rule the more parameters considered within a model, the more akin to 

reality it will become but at the expense of computational demands. With the influence 
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of some constraints in a model/situation being less significant than others, equations can 

be simplified further. 

Once an adequate terrain representation has been generated a flood model can be 

implemented. In the past 1D flood models were commonly used but within the context 

of quantifying flood risk, 1D models are limited as surface flows are restricted within 

the constraints of the predefined channels. 2D solutions are not forced to follow 

predefined flow-paths, they are well suited to areas where flows spread out and follow 

the lie of the land (e.g. along streets and through properties). In these situations, 2D 

solutions have considerably less uncertainty than their 1D counterparts. They are, 

however computationally much more intensive, and take significantly longer to process 

(Syme 2006). There is a wide range of existing techniques and programs in current use 

for modelling 2D flow and adapted for regular and irregular grid structures. Within this 

thesis modelling within a regular grid structure is used as this proves to be 

computationally simpler of the two grid-layouts in terms of modelling. 

2.4.1 Finite difference model 

Finite difference models are currently used in some commercial flood modelling 

software packages, such as SOBEK and TUFLOW.  Finite difference models like 

TUFLOW and UIM are based on 3 primary equations: Continuity equation, Momentum 

equation in x-direction, and Momentum equation in y-direction. 

Finite difference relies heavily on the choice of discretization of the data in both spatial 

and temporal aspects. The spatial aspects can be specified by the user in that it can 

relate to the cell-size/resolution of the grid cells. The time-step t∆  is defined as the time 

required for water to traverse a grid cell creating a dependence of time-step to 

resolution. Smaller time-steps generally lead to greater accuracies within the model but 

as a consequence leads to greater run times. This creates a trade off between choice of 

time-step and model accuracy. When using a finite difference approach with explicit 

forward differencing, the maximum time-step should be such that any surface 

disturbance does not propagate beyond the boundaries of a grid cell within a time-step. 

Time steps longer than this can lead to model instability in explicit solutions.  

This gives a Courant Number limitation with respect to velocity and wave celerity: 
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where g is the gravitational constant 281.9 −= ms  

As t∆  is not constant across the solution as dependant on variables v and d then 

specifying a fixed t∆ poses a challenge as if t∆  is too large, oscillations can occur. 

Figure 2-20 shows an Illustration of checkerboard oscillations between two adjacent 

cells. (a) At end of time step t, the level in cell i, j has for the first time risen above that 

of cell i - 1, j. (b) At the end of time step t + Dt, the discharge from i, j to i -1, j should 

be equal to zero as the levels in each cell are equal (i.e. h
i-1, j

 = h
i, j
). (c) However, an 

oscillation begins develop as a result of the low free surface gradient between the two 

cells (i.e. h
i-1, j 

=  h
i, j 
) and, at the end of time step �� � ��, the discharge from i, j to i - 1, 

j causes the level in i - 1, j to jump too high. This will result in an erroneous flow 

reversal at time step�� � ���. (d) At the end of time step�� � ���, the level in i - 1, j has 

caused a large discharge toward i, j, whose level rises too high and causes a second 

successive flow reversal. These oscillations develop rapidly and spread, destroying the 

solution will occur as surface disturbances are allowed to propagate beyond the 

boundaries of a grid cell Hunter et al. (2005). This is partially solved via the 

introduction of a Courant number to limit the time-step: 
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Figure 2-20. Checkerboard oscillations (Hunter et al. 2005) 

 

Finite difference is an effective way of solving the equations needed for 2D flood 

modelling but is highly dependent on the time-step function. Within urbanised areas if 
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building features are to remain unchanged then fine resolution grid cells are needed and 

subsequently smaller time-steps are required as to reduce errors associated with 

oscillations within solutions. This gives rise to greater computational times; for example 

the calculation time for the study used by Haile and Rientjes (2005) ranged from a few 

hours to 13 days (1.5 GHz Pentium IV PC) for the 15m and 2.5m DEM resolutions 

respectively. So to solve the time-step problem and improve computational efficiency 

adaptive time-steps were developed that change according to the systems previous state 

have been developed. By being able to alter time-step effectively and generalise 

urbanised areas to reduce number of cells within a model faster solutions can be 

achieved via a finite difference technique making it still an effective means of 

modelling floods in urban areas. 

2.4.2 Cellular Automata models 

Cellular Automata based flood modelling is becoming a rapidly expanding field of 

research as it has been enabling fast complex computational behaviour by using 

relatively simple fundamental rules. These rules are based around a cell’s interactions 

with its nearest neighbours. Within CA two of the most commonly used neighbour 

layout patterns are known as the Von-Neumann neighbourhood and the Moore 

Neighbourhood (shown in Figure 2-21), and extensions of these can be applied. 

 

Figure 2-21. Basic automata layouts 

 

In terms of rule basing the Von-Neumann is the simplest in that the distance from the 

centre cell to anyone of its neighbours is equal to d. This however does limit the 

possible directions of cell interactions to 4 possible routes The Moore Neighbourhood 

allows for 8 possible routes from the centre cell and in this instance can be regarded as 

more accurate for modelling surface flow. The distance between the centre cell and its 

diagonally based neighbours however is d2 so a modification of rules is required 
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when flow moves diagonally making the Moore approach more computationally 

complex. Rinaldi et al. (2007) looked at utilising cellular automata a 3x3 window 

(Moore neighbourhood) and surface flow is simulated by applying a basic distribution 

rule on isolated partitions of the spatial domain. Conceptualised flood gates surrounding 

each cell that are opened and closed in turns to allow water to flow as a result of 

elevation differences. Figure 2-22 shows a 3x3 Moore neighbourhood of wetted terrain 

prior to redistributing the water. 

 

Figure 2-22. Basic Partition (Rinaldi et al. 2007)  

 

Cells within the basic partition are then ordered according to their height (Figure 2-23): 

921 ... hhh ≤≤  

 

Figure 2-23. Cells ordered according to height (Rinaldi et al. 2007)  

 

and the water volume is redistributed accordingly until it reaches an equilibrium state as 

shown in Figure 2-24. The equilibrium height H is calculated by: 

k

hW

H

k

i

i∑
=

+
= 1  

where W is the water volume contained in the partition divided by the unit-cell area: 

( )∑ −=
9

1

i

old

i hwW  

old

iw  is the current water level of the i-cell and k is the number of cells that remain wet 

after water drains down, which is the largest index satisfying: 
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The calculated drained water level from cell i is then given by: 

i

drain

i hHw −= if ki ≤  

0=drain

iw  if ki >  

The new water level is therefore a linear combination of 
old

iw , and :drain

iw  
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i

old

i
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i www αα −+= 1  

Whereα  is a relaxation parameter ( )10 << α  used to represent flow resistance. 

 

Figure 2-24. Equilibrium state (Rinaldi et al. 2007) 

 

One problem fundamental problem with this approach is that any given cell (with the 

exception of the two rows and columns at the outer boundaries) can be located in 9 

different positions within a 3x3 window, therefore each combination needs to be tried in 

each time step. Computational time was reduced by having all possible configurations 

of cells ready before the numerical calculation starts. In comparison to an already 

established piece of software (HEC-HMS) Rinaldi et al (2007) concluded that this 

approach produced fairly accurate results but would be best suited for use as a support 

of another software model such as a finite element or finite difference models. 

Due to the difficulties associated with diagonal cells within a Moore neighbourhood 

approach when producing accurate timed water flow (Parsons and Fonstad 2007) 

decided upon using the simpler  Von-Neumann neighbourhood within their model. The 

water flow between cells within this model relies on a rule based upon the Manning's 

equation to calculate water velocity in each cell: 
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Where S is water surface slope and n is the input Manning's roughness. tT  is the time it 

will take water to travel across a cell at the calculated velocity (vel). 

There are 9 basic rules in this CA model. These in summary are: 

1. Water cannot cross one pixel in less than a user predefined time-step 

2. Precipitation and Infiltration on each cell is calculated 

3. Water slope calculated via Zevenbergen and Thorne's method (1987), which first 

calculates the water depth, and then calculates the water surface slope in each 

cell based on the new water depth and elevation 

4. Water velocity 

5. Final cell property determines traverse time value for cell 

6. Each wet cell checked to see if traverse time has been met, if not incremented 

into additional time-step 

7. If traverse time met then water can leave cell 

8. Flow direction and quantity determined by Von-Neumann neighbour analysis 

9. Difference in water elevations determines amount of water to move 

 

In their study they found that the computational power required applying this type of 

model to large areas is considerable. An example of this is taken from (Parsons and 

Fonstad 2007) where a hypothetical grid consisting of just 100x100 cells, assuming five 

calculations per cell per time step, this equals to 50,000 calculations per time step, 

summing up to 4,320,000,000 calculations for a 24 hr event simulation. The 

computational loading thus grows as a power function of the grid size. Their CA 

simulation took up to 6 hours to run on a low end notebook computer. However with 

computational simplicity of CAs for hydrologic and hydraulic modelling and their 

adaptability along with the progress of computers becoming more powerful and the 

recent developments in parallel processing this approach could prove to be extremely 

useful in future simulations. 
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2.5 Errors and uncertainty 

Within all flood risk models there will be some degree of uncertainty and errors present 

due to assumptions made either in the water input volumes and distribution when 

recreating or predicting events and the assumptions and simplification of rules used in 

the simulation of surface flow. Examples of knowledge uncertainty include 

uncertainties in peak discharges caused by simplifications in a hydrologic model, 

uncertainties in river stages caused by assumptions of a hydraulic model, and 

uncertainties in the input values for hydrologic or hydraulic models (Smemoe et al. 

2007). Earlier within this literature survey we have discussed the influences of scale and 

resolution upon the DSMs accuracy and resulting uncertainty. In terms of errors 

associated with using the generalised model, there are various approaches of testing the 

model performance. They looked specifically at large scale values of the test datasets 

such as inundated area, average maximum depth, and average maximum velocity. (Jain 

and Singh 2005) looked at comparing discharge hydrographs from subcatchments and 

examining effects of altering parameters. The influences of parameters within the model 

on the hydrograph were then checked in three ways: 

1. Percentage Change in Runoff Volume (PCRV): 

100×
−

=
m

ms

V

VV
PCRV  

2. Percent Change in Peak Discharge (PCPD): 

100×
−

=
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QQ
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3. Percent Change in Peak Time (PCSMT): 

100×
−

=
s

ms

T
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PCPT  

where sV  and mV  represent volumes, sQ  and mQ  represents peak flows, and sT  and mT  

refer to the recorded time of peak flow rate in the hydrograph with the perturbed 

parameter values and calibrated parameter values respectively. A sample of these results 

are shown in Figure 2-25. This approach gave an assessment of the performance of a 

model in localised areas within the study area at exit points of each catchment. Within 

urban environments the behaviour of surface water is more complex so and the errors 

associated within a study area may vary considerably spatially. 
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Figure 2-25 Derived flow directions for discretized cells of Banha catchment and plots of observed 

and computed runoff hydrographs at catchment outlet and at internal locations. (Jain and Singh 

2005)  

 

Horritt and Bates (2001) compared the spatial distribution of errors in flood depths and 

flood velocities of a 10m resolution model to a benchmark 2.5 meter resolution model. 

It reveals that there are spatial dependencies of errors within the test model and that they 

are located at the small scale features which are inadequately represented at the 10m 

resolution and the inability to model the recirculation zone behind the bridge pier 

produces velocity errors that persist > 100m downstream (Figure 2-26).  2.5 m 

Benchmark model predicted free surface and velocities (left), 10 m model (2nd from 

left), free surface height error (2nd from right) and velocity error (right, defined as 

magnitude of vector difference between 2.5 and 10 m velocities) for the mean annual 

flood. The errors are largest in the recirculation zone and between the bridge piers, and 

there is evidence of small spatial oscillations in the 10 m solution.  
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Figure 2-26. Flow around an obstruction at 2.5m and 10m resolutions (Horritt and Bates 2001)   

 

2.6 Conclusions 

This section showed that the generalisation of Digital Surface Models within urbanised 

areas can lead to significant changes to the topology and resulting 2D surface flow. 

Merely removing the features and increasing roughness is not a means to solving the 

problems associated with generalisation, in that this approach leads to erroneous 

inundation amounts. The Increase the roughness coefficients to represent buildings also 

does not affect the direction of flow across a grid-cell and only the time to traverse the 

cell, thus omitting the structural influences of building upon flow routing.  From this it 

is theorised that the separation of buildings from the terrain layer is necessary prior to 

generalisation but information about the buildings structure within a coarse cell is still 

required. 

The approach adopted by Chen et al. (2008) seems to be one of the most promising 

method examined as it enables a single scale representation of a generalised grid-cell 

resolutions and the influences the buildings have within the cell in terms of storage and 

flow direction. This approach does not require complex equations to cope with multiple 

grid cells and can therefore be incorporated quickly into existing hydrological models. 

Improvements upon this methodology can be made in that via the use of automata the 

generation of Building Coverage Ratios (BCR) and Conveyance Reduction Factors 

(CRF) values can be done automatically and more accurate representations of buildings 

within coarse grid-cells can be established. 
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3 Methodology 

3.1 Introduction 

Within this chapter a new concept is introduced in the approach to generalising terrain 

data in raster grid formats. This approach separates the buildings from the surface layer 

for later reference and generalises the fine bare earth raster grid. This enables the 

influence of buildings on surface flow routing to be maintained within the coarse grid 

representation and reduces the drawbacks caused by generalising urban areas.   

The methodology starts off by first investigating the effect of the standard 

generalisation technique has on terrain topology via the implementation of a global 

filter. Due to the commonly large and often complex terrain surface areas associated 

within urban flood models, the generalising filter that is chosen in this thesis had to 

satisfy the following criteria: 

• Low complexity: Requires minimal processing power as can be implemented on 

most desktop computers. 

• Global nature:  One set of rules used to govern generalisation and applied to 

large areas. 

• Automatic grid generation: Produces a coarser resolution of the original 

dataset by using fewer and larger grid cells. 

• Computational efficiency: Not computationally demanding and can therefore 

be applied to large surface areas within a short amount of time thus keeping pre-

processing time down. 

The second part of the methodology investigates the effects of selected generalisation 

technique on terrains with and without buildings. The changes in terrain topology as a 

result of generalisation of surfaces both with and without buildings are henceforth 

compared. This analysis aims to highlight how the locality and significance of the 

alterations to the surface surrounding buildings occurs during the generalisation process. 

This will then highlight the uncertainties generated after generalisation and reinforce the 

need to remove buildings prior to generalisation to reduce errors. 

The third part of the methodology moves into the adaptation of the building 

representation approach researched and designed by Chen, et al. (2008). It incorporates 

BCR and CRF values as a means to represent buildings in a single layer model. This is 
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done by first highlighting the benefits and shortcomings of utilising BCR and CRF 

within a single layer space and then moves on to introduce a multiple layer concept.  

The final part of the methodology describes how the use of an agent based automaton 

approach can be used to data-mine the urban terrain; and shows that the use of an 

automaton enables data-mining of large raster files and the automatic generalisation of 

urban terrain into a multiple layer grid. 

3.2 Generalisation using a group averaging approach 

As discussed within chapter 2, one of the main influences on computational time during 

simulation when using regular grids is the number of grid cells within the study area. 

This is due to calculations in 2D models being carried out on a cell by cell basis. In 

order to reduce computational time in 2D flood modelling, the generalisation of grid 

cells by grouping neighbouring cells together and taking an average value is thus 

common practice. In this thesis the author has chosen to use a "group averaging 

window" (as shown in Figure 3-1) that collects neighbouring cells together and 

calculates their average value for the generation of a coarser grid representation. This 

approach is chosen as it is one of the simplest techniques to implement a generalised 

raster datasets and thus can be implemented over large surfaces in a relatively short 

amount of time. 

 

Figure 3-1. Generalising raster grid with simple 2x2 averaging window 

 

In this example a small region consisting of sixteen cells in total has been reduced to a 

coarser four cell representation. The process of generating the generalised cell 

( ),GCell a b  is given by equation (3.2.1) 
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����	 refers to the fine grid cell  


 and � are cell number locations within the fine grid 

� and  are cell number locations within the generalised grid 

� is the generalising window width size 

xn is the generalising windows start x coordinate  

y
n is the generalising windows start y coordinate  

��= number of fine grid cells per row  

��= number of fine grid cells per column 

This quick generalising approach works well in open spaces where the changes in the 

terrain topology are generally smooth and gradual and where there are not many 

significant small scale features that can be regarded as having "fine details". Within 

urban environments, however, there are usually a high percentage of these finer detailed 

structures such as buildings, roads, walls, bridges and culverts that play a significant 

role in the routing of overland flow; this can result in the generalised representation of 

the terrain differing considerably from its fine resolution parent terrain model.  The 

behaviour of these features during the averaging process varies according to the 
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feature’s dominance and spatial location within the encompassing generalising window. 

The ‘dominance’ of a feature is defined by its height difference with respect to its 

surrounding terrain encompassed within the generalising window. The generalisation of 

these regions where these dominant fine scale features are present can therefore lead to 

significant alterations to the surface topology as the features spread out or become lost 

due to averaging window effects.  The most common and dominant feature types 

present within urban models that causes significant changes to the topology (due to 

generalisation) are buildings. It is the changes to these features that the methodology 

henceforth investigates and proposes an approach for reducing subsequent errors. 

3.3 Effects of generalising DEM dataset 

DEM surfaces (also known as “bare-earth” surfaces) tend to have fluidity in their 

topology in that changes in surface height are often small or gradual and over a large 

distance. These are primarily due to weathering effects on terrain over large geological 

timescales. There are exceptions to this rule, however, where they may be an occurrence 

of a sudden change in surface height of a short distance such as channel boundaries, 

cliff edges and others caused by glaciations, landslides and extreme flooding events to 

name but a few. These sudden large changes in the natural terrain landscape, however, 

do not occur frequently within urbanised areas and as such are not investigated in this 

thesis.  

The test DEMs used later in the analysis of building generalisation and orientation 

effects has the inclusion of what can be regarded as small changes in gradient at two 

locations along the x-axis. They will be influenced by the generalisation process to 

provide greater insight into the averaging effects on bare earth terrain where the 

gradient changes slightly. 

3.3.1 Artificial "ski-run" DEM test data-set 

The first stage of assessing the effects of the group averaged generalising window is to 

analyse its effects on a simple artificially generated bare earth surface (DEM). This 

DEM (deemed a “ski-run” dataset due to its shape) is divided up into three regions 

labelled A, B and C. Figure 3-2 shows the layout of this DEM.  Each region has a width 

of 100 meters and has a constant gradient. The length and gradient (slope) dimensions 

for this surface are shown in Table 3-1. 
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Table 3-1. Ski run DEM sectional properties 

Region Length (m) Slope (%) 

A 100 0.5 

B 200 0.2 

C 100 0.5 

 

The surface slopes in this model are kept shallow being just 0.5% (A and C) and 0.2% 

(B), which means that there is a height decrease of just 5mm or 2mm per meter, 

respectively. A shallow sloped terrain is chosen for simulations as the finite difference 

model that is used for surface flow equations within the UIM is not designed to handle 

very steep inclines. The solutions derived in those cases using this technique may 

become unstable. With the majority of urban areas being located on relatively flat or 

shallow sloped terrain surfaces the assumption of shallow slopes for a training dataset is 

deemed to be justified.  

 

 

Figure 3-2. Ski-run test DEM dataset 

 

3.4 Generating coarse datasets 

An averaging window (like that as shown in Figure 3-1) is applied to the DEM to 

generate coarse-grid representations of this surface. The averaging window size can be 
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increased to encompass more cells (4x4, 5x5, 6x6, and so forth) and generates coarser-

grid representations of the original terrain. In order to prevent the loss of data in this 

analysis, the generalising window sizes used here are limited to factors of the 

dimensionality of the terrain surface such as 4m, 5m, 10m, 20m, 50m and 100m as to 

not overlap the boundaries. These generalised surfaces can then be compared back to its 

original fine-grid DEM at the 1m resolution (which is referred to as the ‘benchmark’) to 

examine the changes in the terrain surface, to show how these could impact flood 

simulation results.  

The generalised output dataset is at a different resolution than its parent fine-grid dataset 

and, therefore, needs to be converted back into a fine-grid resolution before comparison. 

Figure 3-3 shows the coarse grid (shown previously in Figure 3-1) remapped back into a 

fine-grid resolution using a “cookie cutter” technique similar to that shown in ArcGIS 

help file titled “Splitting polygon features”. In this example each coarse grid at a 4m 

resolution is chopped up into four 1m resolution tiles of equal value. This fine scale 

representation of the coarse grid can then be compared spatially against its fine scale 

parent grid. 

 

Figure 3-3. Remapping coarse grid into fine resolution representation 

 

The comparison of the fine scale coarse grid dataset to its parent dataset is carried out to 

produce error maps of the generalised surface. These error maps enable the analysis of 

the spatial distribution of errors across the surface. An error map is thus generated on a 

cell by cell basis by the following method: 

 

 ( ) ( )
1 1

2

( , )
, ,

x y

x y

n w n w

Fi n j n

F

Cell i j
Err i j Cell i j

w

+ − + −

= =
= −
∑ ∑

 (3.4.1) 



55 

 

   

����
� �� = Error pixel value at coordinates i, j 

The error maps produced by generalisation can also be expressed in terms of a grid cells 

percent difference in height compared to its parent cell. 
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Where: p
e  = Percentage error value for that location 

A good final indicator of the overall effect of generalisation upon a surface can be given 

by looking at the Root Mean Square Error (RMSE) of the height differences across the 

whole surface. The closer the generalised approximation to the original dataset the 

smaller the RMSE value is. 
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It is expected that using this group averaged generalising approach with regions of a 

constant slope there will be a specific oscillating pattern of error distribution. The points 

of minimum error will be located towards the centre of the generalising window and 

maximum absolute error at the furthest points from centre of the generalised grid 

parallel to the slopes direction. Figure 3-4 shows a cross-sectional view of the height 

errors generated by generalising a constant slope. The dataset in this example has an 

initial grid resolution of 1m and is generalised to grid size of 3m.  
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Figure 3-4. Generalisation height errors 

 

For a 2D surface, if the slope in the x direction is constant z C
x

∂ =∂ , and zero in the y 

direction 0z
y

∂ =∂  
then the error is proportional to the gradient; thus so having the i0 

and j0 coordinates centred in each generalising window, the error associated in this 

scenario is given by: 

 ( )
0

, xErr x y m d=  (3.4.4) 

where � � 
� � 
, is the distance from the centre of the generalising window to measure 

pixel ��� �� and is referred to as the “error amplitude factor”, 
0x

m is slope in the x plane 

located within the generalising window. This results in a "banding" effect of error 

distribution. 

Figure 3-5 shows the absolute error map generated via the comparison of cell heights 

the 1 meter resolution  to the 3 meter resolution of the artificial test ski-run dataset. Here 

we see the banding effect that is associated with height errors in generalised grids where 

slopes are constant. The dark red lines are indicative of the central point locations 

�� � 
�� of each encompassing generalising window on the artificial dataset and thus 

correspond to an error value of zero. 



 

Figure 3-5. Banding effect due to generalisation

 

If y is set as a constant and 

can be seen more clearly the oscillation of 

Figure 3-6.  

Figure 3-6. 3m resolution absolute height error

 

The oscillations in the error propagation across the surface reveals that for regions 

where the slope is constant the following rule applies

“Height errors in generalised terrain are prop

of the encompassing generalising window”.

 

Limiting the maximum window size to integer values (include whole fine

only) and less or equal to the smallest dimensional size of the terrain and fixing its start 

position will therefore result in a non

. Banding effect due to generalisation 

as a constant and the height error is plotted with respect to x in one dimension

more clearly the oscillation of absolute error propagation along x

. 3m resolution absolute height error oscillations (y = 50) 

he oscillations in the error propagation across the surface reveals that for regions 

where the slope is constant the following rule applies: 

“Height errors in generalised terrain are proportional to distance from 

of the encompassing generalising window”. 

Limiting the maximum window size to integer values (include whole fine

only) and less or equal to the smallest dimensional size of the terrain and fixing its start 

osition will therefore result in a non-uniform pattern of error distribution. This is due 
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in one dimension, 

absolute error propagation along x-axis 

 

he oscillations in the error propagation across the surface reveals that for regions 

ortional to distance from the centre 

Limiting the maximum window size to integer values (include whole fine-grid cells 

only) and less or equal to the smallest dimensional size of the terrain and fixing its start 

uniform pattern of error distribution. This is due 
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to that with a fixed starting position for a generalising window; some cells will have a 

greater probability of being further away from the centre of the generalising window 

than others. To observe how these errors propagate with respect to scale a suppositional 

analysis is carried out. Figure 3-7 shows the supposition of generalising window sizes in 

a simplified one dimension grid and its effects on height errors. 

 

 

Figure 3-7. Supposition effects of generalising windows on error production 

 

The average of the superposition of error amplitudes with window ranges from 2 to 5 

cells in this one dimensional example reveal a complex pattern of error amplitude 

factors. Figure 3-8 shows the superposition of spatially distributed height errors 

associated with a generalising window with sizes ranging from 2m to 20m, with the 

start position coordinates fixed at the origin (0, 0). For the case where the generalising 

window sizes are not factors of 100 or 400 (therefore overlapping boundary edge) 

within this range some of the data at the upper and right hand side boundaries are lost 

and therefore omitted during the average error calculation. 

 

Figure 3-8. Superposition of average height errors 

 

Here we can see a non-uniform superposition error distribution with a new "banding" 

effect of the height errors across the surface. This particular banding pattern is due to 



59 

 

the locality of the dominant error values which are located at the extremes of larger 

window sizes. These values are reinforced when overlaid with high values generated 

from other window sizes. The overall spatial distribution of height errors on a constant 

slope along the x axis in relation to window size can be visualised more clearly by 

representing the error amplitudes within a window on a surface map (Figure 3-9). From 

this information in a simplistic case we can see that when choosing a generalising 

window size for regions where the start location is at fixed point and with a constant 

gradient (where 0m ≠ ) the error banding propagation of surface heights has a spatial 

dependency. This implies that certain locations within a terrain model are more prone to 

errors due to their spatial location within the grid. 

 

 

Figure 3-9.  Error amplitude along x axis in relation to generalising window size 

 

This initial analysis shows that generalising even bare surfaces can lead to errors with a 

magnitude proportional to the terrain slope and location of a grid-cell within 

generalising window. With bare-earth surfaces usually consisting of shallow inclines, 

however, the expected height errors in a generalised DEM are assumed to be relatively 

small. 

3.4.1 Overall generalisation effects on DEM 

To obtain a better understanding of the generalisation effects on the surface heights of a 

test surface the RMSE values of height errors derived by comparing the generalised 

model against its parent model are now plotted with respect to generalising window 

size. The RMSE values shown in Figure 3-10 were calculated separately for each 
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window width within the limits (no window overlap of fine grid boundary) of the coarse 

grid data. Here in Figure 3-10 it is observed that there is a linear propagation 

relationship between generalising window size used and the calculated RMSE values. 

This shows that the overall errors in terrain height generated for the bare earth artificial 

DEM are relatively small for a generally large change in grid resolution. For example, a 

20m coarse-grid representation of the 1m benchmark DEM leads to a calculated height 

RMSE within the generalised terrain of just��� !". Therefore, this indicates that within 

a terrain where changes in the topology are gradual and relatively small the overall 

effect of generalising the terrain has a minimal effect on height errors.  

 

Figure 3-10. RMSE of cell heights with respect to generalising window size 

 

3.4.2 Slope error analysis on DEM 

The movement of water across a surface is dependent on the differences of a grid-cell 

height with respect to its nearest neighbours. This height difference is often referred to 

as the "slope" and it is this property that is investigated in the second stage of the 

generalisation effect analysis. To test the alterations of slope during the generalisation 

process, slope grid maps are generated for each scale. Slope maps were produced using 

Landserf software developed by Wood (1996), where the magnitude of slope of a 

surface is given by the following equations:  
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22
dz z z

dxy x y

 ∂ ∂ = +   ∂ ∂   
 (3.4.5) 

the partial derivatives of x and y are given by 2
z

ax cy d
x

∂
= + +

∂
 and 2

z
by cx e

y

∂
= + +

∂
. 

As the slope is calculated using a 3x3 window with x and y located in the central 

position we can say that for x and y = 0 giving: 

 
2 2dz

d e
dxy

= +  (3.4.6) 

The slope value is finally represented by Landserf in radians by: 

 ( )2 2
arctanslope d e= +  (3.4.7) 

To convert the slope into percentage the following is used: 

 % 100
180

slope
Slope

π × = × 
 

 (3.4.8) 

As with the height comparisons between coarse and fine grids the slope is compared by 

transforming the coarse grid resolution into a fine grid using the cookie cutter technique 

shown previously in Figure 3-3. Slope maps are generated by analysing cell heights 

with respect to their neighbours. Grid cells that located around the boundary edges 

cannot be taken into consideration due to lack of data needed for calculation, therefore 

the slope data at the boundary edges is lost. Figure 3-11 shows the methodology for the 

conversion of coarse grid slope into fine grid representation. 
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Figure 3-11. Generalised slope comparison method 

 

If the slope is constant in both the x and y directions then the value for the slope in the 

generalised grid will be the same as the fine grid. Any variations in the slope within the 

3x3 grid-cell slope calculating window will result in different slope value being in the 

generalised model. 

Figure 3-12 shows the 1m resolution percentage slope map generated via Landserf 

using a 3x3 grid-cell window. The slope grid has three separate slope values; two of the 

values (0.50% and 0.20%) are associated with the constant changes in terrain heights 

within the DEM. The third slope value (0.34%) is located to the left of where the terrain 

gradient changes at a distance (from left boundary) of 99m and 299m respectively due 

to the encompassing slope window overlaps regions where two slope values are present 

at this x location.  



 

Figure 3-12. 1m resolution slope map generated using 3x3 cell window

 

Figure 3-13 shows a comparison between the spread of slope errors for a 4m, 6m, and 

10m generalised grid window against the benchmark slope map. 

Generalised 
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Figure 3-13. Slope error patterns

 

Here we see the spreading of slope errors at the points where the gradient changes 

(100m and 300m boundaries). The 6m window shows an occurrence of two different 

spreading patterns at the A-

. 1m resolution slope map generated using 3x3 cell window 

shows a comparison between the spread of slope errors for a 4m, 6m, and 

10m generalised grid window against the benchmark slope map.  
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Here we see the spreading of slope errors at the points where the gradient changes 
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shows a comparison between the spread of slope errors for a 4m, 6m, and 

% slope error 

scale 

 

Here we see the spreading of slope errors at the points where the gradient changes 

aries). The 6m window shows an occurrence of two different 

; this is due to how the positioning of 
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the generalising window in the initial generalising process groups cells together at these 

locations resulting in varying slopes at these two regions. An example of the 

generalising window pattern and the resulting slope output is shown in Figure 3-14. 

Here the each slope using the grouped average of cell heights is calculated within the 

3x3 boundary shown highlighted by the red square. 

 

Figure 3-14. Slopes calculated at region 

 

This shows that at the 100m and 300m regions there would be 3 distinctly different 

slope calculations due to the generalising window encompassing a region where the 

slope value changes. This leads to the creation of 3 differing slope values at this point. 

Calculating the average absolute slope error distribution for generalising grid sizes of 

2m to 20m reveals the spread of slope error during generalisation (Figure 3-15). 

 

 

Figure 3-15. Average absolute slope error spread 

 

In Figure 3-15 we see that at the two locations where the slope changes there are errors 

in slope value when compared to the calculated slope from the benchmark model. By 

selecting a central path across the surface (y = 50) and plotting percentage slope 

absolute error with respect to x we can see the spreading effect (Figure 3-16).  



 

Figure 3-16. Average absolute percent slope error

 

This figure shows graphically 

when varying the generalising window size from 2

is chosen ( )50=y . It shows that for the majority of the surface the slopes within the 

generalised terrains are of equal magnitude to that of the bench

in slope approximations in generalised grids are localised about the regions where the 

slope changes in the benchmark model

in slope derived at these locations as a result of the ge

in most bare-earth models are gradual and sudden changes are infrequent, it can be 

inferred that in terms of slope the movement of water within generalised grids will be a 

close approximation to the benchmark models

3.4.3 RMSE analysis of the sloped surface

Error analysis is carried out on each resolution ranging from 2m to 20m. The 

value is calculated for each generalised output by comparing the remapped slope values 

derived from the generalised grids to the slope values

model. As before the RMSE

the coarse grid. Therefore, 

not compared. Figure 3-17 

the generalised resolution. 

percent slope error 

graphically a 1D analysis of the spreading of slope absolute e

when varying the generalising window size from 2-20m width, where a central path line 

. It shows that for the majority of the surface the slopes within the 

generalised terrains are of equal magnitude to that of the benchmark model. The errors 

in slope approximations in generalised grids are localised about the regions where the 

slope changes in the benchmark model. These errors are thus attributed to the variations 

in slope derived at these locations as a result of the generalisation process. 

earth models are gradual and sudden changes are infrequent, it can be 

inferred that in terms of slope the movement of water within generalised grids will be a 

close approximation to the benchmark models. 

analysis of the sloped surface 

Error analysis is carried out on each resolution ranging from 2m to 20m. The 

value is calculated for each generalised output by comparing the remapped slope values 

derived from the generalised grids to the slope values calculated in the benchmark 

RMSE is calculated only on regions where there is data present in 

 in instances where data is lost at boundaries these areas are 

 shows the error propagation of percent slope with respect to
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a 1D analysis of the spreading of slope absolute error 

20m width, where a central path line 

. It shows that for the majority of the surface the slopes within the 

mark model. The errors 

in slope approximations in generalised grids are localised about the regions where the 

attributed to the variations 

neralisation process. As the slopes 

earth models are gradual and sudden changes are infrequent, it can be 

inferred that in terms of slope the movement of water within generalised grids will be a 

Error analysis is carried out on each resolution ranging from 2m to 20m. The RMSE 

value is calculated for each generalised output by comparing the remapped slope values 

calculated in the benchmark 

is calculated only on regions where there is data present in 

in instances where data is lost at boundaries these areas are 

shows the error propagation of percent slope with respect to 
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Figure 3-17. RMSE of % slopes in generalised DEM’s 

 

The behaviour of the change in RMSE value of slope analysis with respect to window 

size shows an initial linear relationship up to an 8m generalising window size, which 

then changes after this point becoming less predictable. The maximum percent slope 

error value within this range occurs at a generalised window width of 19m. This 

generates an error of ~0.097%, which is a small average change overall. The cause of 

the fluctuations within the calculated errors is due to the positioning of the generalising 

window when creating the coarse grids at the boundary locations where the slope in the 

benchmark model changes and how this in turn affects the derived slope values in the 

coarse grid model.   

3.4.4 Conclusion 

The generalised representation of DEMs within regions where the slope is constant 

provides good approximation of the fine grid benchmark model. Locations where there 

is a change in slope can result in errors within the generalised model, but their effects 

are small and localised. Therefore, generalised representations of a bare earth DSM can 

provide a close representation of its parent fine grid, benchmark model and it is 

expected that the propagation of surface flow with respect to slope will follow that of 

the benchmark model. 
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3.5 Effects of generalising DSM dataset 

It is expected that the behaviour of errors generated when generalising DSMs will differ 

to that of DEMs due to the influence of dominant features within this model. In the 

context of this thesis the ‘dominant features’ are manmade artefacts such as walls, and 

buildings. The influence of dominant features on their surrounding terrain during the 

generalisation process will be dependent on two parameters:  

1. The difference between heights of the buildings with respect to their surrounding 

terrain,  and 

2. The percentage of terrain occupied by buildings within the generalising window.  

 

Figure 3-18 shows an example of a building located within a coarse grid spreading as a 

result of the generalisation process. 

 

Figure 3-18. Building spread in a 4x4 generalising window 

  

Here the building is fully enclosed within the generalising window occupying 25% of 

the coarse grid area. If the buildings relative height is dominant (much greater than 

surrounding terrain height) within this region it will spread to occupy 100% of the 

coarse grid. The influence of buildings on the generalised output can be expressed in 

terms of the following: 

 
B T

C

h h
h

N

+
= ∑ ∑

 (3.5.1) 

hC = coarse grid cell height, hB = building cell height, hT = terrain cell height, and N = 

number of fine grid cells enclosed by generalising window. 

Assuming building height and terrain heights as constants τ  and λ  respectively the 

height of a coarse grid-cell can be rewritten as: 
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( )B B

c

n N n
h

N

τ λ+ −
=  (3.5.2) 

Bn  = number of building pixels encompassed by the generalising window. The ratio of 

building cells to non-building cells is referred to as the "Building Coverage Ratio" 

(BCR).  

A typical two story house is around 6m in height but within urbanised areas, properties 

vary in shape, size, and relative height to their surroundings. Due to variations, when 

generating a building mask using LiDAR data, an appropriate threshold ( )τ  must be 

chosen to ensure that all the significant building features are captured. Figure 3-19 

shows the outputted building masks generated when the minimum threshold building 

height is set to 0.1m (A) and 1.0m (B). With kerb heights being to the order of 0.1m 

Figure 3-19 (A) shows some kerb side detection. Due to some of the kerb sides lying 

below 0.1m in height, not all are detected, resulting in fragmented representations of 

their edges. Setting the minimum detection threshold height to 1m as in case B results in 

the kerb side data being removed from the mask. 

 

Figure 3-19. Building masks generated at A) 0.1m Threshold, and B) 1m Threshold heights 

 

Figure 3-20 shows the generated building masks when the threshold height ( )τ  is set to 

larger values of 5m and 10m. Although a typical house is defined as being 

approximately 6m in height, the 5m threshold (C) already begins to reveal some 

A B
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building losses. Increasing the threshold even further to 10m heights shows in greater 

losses of buildings leaving only several buildings in place; Table 3-2 shows the 

percentage area deemed to be buildings at each of the four test threshold values. 

 

Figure 3-20. masks generated at C) 5.0m Threshold, and D) 10.0m Threshold heights 

 

Table 3-2. Threshold effect on the percentage of building features detected 

Building Feature Threshold Height Building Features in Total Area 

0.1m 25.72% 

1.0m 25.17% 

5.0m 21.81% 

10.0m 2.06% 

 

To obtain a clearer view of the changes in building feature detection with respect to 

threshold height a fuzzy type analysis is used. Figure 3-21 shows the likelihood of a 

building feature being detected for mask generation for threshold values ranging from 

0.1m to 10.1m using increments of 1m. Analysis of this figure reveals that the kerb lines 

are detected at around the lower end of the threshold scale with the vast majority of 

buildings being detected with threshold heights to the order of 7 meters. However, this 

figure also highlights that which was previously shown in Figure 3-20 (C) that some 

C D
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buildings are lost around the 5m region and even below this height holes may appear in 

the building mask that may lead to problems later on when representing buildings 

numerically. 

 

Figure 3-21. Fuzzy likelihood of buildings with thresholds ranging from 0.1m to 10m 

 

From this then if any grid cell in the generalised DSM is above the threshold height ( )τ

with respect to its relative generalised DEM grid cell then this coarse cell is deemed to 

be classed as a building/significant feature. The influence of ( )τ  therefore on the 

generalised DSM output can be shown graphically as in Figure 3-22. Here, assuming a 

small initial building height of approximately 5m and setting the threshold height for 

mask generation (τ  = 1m) as an arbitrary height that would still pose considerable 

affect on routing surface flow (in reality, in terms of shallow flows objects less than one 

meter in height such as kerbs still play a significant role in routing surface water; 1m is 

chosen in this instance due to lack of kerb line data and to ensure all buildings are 

captured), then the minimum BCR value for a generalised grid to be still classed as a 

building is 0.2. This means that during the generalisation process a maximum of 80% of 

Likelihood 

Value of 

Significance 
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surface terrain per grid cell could be lost erroneously due to cell being reclassified as a 

building as a result of "spreading". 

 

Figure 3-22. BCR values that enable spread buildings in coarse grids 

 

To test the effectiveness of the methods for surface flow routing around buildings later 

on in the thesis the author has added a building to the ski-run DEM. The building, in the 

shape of the letter “E”, is located within region B of the DEM surface and is 5 meters 

tall relative to its surrounding terrain. The layout is shown in Figure 3-23. 
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Figure 3-23. 3D view of E-Building test DSM showing magnitude of building height 

 

Applying the group averaging generalisation window (as used in section 3.4) to this 

DSM will result in the spreading of the building into its surrounding terrain. Figure 3-24 

shows the building area increase and height changes as a result of generalising the 1m 

resolution data to a 4m resolution. Within the original 1m grid resolution the building 

surface area covered 448m
2
, whereas in the 4m generalised grid the building area is 

816m
2 
which is an 82.14%. This increase in building area is significantly large in 

comparison to the small change in cell resolution. Figure 3-25 shows the percentage 

building area increase when threshold height of feature ( ) m1≥τ  , for generalising 

window sizes from 2m to 20m. Here it is observed that the spread of the building in the 

DSM with respect to the change in window size appears to be chaotic. This sporadic 

change in building area in generalised girds is due to that the fine grid building is only 

able to spread within the constraints of its encompassing generalising window. As the 

origin of the generalising window is fixed each size of generalising window can 

encompass different areas of the DSM and possible sections of a building; this results in 

a variety of possible building spread patterns. 

 

 

 



73 

 

Resolution DSM Map Height scale 

1m 
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Figure 3-24. Building height maps to show spread at 4m coarse resolution 

 

 

Figure 3-25. Building spread with respect to generalising window size 

 

A good example of the varying spread patterns is the comparison of the 4m and 5m 

generalising window size as the results in Figure 3-25 showed that percentage increases 

for the 4m window is almost double that of the larger 5m. Figure 3-26 shows the 

resulting spread of the building (in red) as a result of the encompassing 4m and 5m 

windows. Here we can see that due to the way in which the 4m generalising grid tiles 
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overlay the building data in comparison to the 5m generalising grid tiles, the 4m grid 

results in a greater "spreading" effect. The locality aspect of the errors associated with 

generalising terrain data is referred to as the "Roving window effect”.  

 

Figure 3-26. Spread patterns of E-Building using 4m and 5m window sizes 

 

3.6 Roving window effect 

The roving window effect relates to the influence a building has in altering terrain in 

that the spread of buildings is limited to the position of the window encompassing 

building cells. The spreading effect of building classed grid-cells can be examined by 

creating a Boolean map of building cells for fine and coarse grid representations of the 

DSM. This map is created using the rule: 

IF τ≥− DEM

ji

DTMB

ji PixelPixel ,,  THEN 1, =Building

jiPixel  ELSE 0, =Building

jiPixel  

where a threshold value τ  is used to represent the minimum height of a pixel with 

respect to its surrounding terrain to still be classed as a building. This value is used to 

calculate the number of pixels within a DSM that can be classed as buildings. 

The total area of building occupancy is therefore: 

 
,

Building

i j

i j

Total Building Area Pixel grid cellsize area= ×∑∑  (3.6.1) 

Any given generalising window size X where the origin is not fixed can create 

generalised outputs for all possible window locations. Figure 3-27 shows an example 

where X = 3. Here a single building pixel can lead to 9 possible spreading patterns that 

can occur depending the generalising windows start position. 
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Figure 3-27. Possible building spread directions in 3x3 window 

 

If we now analyse the percentage difference in buildings pixels for the 5m generalising 

window with respect to the window position we can see the effect of building cell 

position within the generalising window (Figure 3-28). When analysing the spread of 

buildings, to keep the building area of comparison the same (in terms of percentage), 

only regions in the highlighted area (that can be located in every cell within the 

generalising window) are compared. Buildings that lie outside this region are replaced 

with pixels heights corresponding to heights from the DSM data. This means that the 

number of cells that are lost (∆C) and not compared in a roving window study is: 

 ( ) ( )2 1 2C w ncols nrows∆ = − + −  (3.6.2) 

Figure 3-28 reveals that there is a wide range of building patterns generated just by 

generalising from 1m to a 5m grid resolution. The overall gain of building area ranges 

from 45% to 117% depending on the chosen start position for the generalising window. 
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Figure 3-28. Building area increase with respect to generalising windows start coordinates (5m 

resolution) 

Comparing the spreading effect of the 4m and 5m window again now with a roving 

window analysis (Figure 3-29) reveals that overall the 5m window results in greater 

number of scenarios that will lead to a larger spread of buildings within the DSM. 

 

Figure 3-29. Comparison of influence on window start position on building area increase (4m &5m 

resolutions) 
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3.7 RMSE analysis of DSM 

Examining the overall effect of error propagation within the DSM with respect to the 

DEM by comparing RMSE values reveals that having a building present in the terrain 

can significantly influence the topology of the generalised model. Figure 3-30 revealed 

that for this building example, the error propagation due to generalisation of terrain is 

far greater in the DSM than that of the DEM. Extrapolating a linear line of best fit for 

the error propagation shows that for the DSM error the gradient 
35.7 10DSMm −= × and 

for the DEM error 
49 10DEMm −= × .  

The errors generated in this artificial DSM therefore increase over six times greater than 

that recorded in the DEM. This large difference in error propagation within the DSM 

dataset has occurred as a result of having just one building present within the terrain and 

would be greater if more buildings were present. 

 

Figure 3-30. RMSE comparison between DSM and DEM 

 

3.8 Conclusion 

This section has shown that by having just one building present within the model the 

resulting errors in the generation of coarse grid representations of the terrain increases 

dramatically. It has also highlighted that the degree of error increase is related to the 

position of the encompassing generalising window. In the example used there was only 

one building present and, therefore, the effects of the produced errors associated with 
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the generalising window start position could possibly be identified and possibly taken 

into account within flow model outputs to some extent. With a more complex or real 

case scenario, however, it is assumed that the ideal choice of start window position to 

produce minimum error would not be feasible as the spatial distribution of error 

amplitude factors would be far more complex.  

Even with the spatial uncertainties in terrain heights generated being dependent on just 

two variables, (buildings height and position) leads to a complicated array of possible 

terrain topologies. With the introduction of more dominant features into the terrain the 

level of uncertainty will increase and the possibility of taking these uncertainties into 

consideration will become impractical if not impossible. This section therefore proposes 

errors in a generalised grid can be reduced by either limiting the generalisation window 

size, or by removing building prior to generalisation and referencing separately. This 

can be done via the incorporation of BCR and CRF values. 

3.9 Representing buildings using BCR and CRF values 

3.9.1 Introduction to Urban Inundation Model 

The Urban Inundation Model (UIM) uses a non-inertial wave method based on a 

simplified diffusive wave approach. This simplified version enables improved 

efficiency within the model; but as the inertial term is not present it is unable to cope 

with steep slopes and high velocities and the effects that arise from supercritical flows, 

such as hydraulic jumps. Within urban terrain the slopes are relatively shallow and as 

such the occurrence of super critical flow is rare but not improbable. With this, the non-

inertial method is sufficient to model most scenarios within urbanised areas where the 

water input is from rainfall or had low initial transverse flow rates. 

As shown in section 3.7, the buildings present within the DSM cause the most 

significant changes to the terrain during the generalisation process. To solve this 

problem the buildings need to be removed prior to generalising the terrain. Within 

urbanised areas, however, the influence of building features play a key role in the 

routing of surface flow and, therefore, information relating to their position is still 

required. Chen et al. (2008) showed that by the incorporation of Building Coverage 

Ratios (BCR) and Conveyance Reduction Factors (CRF) it is possible to represent the 

influence of building structures within a generalised grid-cell. The BCR (β) values are 

numerical representations of the occupancy of buildings within coarse grid-cells ranging 
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from 0 (no buildings) to 1 (fully occupied) where
A

Ab=β . This is introduced in the 

UIM) to represent the blockage effect, where 
b

A  is the building area [m
2
] and A  is the 

coarse grid area [m
2
], as shown in Figure 3-31. In this example the building is regarded 

as rectangular with closed walls parallel to the boundaries of a containing coarse grid 

and surface water cannot move across or enter the building. The effective area within a 

grid, which allows for flow storage and movement, is calculated as ( )Aβ−1  and the 

conveyance widths, in both x and y directions, are reduced by the ratio ( )1 xσ− and 

( )1 yσ−  respectively. The continuity equation is then rewritten as (Chen et al., 2008): 

 
( ) ( )11

(1 ) ( , , )
yx
vdudd

q x y t
t x y

σσ
β

 ∂ −∂ − ∂    − + + =
∂ ∂ ∂

 (3.9.1) 

 

 

Figure 3-31. Building representation in coarse grid 
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 (3.9.3) 

 

h is water surface elevation ( )zd +  and ( )tyxqs ,,  is the rate of water entering the 

ground surface per unit area. In terms of rainfall input the rate of water entering per unit 

area can be expressed as: 

 ( ) ( ), , , , ,sq x y t I x y t=  (3.9.4) 

Where ( ), ,I x y t = rainfall excess intensity. 
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In equations 3.9.1, 3.9.2 and 3.9.3 it is assumed that the influx direction of rainfall 

effluent is normal to the overland surface. The unknowns d, u and v are found by using 

a two-step alternating direction explicit scheme. The finite difference equations for each 

time step are as follows. The CRF values ( )σ are now spatially dependant as vary 

according to each boundary as shown in Figure 3-32. 

 

 

Figure 3-32. Calculating flow exchange between cells example 

 

For the first time step ( )21+m  the depth of water is calculated at the cell boundaries 

( )21±i  and ( )21±j  
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where m, i and j are time, x and y are spatial indices respectively, mm ttt −=∆ +1 , 

ii xxx −=∆ +1 , ii yyy −=∆ +1 . Using equations (3.9.5) and (3.9.6), 2
1+m

u  and 2
1+m

d  

along the x direction can be solved simultaneously. Then 2
1+m

v  can be found from 

equation (3.9.7). 

For the second time step ( )1+m  
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In this time step equations (3.9.8) and (3.9.9) are used to solve 1+mv  and 1+md  along the 

y-direction and equation (3.9.10) is used directly to solve 1+mu . 

The ability to incorporate BCR and CRF values in this way in the UIM demonstrated 

that it is possible to increase accuracy of water storage and movement within a coarse 

grid model. This approach alone, however, is limited to simplistic building layout 

scenarios and can still lead to misrepresentation of storage and conveyance within 

course cells. Using BCR values alone will allow for the interpretation of available 

storage space for water. However, it does not reveal any information ascertaining to the 

building layout/distribution within the coarse grid cell; for this reason the CRF values 

are introduced. 

Figure 3-33 shows an example of six potential building layouts with a BCR value of 

0.25. If the possible flow out of each coarse grid cell is considered, the CRF values are 

given in Table 3-3 obtained at each boundary.  

 

Figure 3-33. Example building layouts where BCR =0.25 

The BCR values coupled with the CRF values enable a representation of the available 

storage space within a coarse grid cell and the effective flow between neighbouring 

cells. Case 4 in Table 3-2 is highlighted, as in this scenario a building is bisecting the 

grid, thus dividing the potential storage area into two separate regions and will be 

discussed further in the following section.  

 

Table 3-3. CRF values for example building layouts (where BCR = 0.25) 

Case (i) CRFx (East) CRFx (West) CRFy (North) CRFy (South) 

1 0.00 0.00 0.00 0.00 

2 0.25 0.25 1.00 0.00 

3 0.00 1.00 0.25 0.25 

4 0.25 0.25 0.00 0.00 

5 0.50 0.50 0.50 0.50 

6 0.00 0.50 0.50 00 
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This approach is tested against an existing software package HEC-RAS as a benchmark 

on a simple dataset for comparison. The UIM is tested at 5m and 10m grid cell sizes and 

the performance of the model is assessed by looking at the root mean square error 

(RMSE) and flood volume (FV) values. 

Study case 2 (Figure 3-34) taken from  Chen et al. (2008) has buildings located at the 

boundaries within a test street causing a reduction in channel width which will block the 

grid cells at the 5m resolution and reduce the conveyance width by 50% at the 10m 

resolution. 

 

Figure 3-34. Plan view of study case 2, with upstream and down stream boundary conditions (Chen 

et al. 2008) 

 

The performance of the modified UIM was assessed in part by looking at the 5M 

representation and 4 possible ways of representing buildings within the UIM at the 10M 

grid resolution: 

1. No building but partially increased roughness, where roughness grids where 

buildings are located is doubled to 0.12 

2. BCR set at 0.5. As the program makes the assumption of equal dimensions sizes 

for each face of the building (assumes square building) the CRF value is 

automatically calculated as 71.05.0 =  

3. BCR set to 0.25 giving an accurate representation of the CRF value of 0.5 

4. BCR set to 0.5 and CRF in x-direction manually set to 0.5 to give accurate 

representation of conveyance widths and storage volumes with grid-cells. 

 

The results of these tests are shown in Table 3-4 and Figure 3-35: 

 

UIM 10M grid UIM 5M grid 

300 m 

30 m 

U/S BC 
Q = 1m

3
/s 

D/S BC 
D = 0.2m 

Building 
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Table 3-4. Performance of the UIM simulations, compared to the HEC-RAS with negligible bank 

roughness benchmark, for study case 2 Chen et al. (2008) 

 

HEC-RAS 

with negligible 

bank 

roughness 

UIM 

5M 

UIM 10M 

n=0.12 α = 0.50 α  = 0.25 

α  = 0.50 

xβ  = 0.5 

y
β  = 0.0 

RMSE 

(mm) 
- 1.26 2.83 17.1 1.74 1.74 

FV (m
3
) 2,206 2,175 2,537 2,309 2,374 2,199 

 

 

Figure 3-35. The longitudinal profiles along the street centres obtained by HEC-RAS, UIM 5M and 

four UIM 10M simulations Chen et al. (2008) 

 

Results show that by merely changing the roughness values (as in case 1) the flood 

volume is increased as in previously mentioned studies. In this instance this is due to the 

area of inundation increasing thus reducing the overall flood depths across the study 

area so less water escapes over the weir at the downstream boundary. Setting the BCR 

as 0.5 but over estimating the CRF values results in a significantly larger flood depth as 
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the restriction of flow across the street is increased. Correctly setting the CRF value to 

0.5 at the expense of misrepresenting the BCR has the opposite effect in that it increases 

the accuracy of flood depths at the cost of allowing for greater water volume storage. 

The final solution of setting both BCR and CRF values manually to reflect the building 

characteristics within the coarse grid yield the most accurate results at the 10M 

resolution. 

In conclusion; in order to accurately simulate flood volumes within coarse grid models 

information is required about available storage space within each coarse grid cell and 

the restrictions of flow from one cell to another. 

3.10  The “Multilayered” generalisation approach 

3.10.1 Introduction 

A standard single layer model cannot represent scenario 4 as shown in Figure 3-32; it is 

for cases such as these that a multilayered approach is required. In a single layer 

environment the BCR value represents the total building occupancy within a coarse grid 

and the CRF values relate to the reduced conveyance widths between neighbouring 

coarse cells during the finite difference calculations. This approach alone is unable to 

distinguish various building layouts. For example, if we have two channels each with 

width of four grid cells and a length of 16 grid cells as shown in Figure 3-36, with the 

northern and southern boundaries closed and east and west boundaries open an applied 

flow from west to east can traverse the channel in layout A but is blocked in layout B. A 

single layer representation utilising BCR and CRF values generates the same output for 

each layout, making their influence on surface flow identical. This misrepresentation of 

the building layout now results in output flow in layout B. 

 

Figure 3-36. Comparison of flows across coarse grids in a single layer 
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Figure 3-37 shows a solution to this problem by representing the building layout from 

case 4 in two separate layers. Water entering into layer 0 can only occupy 50% of the 

grid space and cannot traverse to a southern neighbouring coarse cell; layer 1 has only 

25% available storage space and prevents flow travelling to a neighbour located north of 

this cell. 

 

Figure 3-37. Multi-layer view of building layout 4 

 

This simplistic representation of a bisected grid expressed in terms of BCR and CRFs 

for each layer can be easily interpreted by the UIM program and any 2D surface 

modelling approach using a raster grid as a base. With the automatic creation of the 

multiple layers the possibility of faster 2D surface flow modelling can be achieved. 

3.10.2 Generating multiple layers 

The automatic generation of multiple layers needs to be a fast and efficient process to 

enable the pre-processing of large amounts of terrain data. The automated generation of 

multiples layers is thus done via stages. By using a stage based method all the 

information required to represent a surface in multiple layers is created in a bottom-up 

approach, where each subsequent step is dependent on the data derived in the previous 

steps. 

Stage 1: Generation of Building Mask 

The building mask is generated by comparing the DSM and the DEM with each other as 

outlined in section 3.6. The generation of building mask is a key stage in this process as 

it is these features that will be used to govern the motion of the automaton to generate 

multiple layers. Figure 3-38 shows an example of a simple 12x12 Building Mask. The 

building layout in this example is merely abstract and is the rotated raster grid of the 

abbreviation for Exeter (“EXE”), relating to the university in which the author drafted 

this thesis.  
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Figure 3-38. Example “EXE” building layout 

 

Stage 2: Creating the Fine-Multilayer 

The Fine-Multilayer grid is the primary grid used for the generation of multiple layer 

information and is used to back reference the final coarse grid outputs back into a fine 

grid resolution. The generation of this grid is done automatically by using an agent 

based automata approach that assigns each cell a pixel number. This automaton moves 

within the building mask surface, references the terrain heights in the DEM and its 

motion is governed by building cells or window boundaries obstructing its path.  As real 

datasets comprise of large amounts of data, it can be impractical to generate the Fine-

Multilayer in one go, therefore a ‘Cookie-cutter’ technique is employed. Figure 3-39 

shows the start process of generating the terrain ‘cookies’ prior to applying the 

automaton used to generate the key Fine-Multilayer grid. 

Original DSM 
Select generalise 

resolution 
Apply cookie cutter 

 

 

 

 

 

 

 

Figure 3-39. Generation of ‘Cookie’ tiles prior to applying automaton 
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Once the data has been chopped into the selected grid-size which will reflect the new 

resolution (in this instance from 1m-4m) start points for the automaton need to be 

established. This is done by looking for building locations at the edges within each 

cookie tile and by placing a start marker in the first unoccupied cell. Figure 3-40 shows 

the start positions within each cookie tile. 

 

Figure 3-40. Start positions (X) within cookie tiles 

 

Primary stage: Locate start positions at coarse grid boundary and adjacent to building 

edge. If no building edge at boundary is found, place start position in upper left corner 

then begin automaton: 

I. If start position has not been walked on then activate automaton and label cell with 

the layer number 

II. If grid cell perpendicular to the direction of travel is empty and not been travelled 

across previously then place flag for next ‘prepared’ automaton start position with 

command to move in the perpendicular direction 

III. If cell in direction of travel is empty, has not been travelled across already and is 

not past the boundary then move automaton to cell and label with layer number 

IV. If next cell in front of automaton is not empty or been travelled across or the 

boundary then deactivate automaton and activate next ‘prepared’ automaton 

V. If no more ‘prepared’ automatons can be activated in cycle activate next start 

position 

VI. If no more automatons can be activated in a cycle and no more start positions left 

to activate then progress to next cookie tile. 

This approach is a simplistic and efficient means of data-mining the building data and 

thus generate the Fine-Multilayer. Figure 3-41 shows the path taken by the automata 

within the central cell during the generation of the Fine-Multilayer grid. 
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Figure 3-41. Automaton propagation through cookie tile 

 

Once each cookie tile has had the automaton applied the tiles are recombined to create 

the “Fine-Multilayer raster” (Figure 3-42). 

The Fine-multilayer raster grid is the key grid required for the next stage of generating 

the coarse grid multilayer datasets. From here it becomes possible to generate the 

multilayer BCR values. 
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Figure 3-42. Fine-Multilayer raster 

 

Stage 3: Generating Multilayer BCR values 

Unlike the BCR values produced within single layer space, the multilayer BCR values 

represent the "apparent" building coverage ratio (ABCR) with respect to that layer. It is 

based on the simple rule that if one cannot see a route past or around an object within 

the constraints of the encompassing window you assume that all space behind the object 

is blocked. The ABCR is, therefore, calculated from the fine-multilayer grid as the 

percentage of fine grid cells in a layer within a coarse grid boundary that does not have 

the chosen layer number value. This generates an ABCR value that is dependent upon 

the layer and thus later dependant on the direction of incoming water. Therefore, the 

water entering into a grid-cell layer n can only occupy �� � #$�  area of that coarse grid 

cell layer. Table 3-5 shows the standard single layer BCR view and the calculated ABCR 

views for each layer. Due to that bisection of building grids is dependent on building 

shape, location and orientation, the number of coarse grid cells that require multiple 

layer representations is predicted to be relatively low. With this in mind, to maximise 

efficiency all of the layer 0 ABCR values are stored as a raster grid with the associate 

spatial coordinates as that of the coarse terrain grid. The subsequent ABCR values where 

layer number > 0 is stored as a look-up table along with spatial coordinates. This stage 

also generates a temporary apparent building layout representation for each layer. These 

grid representations can then be used to establish the linking elements between all 

possible layer combinations.  
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Table 3-5. Multilayer view of central coarse tile 

Layer Number Building layout BCR & ABCR value 

 

NA 

(single layer) 

  

%
�&'  

 

0 

 

  

�(
�&'  

 

1 

 

  

�)
�&'  

 

2 

 

  

�)
�&'  

 

3 

 

  

�)
�&'  

 

Stage 4: Generating the Multilayered CRF values 

The automated generation of the multilayered CRF values utilises the multilayered 

apparent building layout generated in stage 3. Here a projection method is used to 

generate the CRF value across boundaries between layers. The projection method takes 

into account the buildings either side of the boundary as oppose to just one side as to 

provide a more accurate representation of the conveyance width reduction factor. It is 
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used to generate a fictitious 1D boundary between neighbouring coarse cells whereby 

conveyance width can be calculated.  Table 3-6 shows the generation of CRFx values for 

each layer interaction of the central region with the eastern neighbouring boundary 

using the projection method. 

Table 3-6. Generating multilayer CRFx values 

Layer interaction (A-

B) 
Grid representation CRFx  value 

0-0 

 

1 

0-1 

 

1
 

0-2 

 

*
+'  

0-3 

 

1 

 

The results depicted in Table 3-6 show that surface flow travelling from west to east and 

vice versa is only possible in the layer 0 and 2 interaction as all other routes are blocked 

��,-� � ��. The passage between these two layers is however heavily restricted and 

once surface flows from the east enters its west neighbouring grid it only has � �&'  of 

the total coarse grid area to occupy.  

As with that of the ABCR values the CRF values for layer zero-zero interactions are 

needed for every cell, therefore a raster representation of �,-�
� and �,-�

�
 for the west 

and northern boundaries respectively are generated, with a look-up table use to 

reference all other layer interactions.  
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Stage 5: Generalisation of terrain 

This is the final stage of the multilayer generalisation process. With the buildings 

removed from the DSM the generalisation process can be carried out on the DEM 

surface without the detrimental spreading effects associated with these features. It is 

noted, however, that if a coarse grid is bisected by a building the terrain on either side of 

this feature may vary in both height and surface type. It is with this in mind that the 

generalisation method references information obtained from stages 2 and 3. Figure 3-43 

shows and example of the generalisation methods. 

 

Figure 3-43. Calculating average heights in multiple layers 

 

Figure 3-40 (a) shows the original pixel height values for the fine grid DSM, here a 

downward slope is observed going from West to East in the westerly section. 

Generalising the DSM data using a single layer approach generates the coarse grid 

heights shown in (b). Here the slope is now going from East to West thus changing the 

direction of surface flow. If the multi-layered information is used for the generalisation 

process 4 separate height values are obtained for the easterly grid and in the layer 0-1 

interaction the East-West slope is preserved.  

After this final stage, the data is ready to be incorporated into the modified UIM. In this 

example, what started off as initially 144 grid-cells with 121 cell to cell interactions has 

been generalised into 12 grid-cells with 12 grid-cell interactions (Figure 3-44) thereby 

greatly reducing the number of computations per time step. This figure shows the 

possible flow paths within the multilayer coarse grid model. The available space in each 

of the nine grid cells is shown to scale with layer 0 being shown in blue and other layers 

in red, green and yellow. If surface flow is possible between adjoining cells (in any 

layer to layer combination) they are represented by a double ended arrow with the 

number by referencing the CRF value. 
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Figure 3-44. Concept view of multiple layers of EXE DSM showing BCR and CRF values 

 

This automated generated data can now be fully utilised by the modified multilayer 

UIM. 

3.11 Inputting flow parameters in coarse grids 

3.11.1 Lateral flow 

When comparing flood models with a lateral flow input one has to take into 

consideration the location and cell sizes of the terrain where the surface water is added 

with a horizontal velocity component. This is done as to ensure mass conservation 

between comparable models. Figure 3-45 shows lateral inputs being added to three 

separate grid resolutions (1m, 2m, and 4m). If an input with a given flow-rate λ is 

applied to a 1m resolution boundary over four cell boundaries then 2λ  needs to be 

applied to two cells and 4λ to one cell respectively if these generalised models are to 

have the same volume of water entering across the boundary width at the same location 

per unit time. 
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Figure 3-45. Lateral flow inputs at varying resolutions 

 

3.11.2 Rainfall input 

In terms of the adapted methodology used within the UIM it is assumed that any rainfall 

that lands upon a building is immediately transferred directly to a sewer network and 

therefore does not contribute to overland flow. The rainfall grid, therefore, is an 

inversion of the Boolean building grid generated previously. Where each grid where a 1 

is present relates to the fine rainfall hydrograph input (RFine) for each fine grid cell. 

Figure 3-46 shows the fine rainfall Boolean grid. 

 

Figure 3-46. Boolean rainfall input grid 

 

Within a multilayer approach a rainfall hydrograph needs to be applied and shared over 

cells that lie within each layer. Taking the central 4x4 multilayer cell as an example; 

within the fine grid, out of the 16 possible rainfall inputs only 9 fall onto the terrain 

surface therefore the initial rainfall input in for the generalised grid is 
9

16
GenR where 
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RGen is the maximum potential rainfall input factor for a generalised grid and in this 

instance is equal to 16RFine. Within a multilayer approach the rainfall in the generalised 

grid is thus shared accordingly between each layer, shown in Figure 3-47. 

 

Figure 3-47. Calculating rainfall in multilayer grids 

 

Table 3-7 shows the numerical factors used to share the input of rainfall within a 

generalised grid into each layer. By sharing the rainfall in this manner to it is possible to 

distribute the rainfall input within a multilayer generalised space that reflects the 

inputted rainfall both spatially and quantitatively as that observed within the fine grid.  

Table 3-7. Rainfall input factors in multilayers 

Layer number Rainfall input factor 

0 
6

16
GenR  

1 
1

16
GenR  

2 
1

16
GenR  

3 
1

16
GenR  
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4 Results and discussion 

 

4.1 Introduction 

In this section the author investigates the three approaches (standard generalised, single 

layer BCR and CRF, and multilayer BCR and CRF) discussed earlier in the 

methodology section for generalising data, and how these generalised terrain datasets 

and approaches influence surface flow propagation. Comparisons of the generalised 

surface depths recorded are made against the original fine-grid representation referred to 

as the “benchmark model”. The effects of generalisation methodologies and scale are 

therefore assessed as follows:  

1. Overall maximum flood depth extent: 

Comparisons are made between the maximum recorded flood depths within the coarse 

grid model against those recorded in the parent benchmark model. This generates a 

maximum depth error map to provide information relating to the spatial distribution of 

depth errors within the coarse-grid model. 

2. Sample checkpoints analysis: 

 

a. Flood depths 

 

b. Arrival time of peak depth 

 

The flood depths at specific points within generalised datasets are compared against 

their parent benchmark datasets. Errors relating to recorded flood depth differences and 

time of recorded steady peak volume are recorded. 

3. Root Mean Square Error analysis  

The RMSE value of maximum flood depths errors is calculated as a means of assessing 

overall accuracy. (Like in point 1, RMSE is derived with respect to the benchmark 

model) 

 

4. Computational time 

The computational time for each generalised resolution is compared to assess the 

benefits of each generalised approach. 
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5. Overall performance: 

Each generalising approach is finally assessed on its

points 1 – 4. 

4.2 Simulation case 1: 

The first area investigated within this section is the effect that building orientation has 

on surface flow and how this effect is translated into a coarse

three examined generalisation approaches. In

shaped building dataset first shown in section 

thus generated each with a different orientation of the E building within each dataset; 

the configurations of which are shown in

Figure 4-1. E-building configurations

 

Each of the DSMs is generalised to 4m, 5m, 10m, and 20m grid resolutions using each 

of three different generalising methodologi

chosen as they provide a good range of scales 

without the generalising window overlaying any boundary, thus preventing any data 

loss and enabling a fairer comparison between resol

 

Each generalising approach is finally assessed on its overall performance in relation to 

Simulation case 1: “E” shaped building datasets 

The first area investigated within this section is the effect that building orientation has 

on surface flow and how this effect is translated into a coarse-grid model for each of the 

three examined generalisation approaches. In the following tests, the training “E” 

shaped building dataset first shown in section 3.5 is utilised. Nine individual DSMs are 

thus generated each with a different orientation of the E building within each dataset; 

urations of which are shown in Figure 4-1.  

building configurations 

Each of the DSMs is generalised to 4m, 5m, 10m, and 20m grid resolutions using each 

of three different generalising methodologies. These four specific window sizes are 

provide a good range of scales can encompass the whole DSM dataset 

without the generalising window overlaying any boundary, thus preventing any data 

loss and enabling a fairer comparison between resolutions. 

overall performance in relation to 

The first area investigated within this section is the effect that building orientation has 

grid model for each of the 

the following tests, the training “E” 

is utilised. Nine individual DSMs are 

thus generated each with a different orientation of the E building within each dataset; 

 

Each of the DSMs is generalised to 4m, 5m, 10m, and 20m grid resolutions using each 

es. These four specific window sizes are 

can encompass the whole DSM dataset 

without the generalising window overlaying any boundary, thus preventing any data 



 

4.3 Input flow 

To enable easier observations of the effects of ge

flow input is chosen for the simulations

introduced at the left-hand boundary and is distributed uniformly over a sixty meter 

swath (thirty meters either side of the cen

the terrain is flat and slopes slightly from west to east, a high rate of flow is 

applied to help analyse the effects of flow around the building feature. The lateral flow 

rate input for the following case studies shown in 

Figure 4-2. Lateral flow input for E

 

4.4 Flow propagation through generalised grids

The effect of building obstructions is not the only influence in terms of surface flow 

routing in 2D flood modelli

surface water with a given one directional velocity υ can spread over the surface and 

propagate in both x and y 

routing model parameters) a given volume of water can spread from one cell to one or 

more of its neighbouring cells. If the spread of water between cells is governed by a 

water depth threshold parameter that must be exceed

grid resolution, for a unit of time 

N cells whereas for a coarse grid the spread of water is just over 

To enable easier observations of the effects of generalisation on surface flow a lateral 

flow input is chosen for the simulations.  For the E-building datasets a lateral flow is 

hand boundary and is distributed uniformly over a sixty meter 

swath (thirty meters either side of the centre line bisecting the y-axis where 

the terrain is flat and slopes slightly from west to east, a high rate of flow is 

applied to help analyse the effects of flow around the building feature. The lateral flow 

g case studies shown in Figure 4-2. 

. Lateral flow input for E-Building datasets 

Flow propagation through generalised grids 

The effect of building obstructions is not the only influence in terms of surface flow 

routing in 2D flood modelling as grid resolution also plays a significant role. On a flat 

surface water with a given one directional velocity υ can spread over the surface and 

y directions. Within each time-step (depending on the flow 

) a given volume of water can spread from one cell to one or 

more of its neighbouring cells. If the spread of water between cells is governed by a 

water depth threshold parameter that must be exceeded before it can move then in a fine 

a unit of time T, surface water could have traversed and spread over 

cells whereas for a coarse grid the spread of water is just over Z cells where

99 

neralisation on surface flow a lateral 

building datasets a lateral flow is 

hand boundary and is distributed uniformly over a sixty meter 

axis where x = 0). As 

the terrain is flat and slopes slightly from west to east, a high rate of flow is initially 

applied to help analyse the effects of flow around the building feature. The lateral flow 

 

The effect of building obstructions is not the only influence in terms of surface flow 

ng as grid resolution also plays a significant role. On a flat 

surface water with a given one directional velocity υ can spread over the surface and 

step (depending on the flow 

) a given volume of water can spread from one cell to one or 

more of its neighbouring cells. If the spread of water between cells is governed by a 

before it can move then in a fine 

surface water could have traversed and spread over 

cells where Z N< . 
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For example comparing a 1m resolution grid to a 3m resolution grid which slopes in the 

x direction and in time T surface flow can traverse a maximum distance of 18m , 

(which is the equivalent of moving 3 cells in the fine grid in any combination). 

Assuming maximum distance covered in any direction where 1 0x x> then; at the 1m 

resolution 11 possible routes can be taken whereas in the 3m resolution only 3 possible 

routes are available. These differences in path angles will result in depth errors in 

generalised grids and are particularly apparent where terrain is relatively flat in one or 

both of the planes due to lack of constraints such as channel walls. Figure 4-3 shows an 

example of flow path angle difference limitation between 1m and 3m resolution girds 

caused. 

 

Figure 4-3. Possible path angles for 1m and 3m resolution grids 

 

4.4.1 Testing flow propagation in empty surfaces 

To analyse the effectiveness of the UIM for distributing surface flow in generalised 

space simulations were run where a lateral input is applied to the DEM ‘ski run’ surface 

in an easterly direction from the western boundary. In these test studies (and subsequent 

ones to follow) the northern and southern boundaries are closed and the eastern 

boundary is open. These boundary conditions are applied as to ensure the propagation 

of flow along the surface from west to east. 
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Figure 4-4. Recorded flood depths at 10 minutes 

 

Figure 4-4 shows the recorded flood depths maps at the 10 minute interval for each of 

the five grid resolutions. The distribution and maximum distance of water propagation 

between each resolution is different at this time interval. The observations show that at 

coarser resolutions the surface water reaches the upper and lower boundaries earlier. 

From this example, the 5m resolution is selected for further analysis and a flood depth 

Recorded depth (m)

High : 0.019

Low :0.000
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error map is generated by calculating the differences between the flood depths within 

the benchmark model (recorded at the 10 minute interval) with the 5m coarse grid 

model (remapped into a 1m resolution using method shown earlier in section 3.3). 

Figure 4-5 shows that at 10 minutes into the simulation there is an overestimation of 

flood depths at the upper and lower boundaries around the 12.5m to 50m in the x 

direction due to the angles of flood propagation in the coarse grid. As the inputted flow-

rate is the same for all resolutions if the flow in the coarse grid is forced to move more 

in the y directions then the distance covered in x direction will be reduced, the 

exception being that of the 20m resolution for this particular model. The reason for the 

20m scenarios’ flood extent extending beyond that of the benchmark model is that due 

to the limitations of the terrain boundaries, as the upper and lower boundaries are closed 

surface flow that would normally propagate in the north and south directions is forced 

to move east across the surface. 

 

Figure 4-5. Error map for 5m resolution grid at 10 minute interval 

 

4.5 E-Building (Case Original) 

The “Original” orientation case represents the initial building orientation that was 

investigated in section 3.5 during the generalising effects on terrain analysis. The 

building’s orientation is such that it has a closed face to the incoming surface flow.  As 

a result of this, coupled with the slope direction means that there is no defined region 

for water storage. The north and south boundaries of the terrain surface are again closed 
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and the east hand side boundary is open. These boundary conditions are imposed as to 

enforce the channelling of flow downstream across the building feature and to escape 

freely at the eastern boundary. 

 

Figure 4-6. Maximum flood depth distribution for Original E-Building layout 

 

Figure 4-6 shows the maximum flood depths recorded during the simulation for each 

grid cell in a raster map format. It is observed that lateral flow input from the western 

boundary initially travels freely across the surface in region A (regions defined earlier in 

Figure 4-2). As the slope is decreased in region B the flood depth increases accordingly 

due to the frictional forces effect being more apparent. The presence of the building 

feature causes a further increase in flood depths within its vicinity and forces the surface 

flow to move around the outside of the feature.  

To analyse the areas where there are regions in the terrain that is influencing the water 

depths a slope type analysis on the maximum recorded flood depths is applied. Figure 4-

7 shows the calculated changes in flood depth 
z

xy

 ∂
 ∂ 

expressed as a percentage slope. 

This map highlights all the locations in the terrain where there is a change in the 

recorded maximum flood depths. It is apparent from Figure 4-7 that the building affects 

the surface flow within its immediate vicinity and as the surface water cannot escape out 

across the northern and southern boundaries a backwater effect is experienced causing 

an increase in flood depths prior to the building. 



104 

 

 

Figure 4-7. Change in maximum flood depths for Original E-Building layout 

 

4.6 E-Building: Generalisation effects (initial test) 

4.6.1 Introduction 

Within the initial test the effects of generalisation on building layout is examined. This 

firstly investigates the effects of generalisation of the DSM solely using the group 

averaging window. Figure 9-1 in Appendix A shows the calculated error maps produced 

when comparing the re-mapped maximum flood depths in the generalised model for 

each resolution to that of its parent benchmark model. 

The results shown and discussed in this section comprise of a visual inspection of 

spatial distribution of errors over the terrain for each generalising method and a more 

detailed depth error analysis along a central path across the surface. 

4.7 4m Generalised Case 

At the first generalised scale (4m resolution) there is already the appearance of 

identifiable discrepancies within different regions. Firstly, located in close proximity to 

the boundary where lateral flow is applied, initial depth discrepancies are observed. 

These are localised at the upper and lower boundaries. The reason for these was due to 

differences in the angle of propagation of surface flow for the fine and coarse grid 

models as mentioned in section 4.4.1. The second effect that results in error generation 

is a result of the change in topology around the building. This has lead to an increase in 

flood depths behind ( )100 150m x m< <  the building feature. 
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Generalising the DSM using the 4m window results in a building area increase of 

approximately 80%, this in turn leads to a 2m decrease in channel width either side of 

the building, reducing each from 30m to 28m (shown in Figure 4-8). In terms of the 

continuity equation where if we assume the flow up to these locations is the same then

1 1 2 2u A u A= , with 1 130A d=  and 2 228A d=
,
 therefore, 2 2 1 1u d u d> .  Where 1u and 1d are 

the flow velocity in the x direction and water depth at the 1m resolution and 2u  and 2d

are those at the 4m resolution. With the building face perpendicular to the lateral flow 

input now obstructing more flow directly, coupled with the increased water depth along 

the buildings upper and lower edges an increased backwater effect is be experienced. 

This increased backwater effect produces higher flood depths immediately prior to the 

building. The maximum flood depth errors recorded prior to the building at this 

resolution are approximately to the order of 1cm. 

 

Figure 4-8. Path width comparisons between 1m and 4m resolutions 

 

The maximum recorded errors for the 4m resolution in proximity to the building reveal 

that the generalised model underestimates the depth by 9cms. This underestimation is 

directly due to the building overlap as a result of spreading within the 4m resolution 

model meaning that there is a loss of available wetted area; this is highlighted in Figure 

4-9. Within the benchmark model the pixels that are neighbouring to the building have a 

maximum recorded flood depth of 9cm whereas in the 4m resolution the value is 0cm as 

these cells are now building cells. 
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Figure 4-9. Maximum flood depth errors surrounding building feature a 4m resolution 

 

The pattern of error distribution per coarse grid reveals the banding effect as a result of 

remapping coarse data into fine grids which was mentioned in section 3.4. Due to the 

depth distribution varying in both the x and y directions the banding pattern is 

determined by the rate of change of depths with respect to x and y in the fine-grid model 

enclosed within a coarse-grid boundary (i.e. in this instance the pattern is limited to 4x4 

fine grid-cells).  

4.7.1 5m generalised case 

For the 5m resolution case the increased backwater effect prior to the building that was 

observed in the 4m model is almost completely removed. Figure 4-10 shows a closer 

view of this region located around the building feature. Here it is observed that the error 

values vary over the zero boundary within each remapped 5x5 cell. This banding over 

the 5x5 cells is due to the comparison of a singular value in the coarse grid being 

compared against 25 values present within the same space in the fine grid. With the 

values varying about the zero error margin the depth within the coarse grid cell is a 

close proximity to the average depth of the fine-grid cells encompassed within a 5x5 

fine-grid window. 

 

4-10. Maximum flood depth errors surrounding building feature at 5m resolution 
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It is due to the placement of the 5m generalising windows that there is no spreading of 

the building in the westerly direction and neither the northern or southern building 

boundaries are moved. It is with this reason that the backwater effects are less in the 5m 

resolution than its 4m predecessor. Figure 4-11 shows a comparison depth errors 

showing the building effect on maximum flood depth errors for the 4m and 5m case 

along an approximate (to the nearest integer cell value) central path within the y axis (y 

= 50). 

 

Figure 4-11. Maximum depth errors for 4m and 5m generalised case (y = 50) 

 

This figure shows that within the range of 100 150x< < m (beginning of region B 

within the model), oscillations in the maximum flood depths errors begin to occur as a 

result of the buildings range of influence. Figure 4-12 shows a close up view of the 

region more closely situated towards the building (125 150)x< <  which shows the 

period of oscillations more clearly. For the 4m case each oscillation is over a 4m 

distance; this implies that the error value is oscillating due to the effects associated with 

the banding effect by comparing an average depth value against the original value 

distribution. For the 5m resolution the oscillations are occurring about the zero line 

showing that because there is no building spread in this instance the maximum flood 

depths in 5m resolution is more akin to the benchmark than the 4m. Prior to the region 

where the building edge facing the incoming flow is located ( 150x = ) the 4m and 5m 

-0.086

-0.066

-0.046

-0.026

-0.006

0.014

0 50 100 150 200 250 300 350 400

D
e
p
th
 E
rr
o
r 
(m

)

x coordinate

4m

5m



108 

 

maps differs significantly as the 4m gives rise to a greater overestimation prior to the 

building then a large underestimation. Because of the building spread in the 4m 

resolution there is an increased back water effect observed prior to the building. The 

large underestimation is, as building is now spread in the negative x direction in the 4m 

resolution no water can reach the locations where they did in the benchmark model 

therefore a large ~9cm underestimation of maximum depth is observed. As there is no 

spread of the building in the 5m case study as there is no change in backwater effect, as 

the flow approaches the building the model performs more accurately than the 4m 

approach. After the water has surpassed the building, however, as the angle of flow 

propagation changes in coarse models, more water is allowed to return to the centre path 

leading to larger errors than the 4m approach. 

 

4-12. Maximum depth errors for 4m and 5m generalised case (y = 50) near to building 

 

4.7.2 10m generalised case 

As the benchmark model is generalised into the 10m resolution the errors produced 

within the first hundred meters from the lateral inflow become dominant. Figure 4-13 

shows the first 100m of the recorded maximum depths with a stretched depth scale. In 

this region, error depths greater than 2.1 cm (up to 4.5cm) were recorded.  
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4-13. Depth errors at input due to lateral flow propagation in 10m coarse grid 

 

The depth errors quickly reduce from 2cm to 8mm once the surface flow moves past 

100m at boundary where the gradient changes. By examining the change in depth errors 

over x and y (slope analysis of maximum depth errors), regions can be observed where 

the terrain changes have influenced the maximum recorded depths at two resolutions. 

Figure 4-14 shows the absolute percent slope map of the maximum depth errors for the 

10m generalised resolution.  

 

Figure 4-14. Percent slope error and aspect map of 10m generalised error map 

 

In the slope error map distinct lines are visible in the y  axis where the slope of the 

terrain changes. Within 30m either side of the building feature there are regions where 

the degree of detected errors changes quickly over a short distance. Setting 50y = and 

plotting depth error with respect to x  (shown in Figure 4-14) reveals the banding of 

error magnitude in greater detail. Within the first 90m the recorded depth errors are 

quite high at around 2cms. This error quickly drops as the slope in the terrain changes at 

the 100m point. The error value remains relatively stable between 100m and 120m 
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meters then begins to oscillate as the water approaches the building feature. Closer 

examination of the aspect map reveals the differences in flow propagation in the coarse-

grid model and shows very distinct banding of errors prior to the building. Setting 

50y = and plotting depth error with respect to x  (shown in Figure 4-15) reveals the 

banding of error magnitude in greater detail.  

 

Figure 4-15. Maximum depth error leading up to building at 10m resolution 

 

4.7.3 20m generalisation 

The 20m standard generalisation case shows the worst performance of predicting the 

maximum flood depths. Within the first 100m the maximum recorded flood depths are 

similar to those of the previous 10m generalised cased. Prior to the building a 

proportionally large increase in flood depth errors is detected as a result of the 

backwater effect caused by the greater increase in building area and reduction in 

channel widths about the feature. Within the 20m grid the channel width around the 

building has been reduced by a third to 20m and wall facing incoming flow has been 

shifted 10m backwards due to the spreading effect. As the water can no longer reach 

past the new 140m coordinate boundary where the building has spread to, the 20m 

coarse resolution simulation results in large error values (underestimations of up to -

9cm) around the original feature location. Figure 4-16 shows the vast reduction in 

channel width around the building feature at the 20m generalised resolution. 

-0.01

-0.005

0

0.005

0.01

0.015

0.02

0.025

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

D
e

p
th

 e
rr

o
r 

(m
)

x coordinates



111 

 

 

Figure 4-16. Building spread at 20m resolution 

 

4.8 Simple generalisation effects conclusion 

The overall analysis of generalisation effects at this stage reveals that the spreading of 

features will result in either the loss of information around the building or 

proportionally large errors within its vicinity and therefore the generalisation of the 

DSM results in an overall increase in surface depths as available space for surface flow 

is reduced. As the spreading of buildings is dependent on the generalising windows 

position, coarser resolutions may by chance give more accurate results than fine scales 

although this assumption is limited. The results showed (Figure 9-1 Appendix A) that 

the 5m resolution provides a more accurate representation of flood depths along this 

path than the finer 4m resolution. The 10m resolution, however, has less building spread 

in the north, south, and west directions than the 4m resolution and although the depths 

recorded immediately prior the building are more accurate, due to the propagation of 

flow across the surface, larger errors are detected as the distance from building is 

increased. 

4.9 Single layer BCR and CRF generalisation 

4.9.1 Introduction 

For the single layer BCR and CRF approach buildings are represented within a coarse 

grid as described in section 3.9. The BCR value for each coarse tile is calculated in just 

one layer determined solely via the number of building pixels within the coarse cell and 

the CRF values are calculated using the projection method like that of the automated 

approach outlined in section 3.10, with the exception that there is only single layer 0 to 

layer 0 interactions. These techniques are applied to the whole of the terrain to generate 

the relevant layer 0 BCR, CRFx and CRFy datasets. These grids enable the buildings 

influence at a 1m scale to be represented within the 4m grid spaces. Thus by 



112 

 

representing buildings separately and generalising the bare earth DEM dataset the 

spreading effects of buildings are completely removed. By using this method the 

backwater effects produced as a result of generalisation of the DSM using the standard 

approach is removed. With the building properties held separately the DEM data can be 

generalised. The lateral flow input is then added into the single layer simulation. Within 

the single layer generalised method the building area does not increase, therefore the 

channel widths either side of the building (with respect to the upper and lower 

boundaries) are identical to the benchmark model. As the size of the obstruction is 

identical the resulting backwater effects in the single layer model should be similar to 

that of benchmark model. 

4.10 E-Building Single layer Case (4m Resolution) 

For the 4m resolution it is noted that some coarse grid cells are only partially occupied 

by buildings. This partial occupancy in a standard generalisation approach would cause 

spreading of the building features into the terrain, which this single layer BCR and CRF 

methodology avoids. It is also observed that for this particular building layout that there 

are no bisections (as discussed in sections 3.9 and 3.10) of the singular 4m grid cells 

therefore a multilayered approach would not be required. This also holds true for the 5m 

and 10m resolutions for this building layout. Figure 4-17 shows the overlay of a 4m grid 

on the building feature and the subsequently derived BCR grid generated. 

 

Figure 4-17. 4m window grid cells overlaid on a 1m building grid to create BCR grid 

 

Comparing the error maps for the single layer with BCR and CRF approach in 

Appendix A with the generalised model without BCR and CRF coefficients firstly 

reveals that the large underestimation error values that were caused due to the building 

spread such as was in the 4m and 20m generalised cased are completely removed. The 

second observation made here is the noticeable reduction of the backwater effect. Figure 
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4-18 shows a comparison of maximum flood depths errors between the generalised and 

single layer against the benchmark model. The scale range here is set to highlight the 

differences only ranging from 3mm to 5mm. It clearly shows the impact of the 

increased building size in the generalised case leads to increased depths before building 

and this effect is removed in the single layered BCR and CRF approach. The figure also 

shows increased depths after the building due to the limitations of possible flow 

directions and spread within a coarse grid. The overestimation after the feature is greater 

in the single layer method as there is an increase of water moving past the building 

(with respect to the 4m generalised method) as there is no reduction of channel widths 

along the buildings northern and southern edges. 

 

Figure 4-18. Detailed view of depth errors in generalised and single layer models 

 

Setting 50y = again and plotting depth error with respect to x (Figure 9-4 in Appendix 

A) reveals an improved (with respect to the standard generalised approach) prediction of 

flood depths for all resolutions except the 20m when using a single layered BCR and 

CRF approach. As the single layered approach reduces the overestimated depth errors 

that occur in the standard generalising approach due to the method removing the 

spreading effect of buildings and representing the conveyance widths accordingly.  

Comparison of the 10m cases for the single layer with BCR and CRF to the standard 

generalised layer without BCR and CRFs reveals identical results leading up to the 

building feature in each model; this is due to the positioning of the generalised grid. For 

the 10m case the generalising window encompasses the building in such a way that the 

outer boundary of each coarse cell facing the incoming surface flow will have a CRF 

value of one meaning that from this direction the adjacent cell is inaccessible, this is 

visualised in Figure 4-19. This statement also holds true for the generalised case as the 
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spreading of the building is not enough to reduce the height of the generalised cell to 

that lower than the incoming surface flow therefore it behaves as if that cell is also 

blocked to incoming water. 

 

Figure 4-19. Comparison of generalised representations at 10m resolution 

 

Analysis of the 20m resolution using both approaches reveals in this instance that prior 

to the building feature the single layer approach outperforms the generalised approach 

in its level of accuracy. By removing the errors from the increased backwater effect and 

the large error associated with loss of free surface due to building spreading. The 20m 

single layer approach, however, appears to fail after the building as the detected depth 

errors immediately after the feature with this approach are higher than that of the simple 

generalised method. This implies that a surplus of surface water is navigating through 

the building. Figure 4-20 shows an overlay of the 20m grid resolution and the resulting 

single layered CRFx  values thus calculated from this grid layout. At this resolution in 

the single layered approach there are no instances where 1xCRF = therefore flow is able 

to move through all grids with only (in this case) a twenty percent restriction. 

 

Figure 4-20. 20m generalising window and resulting CRFx  grid produced in single layer 
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Figure 4-21 shows a conceptual diagram of the single layer interpretation of the 

building layout for the 20m resolution based solely on flow restrictions in both the x

and y directions. The arrows represent regions where flow could pass. This shows that 

for the 20m resolution the single layer CRF values generated are unable to represent the 

building feature and can lead to increased flood depths downstream of a potential 

blockage. 

 

Figure 4-21. Single layer interpretation of building layout at 20m resolution 

 

4.10.1 Single layer generalisation preliminary conclusion 

The single layered approach for this building layout has proven to provide increased 

accuracy at predicting the recorded flood depths where building spreading was shown to 

be an issue. However at the 20m resolution the single layer methodology began to 

shown signs of failure as predicted due to the bisection of coarse grid-cells by buildings. 

Failure to consider these scenarios in a real case model could lead to significant 

differences in flow routing and overall model accuracy. 

4.11 E-Building Multilayer Case  

For the multilayered simulation the BCR and CRF values are calculated and linking 

elements are generated as outlined in section 3.10.  For this building layout, as 

mentioned in the previous section, the 4m, 5m, and 10m grid resolutions can all be 

represented within a single layer as no bisection of generalising windows occurs. The 

scale of interest in the multilayer model for this layout is the 20m resolution as it is at 

this grid size bisection of buildings has to be addressed. 

The preservation of the building features in the 20m resolution is achieved by using an 

additional 6 grid cells and 10 pathways connecting them accordingly. Figure 4-22 
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shows the multilayer layout of the terrain used for the calculation of the multilayered 

properties and the derived BCR grid for the base layer (layer 0). 

 

 

Figure 4-22. Multilayer and BCR grid view of generalised data using multilayer approach 

 

The overall layout around the building feature can be shown using a concept map as 

shown previously. Here, again, in Figure 4-23 the circle size represents the available 

storage area, the arrows represent the linking element between cells in multiple layers, 

the numerical values associated with each arrow represents the conveyance width 

restrictions (CRF values) and the colour represents the corresponding layer number as 

shown in Figure 4-23. The depth error analysis along the central path (Figure 9-4 in 

Appendix A) shows that the multilayer method behaves similar to the single layered 

method whist surface flow approaches the building. As the flow in the multiple layer 

model is blocked by the building completely and not restricted by 20%, as in the 

singular case; a slight increase in backwater effect is observed. The resulting depth error 

is only 9mm greater than that recorded in the benchmark model. In comparison the 

maximum backwater effect depth error recorded in the standard generalised case at this 

resolution was 54mm which is six times greater than this new approach. As no flow is 

allowed through the building using this method the maximum depth errors after the 

building using the multilayer approach is thus reduced. 
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Figure 4-23. Multilayer concept map of section shown in Figure 4-22 

 

4.11.1 Model comparison analysis 

For a final analysis of the accuracy of this data set the RMSE values relating to a cell by 

cell comparison of calculated max depths for each generalised case with the benchmark 

model are carried out; the results of this analysis are shown in Figure 4-24. These 

results reveal that for this particular layout the overall performance of both the single 

layer and multilayered approach offer a significant improvement over the standard 

group averaging generalisation approach. The single layer and multilayer models in this 

instance perform very similar to each other with the RMSE values at the 20m resolution 

equalling 20.99mm and 20.75mm respectively. The reason for only slight differences 

between these two models is that the models behave almost identically for the majority 

of the simulation and the discrepancies between the two models are located within a 

small region at the 20m resolution. For example after the building where 50y = and 

174x = the recorded depth error in the single model is 61mm whereas in the 

multilayered approach 13mm, meaning the multilayered approach is more than four 

times more accurate at this location. As this improvement is localised to a small region 

its benefits are somewhat lost in the larger picture of performance given by the RMSE 

value. Although the RMSE, therefore, provides some indication as to the models 

performance and shows improvements it is not a viable option for sole model accuracy 

comparison. 
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Figure 4-24. RMSE with respect to resolution model comparisons 

 

The RMSE results appear to show that the multilayer BCR and CRF approach yields 

similar results to that of the single layer BCR and CRF approach. Visual analysis of the 

error maps coupled with path error analysis, however, showed that the multilayer model 

provides greater accuracy in results at coarser resolutions. The reason for the similarities 

therefore between these two approaches is that the benefits of multilayer model are only 

observed around and after water-building interactions. In proportion to the whole 

surface area these benefits are isolated so in terms of RMSE appear to be negligible. It is 

for this reason that RMSE is no longer deemed a good indicator of performance and will 

therefore be removed from further depth analysis. 

Finally in the analysis of this layout the computational time required for each simulation 

at each resolution is recorded. For the 1m resolution benchmark the computational time 

required was 6 hours 16 minutes and 38s (equivalent of 22,598s). The results are shown 

in Figure 4-25 and Table 4-1. In these tests the computational time required to generate 

the required multilayered datasets for each resolution was to the order of 2s. This 

efficiency is achievable due to the simplistic method used to obtain the multilayer data 

as outlined in section 3.10.  
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Table 4-1. Model properties and simulation time 

Cell size 

(m) 

General 

(No. Cells) 

CPU 

time (s) 

Single layer 

(No. Cells) 

CPU 

time (s) 

Multilayer 

(No. Cells) 

CPU 

time (s) 

1 40,000 22598 40,000 22598 40,000 22598 

4 2,500 378 2,500 440 2,500 450 

5 1,600 56 1,600 136 1,600 138 

10 400 14 400 14 400 12 

20 100 2 100 2 106 4 

 

 

Figure 4-25. CPU times require per 90 minute lateral flow simulation 

 

Analysis of the CPU times recorded for each model firstly shows that the reduction of 

the number of grid cells greatly reduces the computational time required to run a 

simulation. The second observation is that the performances of the single layer and 

multilayer approach in terms of calculation times are quite similar. As the single layer 

approach in general would, consist of less grid cells and data is not post-processed back 

into a fine grid it requires less time to complete a simulation. Comparatively the 

multilayer model performs close to the order of the efficiency of the single layer 

approach and also provides more accurate flow routing and as such is deemed to be the 

best model choice (of the models tested here) for coarse grid simulations thus far. 
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4.12 Overview of generalising approaches  

For this particular building layout the multilayer approach is only needed to represent 

the building when the resolution is at its coarsest scale of 20m; prior to this resolution 

the single layer BCR and CRF approach is sufficient to accurately reflect the buildings 

occupancy within coarse grids. Although the multilayer approach yields almost identical 

results to its single layer counterpart at finer resolutions, as the multilayer program 

consists of remapping coarse data back into a fine grid for each selected output the 

overall running time is slightly longer. Neglecting the additional time required for this 

remapping process it can be assumed that the multilayer approach performs akin to that 

of the single layer at fine resolutions with the added advantage of maintaining building 

integrity and subsequent flow-path routing at the coarsest 20m resolution. 

4.13 Influence of building orientation 

4.13.1 Introduction 

In this section the orientation building that shown in the previous sections is changed, so 

that the distribution of flow around the obstruction will vary, as it is forced into 

different extents in the northerly and southerly directions. For the original case study the 

flow around the feature is distributed evenly in both directions. This orientation is 

shown in Figure 4-26. Here the flow (qa) around the northern face is equal to the flow 

(qb) around the southern face of the feature. 

 

Figure 4-26. Surface flow around building orientation 

 

If the input flow Q is still arriving along the same path but the feature is rotated to a new 

orientation as shown in Figure 4-27, the distribution of flow about the building is 

affected. In this instance qa > qb. 
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Figure 4-27. Surface flow around building orientation “Rotate 1” 

 

Due to the direction of slope in the terrain and the shape of this building, if the building 

is rotated over ninety degrees it has the ability to store water. Figure 4-28 shows how 

the behaviour of incoming surface flow can be broken down into two parts. In part one 

where the time t is less than the required time to fill a threshold volume V into the 

region partially enclosed by the feature qb = 0. The rate at which the threshold volume 

is reached is determined in this instance by qc and qd. As the volume of water increase 

within the partially enclosed region the effects of the feature on the flow surface flow 

begin to behave like a closed surface and eventually as shown in (2). This means that 

the recorded flow qb will not be constant and would jump in stages. Carrying out a 

checkpoint analysis of recorded depths over time around the features therefore would 

provide greater insight into the performance of generalising methods of predicting flow 

around variously orientated features. 

 

Figure 4-28. Surface flow around E building whose orientation has been changed by over ninety 

degrees  
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In the previous analysis the building feature was placed centrally in the DEM with 

respect to y meaning that the flow around the obstruction was distributed equally 

around the north and south sides of the feature. The shape and spatial position of the 

building also meant that the multilayered approach was unnecessary up until the data 

was generalised to a 20m resolution. In this section eight different orientations of the E-

Building are investigated and how each of the flood depth models performs using the 

three generalisation techniques. Having the building feature orientated at different 

angles (not parallel to cell boundaries), increases the number of coarse grid bisections 

for this building layout. As the rotated feature will affect the distribution of flow 

differently in the y axis a more detailed analysis is carried out around the building 

edges. The steps analysed for each case therefore are the following: 

1. Maximum recorded depth analysis: 

This is carried out firstly by comparison of the error map generated from 

maximum depth comparisons. Secondly along two path lines across regions 

to the north and south of building to see how flow distribution varies with 

each method. 

 

2. Check point analysis: 

Here the flood depths recorded at specific predefined coordinates are 

recorded with respect to time. Comparisons can then be made regarding 

maximum recorded depths at each point and the time of which this peak was 

recorded. 

 

3. Computational time:  

Here the time taken to complete a simulation is recorded as to ascertain the 

time benefits gained as a result of generalisation and assess the 

computational benefits in relation to the accuracy of the results. 

 

The process of comparing nine orientations at five different resolutions and using three 

different methodologies creates forty eight datasets to analyse and as such would lead to 

repetition of points of comparison. Therefore from this point the results presented  are 

those deemed as the “key analysis” to enable the maximum amount of information with 

minimum repetition. 
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4.13.2 Example Building orientation layout “Rotate 1” 

As an introduction to how building orientation effects surface flow the first rotated 

layout of the building is used as an introductory sample. Here the original building 

layout is rotated from an approximate centre point of the building clockwise by an 

arbitrary angle of 32
o
 that will distribute more incoming flow to the northern region. 

The same lateral flow input as before is then applied for the ninety minute simulation 

(as for comparison against the previous layout) and its propagation across the surface is 

analysed. Figure 4-29 shows the maximum recorded depth distribution after the ninety 

minute simulation.  

 

Figure 4-29. Maximum recorded depth for benchmark model orientation “Rotate 1” 

 

To examine the initial effects of building orientation a comparison is made between the 

recorded depths at the twenty minute interval between the original layout and the “rotate 

1”  orientated layout. The differences in maximum recorded depths are shown in Figure 

4-30. This figure shows the initial effect of flow disturbance around the building and the 

resulting increase of flood depths in the northern region and a decrease in the southern 

region after. 
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Figure 4-30. Flood difference maps between “Original” and “Rotate1” layout 

 

Rotating the building by 32
o
 has appeared to lead to a maximum increase of depth by 

6.5cm, this large difference, however, is located where the building positions overlap 

and is, therefore, not applicable to the analysis. The points of interest are located in 

close proximity to and after the building. The increase in the northern region 

immediately around the building is approximately 1.5cm and averaging 2mm after the 

feature. This localised 1.5cm difference around and the regional 2mm difference after 

the building, although regarded as an apparently small increase, equates to a water depth 

rise by 17.64% and 2.3% respectively. This initial analysis confirms that the building 

orientation in this model can play a significant role in water distribution and recorded 

maximum depths. 

4.14 Rotate 1: Standard generalisation method 

The first generalisation approach investigated here is the standard generalisation 

technique where the DSM is again generalised using the group averaging window. Due 

to the positioning of the now rotated building, the spreading effect resulting from 

generalisation will vary for each orientation and as such, details relating to the overall 

shape will change as the resolution becomes coarser. 

4.14.1 Maximum depth error visual analysis  

Figure 10-1 in Appendix B shows the outputs generated when comparing maximum 

depths in generalised cases with the parent benchmark model. The scale used here is a 

stretched scale based on statistical analysis of results using standard deviations derived 
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using ArcGIS. Visual analysis of the data reveals that at relatively fine resolutions such 

as 4m and 5m the predicted flood depths around the surface still remain quite accurate. 

However, proportionately large depth underestimation errors are detected in close 

proximity to the building as a result of building spreading. The coarser 10m and 20m 

resolutions appear to greatly affect the flow. This increase is a result of the significant 

changes in shape of the building at these scales and the subsequent narrowing of the 

channel width on the northern side of the feature. For the 20m resolution the building 

spread is as such that the angular rotation of the west facing wall is lost and is now 

perpendicular to the incoming flow 

4.14.2 Sample Generalisation effects of flow around a rotated feature 

The second stage of the analysis here is to assess the generalisation effects coupled with 

the rotational effects on the building feature. To ascertain the influence of building 

orientation and its change in representation within coarse grids it is compared like for 

like against the errors associated at each resolution prior to its orientation being 

changed. Figure 4-31 shows a comparison of the maximum recorded depth errors 

around the northern side of the building (y = 86) for the 4m and 5m grid resolutions for 

the original and 1
st
 rotated orientations. 

 

Figure 4-31. Maximum Depth Errors for 4m and 5m generalised cases where y = 86 
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For the 4m resolution the similarities in maximum recorded depth error between the 

Original building layout dataset and the Rotated building layout are similar leading up 

to the building where x < 140m. Figure 4-32 shows the 4m resolution building for the 

rotated layout compared to its original layout at that resolution for reference. 

 

Figure 4-32. Building spread for 4m resolution for rotated and original building layout 

 

When 140x ≥ m the incoming surface flow encounters a building edge and begins to be 

divided around the building. At the 4m resolution the maximum recorded depth error of 

approximately 7mm along this northern path (where y = 86m) within the vicinity of the 

building. In comparison the maximum recorded depth error along this location for the 

non-rotated building layout was just 3.5mm equating to a 100% depth error increase in 

the rotated case. This increase in error is due to spread of the building coupled with 

resulting degradation of the buildings overall shape. 

For the 5m resolution there is a significantly large difference in the observed errors for 

the rotated orientation case in comparison to the original case study.  Here, where x = 

140m the recorded error in the rotated case study is 11mm whereas in the original it is 

2mm which is a 550% increase in the recorded error. This large increase is again 

attributed to the way each building orientation is affected by the generalisation process. 

Figure 4-33 shows the outlines of the building in at the 1m resolutions and their 

generalised shape for the 5m resolutions. From this it is clearly apparent that with 

respect of surface flow moving from left to right the building in the original orientation 

at the 5m resolution has the same dimensions as the 1m resolution. In the rotated 

orientation the building has spread reducing channel widths around the feature and 

altering the location where surface flow first encounters the building. 
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Figure 4-33. Building spread for 5m resolution for rotated and original building layout 

 

Further information can be gleamed about the rotational effects via analysis of the depth 

errors differences in the generalised rotated building case study an error difference 

graph is plotted for the 4m and 5m resolutions using the formula: 

 ( )Depth Error Difference m Error in Rotated Case Error inOriginal Case= −

 (4.14.1) 

Plotting the results of this analysis (Figure 4-34) highlights how the building spreading 

effects influence the uncertainties in maximum recorded surface water depths in the 

rotated feature. The greater the influence of generalised effects on the rotated feature is 

the further away from the origin the plotted error line becomes. Prior to the building 

where x < 100m the error difference is approximately zero for both resolutions but after 

this point the accuracy of each model differs greatly. For the 4m resolution the accuracy 

of the predicted flood depths as the flow moves past the building due to the reduction of 

channel width up the coordinate x = 170m decreases. The accuracy then improves as the 

channel width widens after this point. The 5m resolution for the rotated feature shows a 

substantial difference in accuracy leading up to the building in relation to the non-

rotated example at the same resolution. This is due to the spreading of the building in 

the negative x direction increasing the backwater effect and the narrowing of the 

channel width around the building for the rotated case. This figure emphasises that in 

both resolutions, within the spatial location of the building along the northern path the 

rotated cases over predict the surface depths.  
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Figure 4-34. Accuracy assessment of rotated building for 4m and 5m resolutions  

 

To determine the cause of the rise in flood depths around the northern face the analysis 

of the depth errors on the southern side of the building are examined. The accuracy of 

measured maximum flood depths errors around the southern side of the feature shown 

in Figure 4-35 reveals a similar pattern of  results leading up to the building again with a 

decrease of accuracy within its vicinity and only beginning to increase once the features 

edge has been passed at x = 170m. 
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Figure 4-35. Maximum Depth Errors for 4m and 5m generalised cases where y = 15 

 

The accuracy of the maximum recorded depths on the southern side of the building is 

worse than that of along the northern path in the 4m case but similar in the 5m case. 

This is reflected by comparing the differences between the two orientations at each 

resolution for both north and south paths and is shown in Figure 4-36. In both pathways 

the surface depths are overestimated. As the volume of water moving across the surface 

are the same for both orientations and each resolution the depth increase must be a 

result of the spreading of the buildings causing narrowing of channels and a subsequent 

increase in backwater effects. After the extreme edge on the building and narrow 

channels has been surpassed (where x = 170m) the accuracy of the generalised models 

improves. 
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Figure 4-36. Comparison of error differences between rotated and original for each resolution 

either side of the feature 

 

Generalising the terrain to the coarser resolutions of 10m and 20m grid sizes 

dramatically increase the depth errors within the terrain and along the pathways past the 

building. Figure 4-37 shows the maximum recorded depth errors along the northern 

path. Analysis of the recorded depth errors for the 10m resolution shows that there is 

larger increase in flood depths along the path past the building. The reason for this again 

is attributed to the spreading effect on buildings caused by the generalisation process. 

The spreading pattern is shown in Figure 4-38. The spreading effects of generalisation 

on the building in the rotated orientation case results in a spreading of the building 

feature in the negative x direction and a narrowing of the available pathways past the 

north and south face of the building. In the original layout, due to window positioning 

there is no subsequent spreading effect in the negative x direction and the pathway 

widths remain around the feature remain unchanged. This results in a large backwater 

effect in the rotated layout prior to the building and the decrease in channel size around 

the feature results in greater depths as flows moves past its north a south edges. The 

maximum recorded error along the path past the building is 2.3cm for the rotated case 

where x =150m whereas in the original case the recorded error at this location is just 

7mm. 
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Figure 4-37. Maximum Depth Errors for 10m and 20m generalised cases where y = 86 

 

 

Figure 4-38. Building spread for 10m resolution for rotated and original building layout 

 

The distribution of depth errors along the path where y = 86m in the 20m resolution for 

the rotated case closely reflects that of the original layout. This similarity can be 

attributed to the spreading pattern of rotated feature shows a close resemblance to the 

effect experienced by the original layout. At the 20m resolution the overall angular 

shape of the fine resolution building with respect to the incoming surface water is lost 

and it is now apparently shaped like a flat wall perpendicular to the incoming water.  

Figure 4-39 shows the spreading patterns for this resolution. Firstly the spreading of the 

building in the negative x direction is identical for both cases and the reduction of 
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channel widths along the north and south side of the building are also identical leading 

to an available channel width of 20m either side. This leads to similarity uncertainty 

patterns along the north path up to x = 180m, after this location the northern boundary 

of the building in the 20m resolution differs to the original layout  resulting in the 

prevention of surface flow in the south direction for a further 20m. This extension of the 

building leads to much greater errors until the building is surpassed where x = 200m 

after this location the surface water is allowed to spread in the south direction. 

 

Figure 4-39. Building spread for 20m resolution for rotated and original building layout 

 

4.15 Checkpoint analysis 

4.15.1  Introduction 

To gain further insight into the effects of altering the building orientation and the 

generalising approached a more detailed analysis of recorded depths about specific 

points around the building is recorded. The chosen location for these points are constant 

for each orientation and an example of their position in relation to this particular 

orientation is shown in Figure 4-41. During the simulation the recorded depths at each 

point at each resolution are plotted with respect to time to assess the effects of 

generalisation on the peak flood depths. The areas that are examined are:  

Time of First Detection (TFD) 

The TFD will vary at each resolution as it is governed by the surface flows propagation 

through coarse grids and by the routes it may take around or in some cases through 

buildings. at each coordinate point where surface flow is detected there will be a 
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duration at which the depth will remain a steady value. For this instance the parameter 

difference between models is grid resolution so PCSMT is given by the formula: 

Steady Peak Depth value (SPD) 

Due to the influences of generalised grids on flow routing the maximum recorded 

steady depths at any location will vary. By comparing these depths at each checkpoint 

and comparing to the benchmark model an evaluation of the effectiveness of the 

generalised model at correctly routing surface water can be determined. 

Percent Change in Steady Maximum Time (PCSMT) 

 For each coordinate point where surface flow is detected there will be the duration at 

which the depth will remain a steady value (as mentioned previously). The time at 

which these maximum steady depths are recorded reveals further the flow routing 

capabilities of the generalised model. The PCSMT is given by the following formula: 

 100Bench Gen

Bench

T T
PCSMT

T

−
= ×  (4.15.1) 

where TBench is maximum steady depth time in benchmark model and TGen is maximum 

steady depth time in generalised model. 

 

Figure 4-40. Check point locations 

 

The position of each checkpoint as shown in Figure 4-40 has been selected to analyse 

the distribution of surface flow within each model more precisely than maximum depth 

comparisons as considers the time factors. 
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Checkpoint A is centrally located in the y axis and is situated prior to the building 

feature. Due to checkpoint A’s location the TFD value will represent the time taken for 

the surface water to travel 125m along the x-axis across a bare-earth service at each 

resolution. With this point being located prior and in close proximity to the building it 

also enables a closer assessment of the changes in the backwater effects generated as a 

result of the building spreading. 

Checkpoint B is partially enclosed by the building feature and is positioned as such that 

in the benchmark model for this orientation, no surface water is able to reach this 

location during the simulation. 

Checkpoint C is located near the southern side of the building feature. The placement 

of this checkpoint along with its opposite counterpart “check point D” is to assess the 

influence of rotated generalised building on the surface flow around the feature. 

Checkpoint D lies on the opposite side of the feature to that of checkpoint C and is 

placed as such to show the variances of flow distribution caused by building rotation. 

Checkpoint E is the final checkpoint and is located after the building feature and 

central within the y-axis. This checkpoint is positioned as such to analyses the delay in 

the time of surface flow to circumvent the building feature during a simulation 

Due to the amount of data being analysed within this section comprising of five 

checkpoints, three generalising methods, and five individual resolutions a different style 

of graphical representation is introduce. To compare depth results with respect to time a 

DNA styled format is used. The results for this analysis can be found in Appendix B 

Figures 10-4 to 10-8. In these datasets the recorded depths with respect to time are 

shown in the row labelled “1m” and the results for each comparative model and 

resolution are shown below. The varying colours within each row represent the recorded 

depth over time. The more accurate the simulation is the closer the patterns resemblance 

to the benchmark model will become. The benchmark pattern is repeated and positioned 

at the top of each method represented for ease of visual comparison. 

4.15.2 Checkpoint A Generalised approach 

Figure 10-4 in Appendix B shows the results of the recorded flood depths recorded at 

checkpoint A. This figure agrees with the previous analysis that the maximum recorded 

flood depths at this location prior to the building are affected by the grid resolution as a 

result of building spreading. With respect to time, two things are apparent from this 
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figure. Firstly the time of initial surface water detection at the check point varies and 

secondly the time of peak flow differs slightly for each resolution. Table 10-1 in 

Appendix B shows the peak depth, TFD, time of peak depth and the PCSMT values for 

each resolution. For the 4m – 10m grid resolutions the TFD is greater than that recorded 

within the benchmark model. This is due to the way surface propagates in coarse grids 

as outlined earlier in section 4.4. Unlike the TFD, however, the PCSMT arrives earlier 

for these coarse resolutions this earlier arrival of the peak flood depths is governed by 

the spreading effect of the building as mentioned earlier, increasing the back water 

effects and restricting flow around the building. The 20m resolution is a unique case in 

that the recorded TFD is earlier and the PCSMT is recorded later. In terms of the TFD 

the early arrival of surface flow to this check point is due to the restrictions of the upper 

and lower boundaries of the terrain model. These restrictions limit the surface flow 

direction to bias the x-direction.  

The PCSMT for the 20m resolution has been shown with two values as Figure 10-4 

Appendix B showed a distinct step pattern between 32 minutes and 39 minutes. The 

values at these time locations are shown in the corresponding table. The first PCSMT 

value corresponds to the initial peak flood depths (shown as the first levelling off of 

flood depth increase) as a result of the backwater effect due to the spread of the building 

in the negative x direction. The second PCSMT value, which is the true peak value, 

relates to the added backwater effect resulting from having only one possible route 

either side of the building as represented in Figure 4-41. The true recorded peak depth 

time for this resolution is, therefore, recorded later than that of the benchmark model.  

 

Figure 4-41. 20m and 10m building spread pattern comparison 
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Examining the way surface flow propagates about the building feature it is possible to 

theorise the shape and timing of the maximum recorded depths. The first important 

point to note from Figure 4-40 is that at the 10m resolution the coordinate based 

location of checkpoint A situates the point along a cell boundary. The checkpoint 

analysis system in the UIM is unable to represent the point at this location so adjusts the 

spatial coordinates to place the checkpoint in the centre of the nearest available cell and 

in this instance the point is shifted upwards to a new y coordinate of 45.  

Figure 4-42 shows the potential flow paths around the 20m and 10m resolutions for this 

building orientation. With the 10m resolution the backwater effect is initially 

encountered is experienced in two parts. Firstly due to the change in shape of the 

building making its relative service that encounter incoming flow flat, water can now 

propagate around in both the north and south directions. Secondly in terms of water 

moving around the building in the northerly direction the water has to traverse a 

distance of 10m before it can continue down slope along the easterly direction, then 

alternates north-east, north-east at 10m intervals as it passes the upper boundary. Water 

travelling in the southerly direction upon encountering the building has to travel a 

distance of 30m before it to can continue along the easterly path. It is this propagation 

that yields the large jump in maximum steady depth at his resolution and results in 

fluctuating values in the peak depths. For the 20m resolution the water first arrives to 

checkpoint A, 40s earlier than in the benchmark model but the peak steady depths occur 

4 minutes and 40s seconds later than the benchmark. Looking at the flow paths around 

the building for this resolution, it clearly shows that in order to water to begin to move 

past the building it needs to travel a distance of 40m in both the north and south 

directions before it can begin to continue down slope. Unlike the 1m resolution in the 

benchmark which allowed water to begin to continue its route downstream after 

traversing 1m north this large distance that is needed to be covered by surface water to 

surpass the building leads to the 13.6% time delay for peak recorded depths. 
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Figure 4-42. Flow-path around generalised buildings. 20m and 10m resolutions 

4.15.3 Checkpoint B 

Like that of the benchmark model, no surface flow is recorded at all resolutions using 

this methodology. This prevention of flow is due to the building spreading around and 

over this coordinate during the generalisation process. 

4.15.4 Checkpoint C 

It is observed at this checkpoint that the maximum recorded depth increases as the 

resolution becomes coarser. Unlike the results obtained for checkpoint A, there is a 

noticeable difference between the 4m and 5m resolutions. Figure 10-6 in Appendix B 

shows how the recorded depth changes over time. For the 4m – 10m resolutions the 

initial arrival of surface water is delayed for the reasons already mentioned, but the peak 

recorded flood depths closely resembles that of the benchmark model with the arrival of 

the peak flow occurring on average just 3% earlier. The maximum recorded depths for 

these resolutions are similar to that of the benchmark model with their values being 

within 14% of that recorded at the 1m resolution. The results generated for the 20m 

resolution, however, differ considerably to that of the benchmark model and in respect 

to the 4m – 10m models. As in checkpoint A the TFD is a close match to the benchmark 

model, but the maximum recorded flood depth is 86.5% greater and is not achieved 

until 8 minutes afterwards. This difference is attributed again to the limitations of flow 

direction around the generalised feature and the increase in water volume now being 

forced past this checkpoint. 

4.15.5 Checkpoint D 

Due to the building shape manner in which it is rotated the available channel width on 

this side is greater than that of the channel width that passes point C. This larger channel 

width would result in shallower water depths passing this checkpoint which is reflected 

in . Here we see the peak depths recorded at the 4m, 5m, and 10m resolution are each 

7mm deeper than the benchmark model whereas at checkpoint C the depth differences 
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were 4mm, 8mm, and 1.2cm respectively. Due to the spreading of the building, at this 

resolution there are no recorded depths at Checkpoint D. 

4.15.6 Checkpoint E 

Analysis of checkpoint E (Appendix B) reveals that the time of the maximum recorded 

flood depths differs greatly after the building feature, and when using the standard 

generalisation method there are discrepancies regarding the peak recorded depth time 

between each resolution. The 4m resolution shows two potential peaks the first arriving 

close to that of the benchmark model but then increases after a further 6 minutes and 

forty seconds slightly afterwards. The 5m resolution behaves in a similar manner to the 

4m with the exception of the delay between the slight change in peak depth is less at 

two minutes and twenty seconds. The 10m resolution records a 0.8cm difference in peak 

recorded depth but the time corresponds to that of the benchmark model. The 20m 

resolution produces a more complicated flood depth pattern over time than its 

predecessors containing three identifiable peaks. The first peak corresponds to the initial 

point shown as “20m (1)”, recording a depth of 5.4cm this drops to just 5cm at the 29
th
 

minute before increasing again. The second peak occurs at the same time as the 

benchmark model although the predicted depth is 1.6cm afterwards finally increasing by 

0.1cm to its true peak value of 5.6cm 3 minutes 40 seconds later. 

4.16 Single layer BCR and CRF approach 

For the second comparison of the generalisation effects the single layer BCR and CRF 

approach is employed to generalise the rotated building layout. With the previous 

standard generalisation approach there was a considerable amount of spreading of the 

building feature leading to large backwater effects and considerable reductions in 

channel widths. As the single layer BCR and CRF approach removes the spreading 

effect and numerically represents the available storage area per cell and the restrictions 

across its boundaries it is assumed that this approach will improve the accuracy of flood 

model.  

4.16.1 Maximum depth visual analysis of orientation “Rotate 1” 

First observation of the error maps (Appendix B) reveals a greater accuracy than that 

observed using the standard generalisation technique for simulating flow around the 

feature. However, there appears to be a large error region located within the partially 

enclosed building boundary where before no water was present. The reason for this is 

the failing of the single layered approach to take into account grid bisection. 



139 

 

 

Figure 4-43. Single layer misrepresentation at 4m resolution 

 

Taking the 4m resolution as an example shown in Figure 4-43, with the enlarged region 

highlighted identifying the problem. Within a single layered approach the available 

storage space for this coarse cell is two square meters and the CRF values in the x-

direction at the left and right boundaries are 0.75 respectively. As the CRF values in this 

horizontal direction are less than one either side of the coarse cell, flow is allowed to 

move through this grid cell (although restricted) in the x directions. This in effect 

creates a hole that allows water to pass through the building resulting in larger depths 

recorded within the partially enclosed feature. 

4.16.2 Flow around rotated feature 

With the rotated feature represented numerically in the coarse grid and the spreading 

effects removed the prediction of maximum flood depths around the building feature is 

improved. Figure 4-44 shows the graphical analysis of the errors generated over the 

upper boundary of the building.  
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Figure 4-44. Maximum Depth Errors for 4m and 5m single layer cases where y =15 

 

The 4m resolution in the single layered approach shows a greater accuracy in predicted 

water depths along the northern path with respect to the previous generalised method. 

Within the generalised model the depth errors reached a value of 9mm in whereas in the 

single layered BCR and CRF approach this error is reduced to around just 3mm.  The 

errors produced along this path at the 5m resolution using the single layer approach fall 

within the negative region of the graph implying that the recorded depths are 

underestimations of those within the benchmark model. Figure 4-45 shows the original 

building layout with a 5m grid overlaid and the subsequent “holes” in the building 

highlighted in red.  

 

Figure 4-45. Holes found in building using single-layer BCR & CRF approach at 5m resolution 

 

-0.003

-0.001

0.001

0.003

0.005

0.007

0.009

0.011

100 120 140 160 180 200 220 240 260 280 300

D
e

p
th

 e
rr

o
r 

(m
)

x coordinate

[Original] 4m Resolution (North)

[Original] 5m Resolution (North)

[Rotate 1] 4m Resolution (North)

[Rotate 1] 5m Resolution (North)



141 

 

Generalising to the coarser grid resolutions at 10m and 20m respectively results in the 

production of more “holes” in the building using the single layer approach, highlight 

again in red in Figure 4-46. 

 

Figure 4-46. Holes found in building using single-layer BCR & CRF approach at 10m and 20m 

resolution 

 

Figure 4-47 shows the recorded flood depths above the building feature for the 10m and 

20m resolutions for the rotated feature and the original layout using the single layer 

BCR & CRF model. Analysis of the 10m resolution reveals that the increase in the 

number of holes within the building for the rotated layout leads to a greater 

underestimation of flood depths along this path past the building. The 20m resolution 

shows that as flow encounters the region where the building is first located at x ≈ 140m 

there is a sudden increase in flood depth in the coarse grid model. This increase is due 

to the sudden reduction in the conveyance width in the lower neighbouring grid cell 

creating an increase in flood depth at that location which in turn propagates to its 

neighbouring cell. The depth errors that run along the building feature along this path 

subsequently reduce as it is not reinforced by the flow that would normally travel along 

the buildings edge.  

Analysis of the maximum depth errors over the northern path reveal that the 

misrepresentation of CRF values created in this approach leads to a reduction in the 

surface water received along this path. The 20m resolution is the exception to this due 

to the surplus amount of water initially present in along this path as a result of 

movement of water along coarse grids and if this line was translated so that its origin 

vale at x = 100 was equal to that of the 10m resolution (depth error = 0.01m) then the 

line would project into negative depth errors. 
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Figure 4-47. Maximum Depth Errors for 4m and 5m single layer cases (North) 

Analysing the southern path of the building reveals initially a similar error distribution 

as a result of “holes” within the building feature, the results of which are illustrated in 

Figure 4-46. In Figure 4-48, the calculated maximum flood depths for the rotated case 

when approaching and alongside the location where the building is present are 

underestimated. As like before when x < 140 (prior to buildings location in x-axis) the 

error associated with flood depth is associated with water propagation in coarse grids. 

Upon reaching the buildings location the depth of water decreases to such an extent at 

these resolutions that it underestimates the surface depths. After the building is 

surpassed however the accuracy of the 5m rotated case is less than that of the original 

layout. This error increase is attributed to the excess volume of water that is allowed to 

flow overall in the southern area of the DSM which would have been diverted to the 

northern area in the true benchmark model. 

Figure 4-49 shows that the errors along the southern path in the 10m resolution show no 

underestimation of surface depths which was previously observed at the 5m resolution 

whereas the 20m resolution shows larger depth underestimations. 
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Figure 4-48. Maximum Depth Errors for 4m and 5m single layer cases where (South) 

 

 

Figure 4-49. Maximum Depth Errors for 10m and 20m single layer cases where (South) 
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4.17 Checkpoint analysis 

4.17.1  Check point A 

As there is no spreading of the building feature in this generalisation approach the 

relative distance from the check point to the building feature remains unchanged. As 

before the key points assessed from this analysis are noted and shown in a table format. 

The results for this checkpoint (Figure 10-4, Appendix B) shows a better correlation 

between maximum recorded depths at this location for each resolution and a better 

performance in recorded time with the exception of the 5m resolution where the TSM is 

recorded slightly earlier than that of the generalised case. The greatest improvement 

revealed is that of the 20m resolution. In the generalised case the maximum steady 

depth recorded was 10.4cm recorded at 39 minutes into the simulation whereas the 

single layer approach had a MSD of 6.4cm from 33 minutes and 40 seconds. This shows 

that the single layered approach is 75.5% more accurate on predicting the maximum 

steady depth and 85.7% more accurate on predicting the time of its occurrence. 

4.17.2 Checkpoint B 

The results obtained at checkpoint B (Figure 10-5, Appendix B) highlights the main 

drawback of the single layered BCR and CRF approach as surface flow is now recorded 

in a region where none should be present. Due to the location of checkpoint B within the 

benchmark model being partially enclosed by the building feature, it is shielded from 

the incoming surface water. This shielding means that surface water in unable to reach 

this location in the model and also protected in the standard generalised models. As the 

single layered BCR and CRF approach erroneously generates holes within the building 

surface flow can now reach checkpoint B. As the grid resolution becomes coarser the 

hole sizes increase thus allowing more surface flow through the building. 

4.17.3 Checkpoint C 

Initial analysis reveals that although this method of generalising the terrain results in 

holes within the building the single layered approach still represents the flow past this 

checkpoint more accurately than that of the standard generalised approach. This implies 

that the channel width around this feature has a more significant effect on the resulting 

water depths and the associated error difference passing this point as to cause larger 

errors in the standard generalised approach. Although the TFD values (Table 10-6, 

Appendix B) imply later arrival the time of maximum steady flow detection is similar to 

the benchmark model. 
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4.17.4 Checkpoint D 

Within the single layer BCR and CRF approach the recorded depths at this location 

shows good correlation at this location for the 4m, 5m, and 10m. At the 5m and 10m 

resolution, however, there are some underestimations due to the flow now being 

erroneously routed through the building. The 20m resolution yields and interesting 

result in that it is overestimating the recorded depth even with the large holes present as 

highlighted previously in Figure 4-46. This overestimation is a result therefore of the 

difference in spread of surface flow in coarse grids compared to the fine grid benchmark 

model. Figure 4-4 in Section 4.4.1 showed, at the 20m resolution surface flow quickly 

spreads to the outer boundaries as it propagates along the channel. This spreading of 

surface flow that travels through checkpoint D is thus greater than the amount of flow 

that is erroneously routed through the building. 

4.17.5 Checkpoint E 

Analysis of Checkpoint E in the single layer approach a good approximation of 

recorded depths at the 4m and 5m resolutions with slight overestimations < 1cm. At the 

10m resolution and 20m resolutions the recorded depth are overestimated more due to 

propagation of flow around and through the building. 

4.18 Multilayered approach 

Unlike the single layer BCR & CRF approach that was applied to the original building 

layout within this first orientation of the building, the multilayered BCR & CRF 

approach is needed to represent the bisection of coarse grids in each of the coarse scales. 

This representation leads to an increase in accuracy of recorded flood depths around the 

feature and prevent flow through the building. Unlike the single-layered approach the 

multilayered approach does not erroneously generated holes within the building. Figure 

4-50 shows the comparison of the single-layer and multiple layer representations. The 

fraction value inside the box represents the available storage space and the rectangles 

outside show the outlets for surface flow in each layer. In the single layer representation 

flow is only restricted in the north direction whereas in the multilayer, layer 0 the flow 

is restricted in both the north and east directions and in layer one north, south, and west 

directions. This routing of surface flow in the multilayered approach represents the true 

routing of flow which is apparent in the benchmark model. 
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Figure 4-50. Routing of flow through generalised grid 

 

In the previous section it was shown that the single layered approach showed improved 

accuracy of flood depth immediately leading up to the building followed by 

underestimation of depths parallel to the position of the building. Figure 4-51 shows a 

comparison of the single layered approach to that of the multilayered method. At the 4m 

resolution the differences between the two are slight with the multilayered approach 

showing only a marginal improvement. Along the region which is parallel (in respect to 

the x coordinates) with the building the depth error oscillates over the zero value. This 

oscillation is due to the remapping of depths from coarse grid back into the fine grid 

prior to comparison with the benchmark model. It implies that the average water depth 

within the coarse grid cell is a close approximation to the average water depths of the 

fine grid cells that are enclosed within the same coordinates of the coarse cell. The 5m 

multilayered approach show a dramatic improvement in accuracy over the single 

layered approach along the building location as it does not underestimate the depths and 

again oscillates about the zero error margin. 
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Figure 4-51. Comparison of maximum depth errors along north path at 4m and 5m resolutions 

 

Figure 4-52 shows that as the coarse grid size is increased the performance of the 

multilayered approach changes. For the 10m scenario the multilayered approach still 

shows no sudden reduction in flood depths along the building region but does maintain 

an error that oscillates around the 6mm region whereas the single layer drops through 

the zero error line. Taking the absolute error values ranging from x = 120m to x = 299m 

and calculating the average creates a numerical indication of accuracy performance 

about the building. The results for this are shown in Table 4-2. The table reveals that 

although the multilayered approach removes the “holes” from the building the sudden 

restriction of flow past the building causes a backwater effect increasing the flood 

depths along this path creating a larger error. Although the errors produced in the 

multilayered approach along this path, within this region and at these scales are larger 

the difference is merely 3mm and 5mm in the 10m and 20m resolutions, respectively, 

and with the prevention of flow through the building the multilayered approach could 

still yield an overall better performance. 
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Figure 4-52. Comparison of maximum depth errors along north path at 10m and 20m resolutions 

 

Table 4-2. Error comparison analysis along north path 

Method and Resolution (m) 
Average Absolute Error along building 

(m) 

Single Layer 10m 0.015 

Single Layer 20m 0.020 

Multilayer 10m 0.017 

Multilayer 20m 0.022 

 

4.18.1 South path maximum depth analysis 

Figure 4-53 show the maximum depth error analysis along the southern path in the 

DSM past the building feature. The first noticeable observation is that the behaviour of 

error distribution is similar to that of the northern path. Again at these resolutions the 

multilayered approach maintains a higher accuracy and truer representation than its 

single layer counterparts  
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Figure 4-53. Comparison of maximum depth errors along south path at 4m and 5m resolutions 

 

The results shown for the 10m and 20m resolution in Figure 4-54 reveal that at the 10m 

resolution the multilayered approach performs better than the single layered method. In 

the multilayered approach the maximum depth error recorded prior to the building is 

larger than the single layered approach due to the backwater effect and as flow moves 

past the features location the maximum depth error fluctuates before levelling off after 

the feature at around the 9mm error value. The depth error for the single layer approach 

drops sharply as the flow moves past the building as with this method at this scale the 

building is almost completely removed so little surface flow is diverted into this region. 

After the building feature has been passed excess water arrives into the path causing the 

error to move back into an overestimation of flood depth and surpassing that recorded in 

the multilayered model. The same events occur albeit to a greater effect in the 20m 

resolution. Like before taking the average values of the absolute depth error is used as a 

performance indicator of depth accuracy past the building. 

 

-0.003

-0.001

0.001

0.003

0.005

0.007

0.009

0.011

100 120 140 160 180 200 220 240 260 280 300

D
e

p
th

 e
rr

o
r 

(m
)

x coordinate

[Single] 4m Resolution (South)

[Single] 5m Resolution (South)

[Multi] 4m Resolution (South)

[Multi] 5m Resolution (South)



150 

 

 

Figure 4-54. Comparison of maximum depth errors along south path at 10m and 20m resolutions 

 

Table 4-3 shows that contrary to the northern path the accuracy of maximum recorded 

flood depths along the southern path with the multilayered method is greater than the 

single layer for this building orientation albeit the difference in performance for the 20m 

resolution is small. 

Table 4-3. Error comparison analysis along south path 

Method and Resolution (m) 
Average Absolute Error along building 

(m) 

Single Layer 10m 0.017 

Single Layer 20m 0.022 

Multilayer 10m 0.015 

Multilayer 20m 0.020 

 

4.19 Checkpoint analysis 

4.19.1 Checkpoint A 

As the building in this approach is now without holes for all resolutions it was predicted 

that the recorded depths at this location will be larger than that of the single layered 

approach and is confirmed by the figure. Although the predicted depths are larger the 
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results should still provide a good approximation of the benchmark model. The 

tabulated breakdown (Table 10-3, Appendix B) of the results also shows that there is a 

similar performance of depth prediction for checkpoint A for the multilayer approach to 

the single layer approach. 

4.19.2 Checkpoint B 

Within the multilayered approach no flow arrives at checkpoint B akin to that of the 

benchmark model for the 4m-10m resolutions. For the 20m resolution, however, some 

surface water reaches checkpoint B albeit indirectly. Unlike the single layer approach 

where water arrived at this checkpoint passing through the building this water has 

arrived due to slight backwater and turbulent effects as flow moves around the lower 

building edge and the size of the 20m resolution coarse grid allowing the apparent 

instantaneous movement of water backwards past the building edge at each time step. 

Figure 4-55 shows how the propagation of water passing a building edge differs at fine 

and coarse grid resolutions in both. Although the multilayer case enables a more 

accurate representation of buildings within coarse grids, in instances where the 

resolution is very coarse, there is a chance that the remapped water place into a fine-grid 

will be spread over previously dry locations observed at finer resolutions. 

 

Figure 4-55. Remapping spread of water in fine and coarse grids 

 

4.19.3 Checkpoint C 

The multilayer approach provides a good approximation of recorded depths over time 

for checkpoint C. The recorded depths, however, at coarser resolutions are greater than 

those that are observed using the single layer method (Figure 10-6, Appendix B). This 
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implies that although the routing of flow around the building is more accurate than the 

single layer approach (that routed flow through the building) a larger amount of water is 

being directed past this location. This increase in water is therefore attributed to the 

manner in which surface water propagates through coarse girds and the single layer only 

appears to be more accurate due the erroneous surplus of water moving across the 

surface is able to spread through the building walls through the erroneous holes. 

4.19.4 Checkpoint D 

Like that observed at checkpoint E, although the multilayer approach enables more 

accurate surface flow routing, the recorded depths at this location are larger than those 

observed at the single layer approach making the multilayer method appear to be less 

accurate. The correct routing however ensures the overall accuracy of the model in 

comparison by not routing flow through building features.  

4.19.5 Checkpoint E 

The depth time results observed here for the multilayer model appear to closely reflect 

those observed in the single layer approach. The 4m and 5m resolutions show a 5mm 

maximum steady depth difference which increases to 1.1cm at the 10m resolution. This 

shows better results in comparison to the single layer approach as a result of the 

reduction of flow along the central path that was allowed to occur in the single layer  

4.19.6 Overall comparison for orientation layout (Rotate1) 

The comparison of orientation, generalising methodologies and subsequent effects of 

resolution change as shown previously is complex due to the number of variables. 

Breaking the information down into parts such as maximum depth error analysis, 

checkpoint analysis and RMSE assessment provides insight into the performance of an 

individual model and comparisons between one or two variables. The comparison of a 

larger range of scales and generalising effects using this approach is difficult to 

visualise in a way that is easy to interpret and time consuming. For ease of analysing 

result en masse a “DNA” style approach is introduced. This approach allows for 

comparisons of multiple one-dimensional results in a pseudo surface map. The first 

example of this is shown in Figure 4-56 where maximum depth error analysis for each 

methodology and resolution along the path to the north of the feature where y = 86m 

and within the building location region (100m ≤ x ≤ 299m) are compared. The figure 

quickly shows that along the northern path the multilayered approach appears to control 

the maximum recorded depth error more effectively than previous generalising 
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methodologies. The figure reveals that the standard generalised approach leads to an 

overestimation of flood depths around the feature and the single layer BCR and CRF 

leads to underestimations. Although at the 20m resolution in the multilayered approach 

there appears to be a large error value of 0.03m near the location where x = 140, this 

effect is localised and the rest of the behaviour remains relatively accurate. The scale 

bar in this figure has been set that the regions that over estimate flood depths are shown 

in red, those that underestimate slightly (by maximum of 3mm) are shown in yellow 

with the best accuracy are shown in dark blue. 

Maximum depth errors north of building feature (x = 100 – 299, y = 

86) 

Depth 

error 

(m) 

Generalised approach 

 

 

 

 

Single layer BCR and CRF approach 

 

 

Multilayer BCR and CRF approach 

 

 

Figure 4-56. DNA style comparison of errors along northern path 
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Figure 4-57 reveals the maximum depth error comparison for each method and 

resolution along the southern path. The pattern of error distribution for each scale and 

methodology is akin to that of the northern path with the multilayer again appearing to 

show the most control on error propagation. Due to the orientation of the building 

within this layout causing greater restrictions around the available path width on the 

southern side of the building a greater range of errors are detected. 

Maximum depth errors south of building feature (x = 100 – 299, y = 

15) 

Depth 

error 

(m) 

Generalised approach 

 

 

 

 

Single layer BCR and CRF approach 

 

 

Multilayer BCR and CRF approach 

 

 

Figure 4-57. DNA style comparison of errors along southern path 

 

The overall checkpoint comparison analysis revealed that for this orientation the 

performances of the single layer and multilayer BCR and CRF approaches are quite 

similar and greatly outperform the standard generalised approach in terms of accuracy. 
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For checkpoint B, however, the single layered approach fails due to the short comings 

outlined previously, resulting in large recorded depth errors. This failure is prevented 

within the multilayered approach and therefore maintains a high level of accuracy at 

each scale. 

This analysis has revealed that for this orientation the multilayered approach provides 

the best representation of accuracy across the surface. 

4.20 Orientation effects 

With the number of building orientations, scales and generalising methodologies present 

the full analysis of each layout would require an extensive amount of documentation 

that would greatly outweigh the information gained. To increase efficiency therefore 

only a few selected cases are thus analysed further.  To identify the orientations for 

further analysis a comparison of maximum depth errors along the north and south paths 

(as used in previous examples) is carried out for each orientation and each generalising 

methodology at the 10m scale. The results of the region where the building is situated 

(Region B) are then plotted in a DNA style format for comparison. Figure 4-58 shows 

the maximum recorded depth errors for the 10m resolution on the northern path where y 

= 86m. Visual analysis using this method first reveals that in the generalised case the 

recorded  errors in building orientations rotate 1 – 7 are considerably large (to the order 

of 3cms) whereas for the original and rotate 8 orientation where the building orientation 

is such that the spreading in the north and south directions does not occur there errors 

are lower. Both the single and multilayer methods reduce the overestimations of flood 

depths along this path. In the single layer BCR and CRF approach there are visible 

regions where there are underestimations in flood depths along this path shown visibly 

in yellow. The multilayered approach shows the highest consistency between each 

orientation by limiting the under and overestimations of flood depths along this path. 
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North path maximum depth error at 10m resolution 

(100 < x < 300) y = 86 
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error 
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Generalised 

 

 

 

 

Single layer BCR and CRF 

 

 

Multilayer BCR and CRF 

 

 

Figure 4-58. Effects of building orientation on at a 4m scale (North path) 

 

The southern path (Figure 4-59) shows a greater variance in recorded depth errors over 

the different models ranging from -9mms to 3.5cms. The initial observation shows 

effects of the generalised building on the accuracy of results in the southern path is 

greater than that experienced along the northern route. Therefore, the scale bar 

representing depth errors is changed to highlight greater emphasis on over and under 

estimations. As was the case in the northern path analysis the errors recorded are 

greatest within the standard generalised case and most prominent in orientation “Rotate 

4”. Within the case study “Rotate 6” there is a relatively large depth underestimation 

within the single layer method whereas its multilayer counterpart maintains a high 

degree of accuracy. Case “Rotate 8” in the single layer approach also shows in both 
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north and south paths to be under estimating depths along north and over estimating 

depths in south paths.  

South path maximum depth error at 10m resolution  

(100 < x < 300) y = 15 
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Generalised 

 

 

 

 

Single layer BCR and CRF 

 

 

Multilayer BCR and CRF 

 

 

Figure 4-59. Effects of building orientation on at a 4m scale (South path) 

 

The resolution where the first clearly observable differences between the single layer 

and multilayered BCR and CRF generalisation methods occurs in the rotated orientation 

is at the 10m scale. This is due to the 10m resolution being the finest “coarse” resolution 

examined in these models where bisection of the test E-Building within a coarse grid 

occurs. Although RMSE proved to be a poor indicator for model comparison it can still 

provide some insight into the individual performance of a model. Figure 4-60 shows the 
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calculated RMSE values derived for each building orientation by comparing the 

maximum recorded flood depths at the 10m resolution for each methodology. 

 

Figure 4-60. RMSE comparison for different orientations 

 

Analysis of Figure 4-60 reveals the following information about the performance of 

each method: 

• The removal of the building prior to generalisation via the use of BCR and CRF 

values greatly improves the accuracy. 

• In 6 out of the 9 cases the multilayered approach has lower recorded RMSE 

values than the other methods. 

• The multilayered approach is influenced less by building orientation. This is 

shown numerically in Table 4-4, where the standard deviations of the maximum 

flood depth errors at the 10m resolution for each methodology have been 

calculated. 

 

Table 4-4. Standard deviation of RMSE values of maximum flood depths errors 

 Generalised Single layer Multilayer 

Standard deviation of RMSE 1.3x10
-3 0.26x10

-3 0.14x10
-3 
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4.20.1 Overall Computational Time 

Each generalised dataset requires different degrees of processing time determined by the 

number of grid-cells that represents the model and stability conditions for solving the 

finite difference model. Figure 4-61 shows the average required computational time for 

each resolution and generalised methodology for the 90 minute simulation. It is quickly 

apparent that the change in resolution from 1m to 4m results in a sudden and dramatic 

reduction in computational time. The graph infers similarities in the rate of 

computational time reduction with change in resolution for each generalised approach. 

Each model does, however, behave differently with respect to each other, resulting in 

different computational time improvements for each approach. 

 

Figure 4-61. Average computational times for E-building simulation 

 

Table 4-5 shows the number of times each model and resolution is speeded up than the 

parent benchmark model. Initially in terms of computational time the generalised 

method is the most efficient but as the resolution becomes coarser 10m+ the single layer 

approach becomes the faster model. The reason for this apparent switch in performance 

is that at the 10m resolution the number of holes within the building generated as a by-

product of this single layer approach is to such an extent that the flow interactions are of 

less complexity than that in the generalised model. The multilayered model as expected 

requires the most processing time due to the extra number of cells required to maintain 
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building influence within bisected grids. Although the multilayered approach requires 

slightly more processing time than the single layered approaches, it maintains the 

structural influences of the buildings. This enables to a greater control on accuracy 

within the model by ensuring the correct routing of flow around surface features 

Table 4-5. Computational speed up (Simulation run on ZEN super computer [1280 Intel compute 

cores, 2.5 TB of memory]) 

Resolution Generalised Single Layer Multilayer 

4m 57 39 32 

5m 143 87 72 

10m 1778 2210 1058 

20m 10970 28795 7947 

 

4.21 Preliminary conclusion 

Simulating surface flows at coarser grid resolutions greatly reduces the computational 

time but at the expense of accuracy. With the spread of a building being dependant on 

its position within the encompassing generalising window there is a level of uncertainty 

produced as to how the overall terrain will be affected in the generalisation process. 

This uncertainty relates not only to building position but also to its orientation. The 

single layer approach showed that in certain cases a building may be represented in 

terms of its occupancy within a grid cell and its restricting factors across neighbouring 

cells. This approach fails to compensate for buildings bisecting coarse cells resulting in 

apparent “holes” within the building.  In instances where the building is not orientated 

parallel to either the x or y planes and/or where the buildings dimensionality in one and 

only one of the x or y directions is greater than the generalised resolution (generalised 

window width), the likelihood of bisection occurring increases. This likelihood is 

increased further with the introduction of more buildings. The Multilayered approach 

showed the greatest control on spatial error limitation with respect to each building 

orientation and still enables a dramatic increase in overall computational performance. 

4.22 Test town layouts 

The previous E-Building dataset revealed the effectiveness of each generalising 

approach of dealing with the building orientation of individual building in relation to the 

accuracy and performance of the 2D surface flow model. Section 3.5 has already 

showed the effects of generalisation on the spreading of a singular building and 
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emphasised the need for utilising a new approach to represent building prior to 

generalisation. This section of the thesis looks at the impacts of multiple buildings 

within a terrain model and how their distribution pattern affects the routing of oncoming 

surface water and how each generalised approach copes with representing each layout.  

4.22.1 Test town 1: Generalisation effects on topology 

Test Town Case 1 is comprised of an organised building layout where the buildings are 

orientated as to have their smallest face area perpendicular to the overall direction of 

surface flow that travels west to east. They are divided into six rows, three above and 

three below the centre line (shown bisecting points A, D & E on Figure 4-62) and four 

columns, and each house is spaced four meters away from its nearest neighbour. Figure 

4-62 shows this layout for case 1. 

 

Figure 4-62. Test town building layout. Case 1 

 

The predicted impact of this particular building layout is first assessed by analysing the 

generalising effects on the topology. Figure 4-63 shows the RMSE revealing the error 

propagation of terrain heights with respect to generalising window size (for reference 

the associated RMSE points generated within the DEM are also plotted). 
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Figure 4-63 Comparison of RMSE of generalising windows from 2-20m of DSM and DSM (case 

study 1) 

 

Here we see that the both the rate and magnitude of which the errors are generated when 

generalising the DSM are again far greater than that of the DEM. Unlike the rate of 

increase in the RMSE observed in the DEM the errors generated in the DSM appear to 

oscillate after the window reaches the 8m resolution. Here we see the spatial 

dependency of the generalising window as the 8m width window yield greater errors 

than that of the larger 9m window. Figure 4-64 shows a comparison of these two 

window sizes for further clarification. In this figure regions that have changed from 

being classed as bare-earth to a generalised building are shown in red. With the houses 

within the DSM being set with an initial height of 10m referring back to Figure 3-22 

(that relates initial BCR value required to alter surrounding terrain in generalising 

window), for a building to still be classed as an obstacle after generalisation it needs to 

occupy at least 10% of the generalising window. As each house is 10m by 5m in 

dimension, therefore consisting of 50 x 1m
2
 fine grid cells, if just 5 building cells are 

present within the generalising window then the resulting generalised grid cell outputted 

will be classed as a building/obstacle.   



163 

 

 

Figure 4-64. Building spread at 8m and 9m resolutions 

 

Figure 4-65 shows the building probability map of space in a generalised grid being 

classed as a building generated by using window sizes ranging from 2-20m which start 

from a fixed origin (0,0). From the figure we can see that due to the close proximity of 

the houses that in at least 80% of cases the direct paths through the housing area and in 

90% of cases the entrance to the school is completely blocked due to the spreading 

effects.  This leads to a significant increase in errors to the topology surrounding the 

urban area and will dramatically affect the surface flow paths through the generalised 

model. 

 

Figure 4-65. Building spread probability map for Test town 1 

 

Plotting the increased building area gained during generalisation with respect to the 

generalising window size as shown in Figure 4-66 reveals an initial sudden increase in 

building area gain (shown in region A). Within region B there is a levelling off of the 

rate of percentage building gain. This is a result the generalised building heights 
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eventually dropping below the threshold value τ. A large deviation in building area gain 

is observed at the 9m resolution due to the generalising window placement as 

highlighted previously. 

 

Figure 4-66 Case study 1. Percentage building pixel gain with generalising window with fixed start 

origin at (0, 0) 

 

Overall the analysis of the building spread propagation in the terrain predicts that the 

generalisation of the surface using the standard model will result in heavily restricted 

flow through the urban area even at the slightly coarser derived resolutions. 

Furthermore, surface water will be prevented at all coarse grid resolutions from entering 

into the school region. 

4.23 Simulation of lateral flow in case 1 at 1m resolution 

In this test the lateral input flow rate added to the test town datasets is the same as that 

applied to the E-building dataset.  The only exception is in that distribution in that the 

input width is now forty meters. The flow input is distributed evenly over 20m both 

sides of the central y axis line and is directed along the easterly direction. 

Figure 4-67 show the recorded water depths where time t = 10 minutes. Here we 

observe that due to the slopes of the terrain the input flow is being channelled towards 
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the centre of the terrain (centre in the North-South axis) through the houses towards the 

school. The red arrows give an indication as to the direction of slopes over the surface. 

 

Figure 4-67. Case 1. Recorded depths (m). 1m resolution, t = 10min 

 

Soon after the t = 10 minutes the water has surpassed the wall in front of the school 

feature and has begun to pond inside the school grounds. This localised ponding is 

visible in Figure 4-68 which shows the recorded depths when simulation t = 20 minutes. 

 

Figure 4-68. Case 1. Recorded depths (m). 1m resolution, t = 20min 

 

Previously, it was shown that the use of generalising widows causes the buildings 

within this layout to spread out and thereby potentially changing the directions of flow 
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across the surface. Figure 4-69 shows how the spread of buildings as a result of the 

standard generalising process (when generalising to just a 4m resolution) has reduced 

the number of pathways through the building region and thus prevented water from 

entering into the school grounds. Both the single layer and multilayer BCR and CRF 

approach were designed to resolve this problem by the manner in which the buildings 

do not spread in the generalising process and are represented in the terrain. 

 

Figure 4-69. Case 1. Recorded depths (m). 4m resolution, generalised approach, t = 20min 

 

The recorded water depths when t = 20min in the single layer BCR and CRF approach 

at the 4m resolution (Figure 4-70) shows no building spread and a greater correlation to 

that observed in the original 1m benchmark model due to no loss of potential wetted 

areas and pathways. 

 

Figure 4-70. Case 1. Recorded depths (m). 4m resolution, single layer approach, t = 20min 
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The results shown in the multilayer BCR and CRF approach (Figure 4-71) are similar to 

those observed in the single layer approach with a slight difference being present in the 

vicinity of the school area. This difference is attributed to the wall feature in front of the 

school entrance; as at the 4m resolution this feature is bisect two coarse grid cells 

(highlighted in red in Figure 4-72). Due to the walls location of the bisection within the 

coarse 4m window, within the single layer representation the CRF values either side of 

feature will equal zero thereby allowing water to flow freely across these cells whereas 

in the multilayered approach the flow will have to move around the feature in the north 

or south directions. 

 

Figure 4-71. Case 1. Recorded depths (m). 4m Multilayer, approach, t = 20min 

 

 

 

Figure 4-72. Highlighted region where bisection of coarse cell at 4m resolution occurs 

 

The results so far have shown how the representation of the building features within this 

example initially affect the flow of water across the surface. The next stage of analysis 
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is to investigate the overall effect of the terrain changes and/or building representations 

by examining the differences in maximum recorded water depths and its distribution 

across the surface. 

4.23.1 Town error map analysis 

For this stage of generalising model assessment error maps are produced for each 

resolution and generalising approach as to assess the spatial distribution of errors as a 

result of changing the grid resolution. 

4.23.2 Generalised approach Case 1 

As mentioned in previous sections the generalisation of terrain with buildings present 

results in changes to the terrains topology. To analyse the spatial influence of the terrain 

changes on surface flow the first analysis of maximum depth errors is generated by 

modelling surface flow in the generalised terrains and comparing the maximum 

recorded flood depths with those recorded in the benchmark model. Figure 4-73 shows 

the resulting error map generated when comparing the 4m generalised case against its 

parent benchmark model. The colour scheme is weighted utilising a standard deviation 

approach and the limits and settings used are constant for all comparisons within this 

case study. The figure reinforces the statement made when analysing recorded depths 

where t = 20min, that the spread of the buildings has resulted in regions where water 

can no longer access causing large underestimation of surface water depths; these 

regions are visible as blue within the figure. The figure also reveals that the spread of 

the building has cause an increase back water effect making the recorded depths prior to 

the building region noticeably larger than the benchmark model. This overestimation is 

approximately by 3cm and over an area of roughly 400m
2
. 
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Figure 4-73. Maximum depth error map. Case 1. 4m Resolution. Generalised approach 

 

Generalising the terrain further to 8m resolution reveals a dramatic change in the 

accuracy of the surface depths (Figure 4-74). Firstly due to all the channel pathways 

within the building area being lost there is a large region of surface depth 

underestimations in the model within the urban area. A subsequent effect of the loss of 

these pathways is that surface flow is forced around this region against the direction of 

the slopes causing a significantly large area of the terrain to have overestimated flood 

depths. 

 

 

Figure 4-74. Maximum depth error map. Case 1. 8m Resolution. Generalised approach 
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4.23.3 Single layer BCR and CRF approach 

The maximum depth error analysis for the single layered approach for the 4m resolution 

shows a good correlation of surface depths with respect to the benchmark model. The 

maximum depth error output is shown in Figure 4-75. 

 

Figure 4-75. Maximum depth error map. Case 1. 4m Resolution. Single layer approach 

 

Within the single layer method there are still some discrepancies in maximum recorded 

depths within the school building region, these are highlighted in Figure 4-76. Here one 

can observe that the water depths leading into the school are overestimated by 29cm. 

Furthermore, once inside the school, there are underestimations along the inner wall 

edges ranging from approximately -12cm to -40cm. 

 

 

Figure 4-76. 4m Single layer (zoomed school region) 
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The 8m resolution model created using the single layer approach reveals slightly greater 

uncertainties within the building region and a larger area of underestimation of water 

depths within the school region. However, the underestimation value is around -10cm 

within this region. Figure 4-77 shows the error map associated with this approach. 

 

Figure 4-77. Maximum depth error map. Case 1. 4m Resolution. Single layer  approach 

 

Unlike the generalised case where an increase of window size from 8m to 10m would 

result in further spreading effects and influences on the surface flow (see Appendix C). 

The 10m resolution analysis of the single layer BCR and CRF approach reveals further 

underestimation of flood depths located within the school and flow through the wall 

features on the north, south and east sides as shown in Figure 4-78. 

 

Figure 4-78. Maximum depth error map. Case 1. 10m Resolution. Single layer approach 



172 

 

 

4.23.4 Multilayer BCR and CRF approach 

At the 4m resolution using the multilayer approach yields the initial similarities with the 

single layer approach. There are noticeable improvements of the maximum recorded 

depths within the school region. The error map of maximum flood depths is shown in 

Figure 4-79. 

 

Figure 4-79. Maximum depth error map. Case1, 4m Resolution, Multilayer approach 

 

The initial depth leading into the school is overestimated (Figure 4-80) like in the single 

layer model by 29cm, this shown in a zoomed in section of the error map in Figure 4-

80. After the building entrance has been surpassed the depths become underestimated 

by -20cm. The difference between the multilayer model and single layer model at the 

4m resolution is the representation of the wall feature as shown previously. It is this 

difference that affects the flow of surface water into the school grounds. 

 

Figure 4-80. Maximum depth errors within school region (4m resolution, multilayer approach) 
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The 8m resolution error map (Figure 4-81) shows again an improvement on the single 

layered methodology by representing the water depths within the school more 

accurately. The approach reduces the amount of water depth underestimation within the 

school region. 

 

Figure 4-81. Maximum depth error map. Case1, 8m Resolution, Multilayer approach 

 

At the resolutions examined so far the multilayered approach is only needed to represent 

flow around the wall feature in front of the school building. It is this representation that 

causes flow to move around, rather than through the wall which reflects that observed in 

the benchmark model. The 10m resolution shows erroneous flow through the north and 

south walls has been prevented but an apparent increase in water depths behind the 

school feature (on the outer east side) is still detected. As flow is not possible through 

the walls in the multilayered approach these increases depths behind the school are 

attributed to the drawdown effects of the open boundary immediately adjacent to the 

cells after the schools eastern wall. Figure 4-82 shows the 10m resolution maximum 

depth error map for reference. 
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Figure 4-82. Maximum depth error map. Case1, 10m Resolution, Multilayer approach 

 

4.23.5 Checkpoint analysis 

To analyse the effects of generalisation methodologies further five check points are 

selected to analyse the recorded depths with respect to time. The checkpoint positions 

and coordinates (shown in again in Figure 4-83 and Table 4-6) are situated immediately 

prior to the building area along the central y axis, one within the building area and two 

offset from the centre y axis line within the building equally spaced in opposite 

directions and finally situated within the school grounds.  

 

 

Figure 4-83. Town layout “Case 1” with checkpoints overlaid 
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Table 4-6. Check point coordinates used in all “Test Town” layouts 

Checkpoint x-coordinate y-coordinate 

A 100 99 

B 118 131 

C 118 68 

D 128 99 

E 176 99 

 

Checkpoint A:  Figure 4-84 shows the recorded flood depths in test town case in all 

resolutions for all generalising methodologies respectively. With this representation the 

pattern of the recorded depth distribution with respect to time for the 1m case is what 

the coarser representations are trying to achieve. With checkpoint A being located 

outside of the building area the initial time of arrival for surface water is solely 

governed by the manner at which water moves across coarse grid cells; the recorded 

depths at this checkpoint, however, will be governed by interactions with building 

features immediately after this point in the different generalised models and the 

subsequent backwater effects. Analysis of the results obtained from checkpoint A 

reinforces that of the observed error maps for the generalised approach. Due to the 

reduction of pathways through the urban area the recorded flood depths at his location 

are larger due to the increased backwater effect in this instance 3cm+ larger. It is noted 

that the 8m resolution fails completely to detect any flow and this is due to window 

position at this resolution causing the building to spread onto the checkpoint location 

thus preventing any flow to reach that checkpoint. The single layer and multilayer 

approach yield almost identical results and closely match the recorded depths with 

respect to time found in the benchmark model. 
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Recorded depths (m) with respect to time (min) at Checkpoint A 
Depth 

(m) 

Generalised method 

 

 

 

Single layer BCR and CRF approach 

 

Multilayer BCR and CRF approach 

 

Figure 4-84. Checkpoint A analysis  

 

It is visually apparent that the 8m resolution is showing an increase in predicted flood 

depths in comparison to that observed at other resolutions. This increase is due to the 

positioning of the building edge at the coarse grid-cell boundary immediately after the 

checkpoint. This results in a conveyance width reduction leading to a building up of 

water within the cell prior to this restriction boundary. Figure 4-84 shows checkpoint 

A’s relative position to the buildings and its location within the coarse grid window. In 
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instances where the checkpoint lies (as the location is set my spatial coordinates and not 

centre grid cell coordinates) on a cell boundary it is automatically shifted to the 

previously available cell centre coordinate. Due to the coordinate location of checkpoint 

A this shift is apparent for the 4m, 5m, and 10m resolutions. Therefore it is only the 8m 

resolution where checkpoint A is located within a coarse cell where the CRF value 

changes thus resulting in a backwater effect within the cell and overestimation of water 

depths. 

 

Figure 4-85. Spatial location of Checkpoint A wrt to coarse grid cell location 

 

Checkpoint B: being located just north of the main building region receives water that 

is not channelled through the artificial urban area. With the spread of buildings and 

subsequent reduction of pathways through the urban area in the standard generalised 

model again results in greater recorded depths at this checkpoint (Figure 11-27, 

Appendix C). The single layer and multilayer BCR and CRF approaches again show 

greater correlation with the benchmark model revealing a similar temporal pattern of 

recorded depths at this location. 

Checkpoint C: Although checkpoint C is located spatially in the same x coordinate and 

on the opposite side of the central of the central line (where y = 100) the recorded 

depths (Figure 11-28, Appendix C) with respect to time are similar those observed at 
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checkpoint B. There is, however some slight differences due to the coordinate 

positioning in y being offset by 1m. This highlights the detailed variations in flood 

depths at the fine resolution and the averaging effects of representing surface depths in a 

generalised grid. 

Checkpoint D: This checkpoint is located in the centre of the urban area and is 

therefore dependant on water reaching this location via pathways through the town. 

Within the generalised case these pathways are completely blocked and thus now water 

is recorded at this checkpoint for any resolution. The single and multiple layer 

approaches maintain pathways through this artificial urban area and thus allow for water 

depths to be recorded. The depth-time pattern (Figure 11-29, Appendix C) within these 

approaches yields similar results to that obtained in the benchmark model. This  reveals 

that the 4m and 8m resolutions perform slightly better than the 5m and 10m resolutions 

at predicting recorded depths at this location. The reason for this increase is due to the 

conveyance width restrictions of the neighbouring cell to the east. Figure 4-86 shows 

the error maps from the single layer around the building region along with the building 

and the coordinate point (shown as a red dot). For the 5m and 10m resolutions the 

neighbouring cell has a reduced conveyance width due to the building lying at the cell 

boundary, thus greatly restricting the flow and increasing the recorded depths at 

checkpoint D due to backwater effects. At the 4m and 8m resolutions the neighbouring 

cell has no building occupying the boundary therefore no reduction in conveyance 

width so the flow is able to move more freely. 
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Figure 4-86. Checkpoint D’s relative position to coarse grid cells 

 

Checkpoint E: Due to generalisation effects, within the entrance to the school building 

is completely blocked (Figure 11-30, Appendix C) in the standard generalised model 

thus resulting in zero detection of water at this location. Water is detected, however, at 

this location in both the single layer and multilayer BCR and CRF approaches. 

Examining the results comparatively between these two models reveals their 

performances differ at each resolution and in particular at the 8m and 10m resolutions. 

At first glance the results for the 4m and 5m resolutions in the single layer model appear 

to be similar to the multilayer model. Closer inspection, however, reveals that the time 

of arrival for water in the single layer case is earlier than both the benchmark and 

multilayer models. This premature arrival of surface water to this location is a result of 

reduction in path length as within the single layered case at these resolutions (as shown 

previously) the surface water is allowed to flow through the wall and into the school 

whereas in the benchmark and multilayered models the flow had to circumvent the wall 

feature. For the 8m and 10m resolutions it is quickly apparent that the multilayered 

approach is producing results more akin to the benchmark model than the single layer 

model. Figure 4-87 shows graphically the recorded depth errors with respect to time for 
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the 8m and 10m resolutions for these two model. The figure also reveals that for the 8m 

case the single layer initially appears to perform better with closer depth heights leading 

up to the 40min time region, however, after this time the water level remains relatively 

unchanged whereas it increases in both the benchmark and multilayer cases resulting in 

the multilayer case ascertaining a higher maximum steady depth accuracy. The reason 

for the underestimation in the single layer approach is complex and due to the 

differences in the interactions of water moving either through or around the wall feature 

depending on the model approach. For the 10m case the single layer approach fails due 

to the building no longer being represented as a partially closed feature. The water that 

enters into the school grounds is allowed to escape through the East, North and South 

walls, resulting in lower maximum recorded depth values that are achieved significantly 

earlier in the simulation than in the benchmark model. As the multilayered approach 

maintains the partially closed school feature it is able to predict similar depth values to 

the benchmark model. 

 

Figure 4-87. Checkpoint E graphical analysis comparison 
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4.23.6 Case 1: Overall checkpoint analysis 

This is immediately apparent from the checkpoint analysis that the standard generalised 

approach is the worst performing model. Only three of the five checkpoints analysed 

recorded the presence of any surface water, which was recorded at those locations in the 

benchmark model. The three coordinate points where water was detected, the depths 

were overestimated as a result of erroneous flow routing. Both the single layer and 

multilayer BCR and CRF approaches yield considerable improvements over the 

generalised approach via ensuring the routing of surface flow is more akin to the 

benchmark model and not erroneously blocking flow. The limitations of the single 

layered approach were highlighted by the erroneous flow of water through the wall 

feature at the 4m and 8m resolutions. This resulted in early detection of surface water at 

the school and further inadequacies were proved at the greater resolutions. For example, 

at 10m water was allowed to escape through the walls of the school building leading to 

underestimations of maximum depths. 

4.23.7 Case 1: Preliminary conclusion 

The multilayered approach results in an overall improved accuracy although the 

noticeable improvements are localised within the school region which is verified by the 

similarities between single and multilayer BCR and CRF approaches in the checkpoint 

analyses with only checkpoint E showing a noticeable and considerable improvement in 

estimation. The similarities between the two revised models are attributed to the 

minimal multilayer representation needed as a result of grid bisection. The multilayer 

approach, however, provides more spatially accurate flood depth distributions as a result 

of more accurately reflecting flow routing in certain regions. 

Table 4-7 shows comparative data of the number of cells required to represent each 

model at each resolution. Here it is observed that there is only a minute increase in the 

number of cells needed for a multilayered BCR and CRF approach. This implies that the 

two models are quite similar and that the multilayer aspect is confined to a localised 

region of the terrain mode; in this instance, within the vicinity of the school. 
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Table 4-7. Cells required for single layer and multilayer models 

Resolution No. Cells (Single 

layer) 

No. Cells 

(Multilayer) 

Percentage 

increase 

4 2500 2502 0.08 

5 1600 1600 0.00 

8 625 626 0.16 

10 400 409 2.25 

 

4.24 Test town case 2 

The housing layout in case two has the buildings largest faces perpendicular to the 

direction of flow and are again spaced four meters away from each other (Figure 4-88). 

By having the large faces of the buildings perpendicular to the primary direction of 

slope it is expected that they have a greater affect on surface flow. 

 

Figure 4-88. Sample house spacing pattern in Town Case Study 2 

 

Generating a building probability map for case two yields very similar results to that of 

case one; this being that flow through the housing areas and into school grounds are 

prevented in 80% and 90% of cases respectively. Figure 4-89 shows the building spread 

probability map for this layout. 
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Figure 4-89. Building spread probability map for Test town 2 

 

The relationship between building area gain to window size from 2-20m resolutions for 

case two has three distinct regions, these regions are highlighted in Figure 4-90. The 

increase in building area in region A (2-8m) shows a linear increase that is similar to 

that of region A in case study 1. There is a sudden decrease in building area gain in 

region B which increases linearly up until the 15m resolution. Within region C the 

pattern of area increase appears to drop and level out with the exception of a large 

fluctuation at the 18m resolution. 
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Figure 4-90. Case study 2. Percentage building pixel gain with generalising window with fixed start 

origin at (0, 0) 

 

4.24.1 Case 2: introduction 

Within the building layout for case two the buildings are orientated so that their largest 

face is perpendicular to the overall direction of lateral flow. This layout will increase 

resistance to the surface flow and result in larger depths within the urban area. 

4.24.2 Case 2: Generalised approach 

Generalising this building layout to a 4m resolution using the standard approach has 

resulted in a different spreading pattern to that observed in case one and has thus altered 

flow accordingly. Figure 4-91 shows the maximum depth error map for the 4m 

resolution of this model. As like in the layout for “Case 1” the spread of buildings has 

resulted in the increase of recorded depths prior to entry into the building region due to 

the reduction of available flow-pathways and diverted flow around the outer perimeter 

of the urban area. The school feature (as it remains unchanged) is again sealed 

completely to incoming flow and thus underestimates the flood depths within its 

grounds. 
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Figure 4-91. Maximum depth error map. Case 2. 4m Resolution. Generalised approach 

 

As the grid resolution become coarser the buildings again become more spread out. Due 

to the layout of the buildings within this model the magnitude of spreading in the north 

and southerly directions is greater resulting in even larger backwater effects and 

overestimations of surface depths. The errors associated with this backwater effect are 

shown clearly in the error map for the 8m resolution shown in Figure 4-92. 

 

 

Figure 4-92. Maximum depth error map. Case 2. 8m Resolution. Generalised approach 
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4.24.3 Case 2: Single layer BCR and CRF approach 

The patterns of error distributions within the single layer approach follow the same 

patterns as those observed within study case 1. The single layer method Figure 4-93 

shows the immediate improvements of maximum depth distribution using this approach 

observable at the 4m resolution. 

 

Figure 4-93. Maximum depth error map. Case 2. 4m Resolution. Single layer approach 

 

The 8m resolution (Figure 4-94) still maintains an improved generalised representation 

with respect to the standard generalised approach; there is, however, a noticeable band 

of maximum  depth underestimations recorded between the last two columns of houses 

in this layout. 

 

Figure 4-94. Maximum depth error map. Case 2. 8m Resolution. Single layer approach 
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Within the urban building area there is a noticeable band of maximum depth 

underestimation. This underestimation band is again attributed to the effects of the 

reduction of conveyance widths on the motion of flow through coarse grids. Figure 4-95 

shows a section of the urban area error map with an 8m resolution grid overlaid. 

 

Figure 4-95. Effect of conveyance width reduction (8m resolution, Case 2) 

 

Like that observed in study case 1, it is the 10m resolution where the drawbacks of the 

single layer approach become more apparent. As the school feature remains unchanged 

with respect to size and position the single layer approach again results in holes within 

the building leading to underestimations of water depths within its’ grounds. The figure 

for this (Figure 11-8, Appendix C). 

4.24.4 Case 2: Multilayer BCR and CRF approach 

The results of the multiple layered approach reflect a similar pattern of variation to 

resolution as those observed in case study 1; as such the error maps are not displayed in 

this section and instead can be found in Appendix C for reference.  

As before the benefits of the multilayer can be observed localised primarily within the 

school region. Further analysis, however, reveals that the buildings influence in the 

urban area, and their representation in the multilayer grid does affect the surface flow. 

Figure 4-96 shows the difference in maximum recorded depths between the single layer 

and multilayer BCR and CRF approach at the 10m resolution. Derived from using the 

formula: 

 ( ) ( )sin( , ) , ,diff multM i j d i j d i j= −  (4.24.1) 

Where Mdiff  = model difference, dsin = max depth in single layer model, and dmult  = max 

depth in multilayer model. It reveals a difference in flow routing within the house 
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building region due to the representation of buildings in multiple layers. Here we see 

that for the first two buildings located at the north-west and south-west corners of the 

building area an excess of surface water is being diverted in comparison to the single 

layer approach. This diversion is due to that in the single layer model due to the 

buildings location within the generalised grid the CRF values either side of the building 

equal zero thus allowing water to flow directly through them. The multilayer approach 

correctly simulates that these routes are not possible and subsequently diverts flow 

around the building. The effects of these initial changes to flow routing then propagate 

along the urban area altering the behaviour en route. The next and most noticeable 

difference is located within the school region (as mentioned earlier) and shows the 

reduction of water depths within the school as a result of water flowing through north, 

south and east walls. 

 

Figure 4-96. Maximum depth difference map 
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Although the differences between the multilayer and single layer model within the 

urban houses region is small, the multilayer representation of buildings within this area 

at coarser resolutions helps maintain a more accurate flow path representation. 

4.25 Case 2: Checkpoint analysis 

The checkpoint analysis results for case 2 resulted in similar findings to those observed 

in case 1 in that the generalised case was shown to have the worst performance in terms 

of accuracy and the similarities between the single layer and multilayer for each 

checkpoint were observed. Therefore the checkpoint analysis maps for this section are 

located in Appendix C. Figure 4-97 shows the position of the checkpoint in relation to 

layout 2. 

 

Figure 4-97. Checkpoint positions for Case 2 

 

Checkpoint A: The pattern of depth error variations for this location resemble those 

observed in the previous case; this again shows the standard generalised approach to be 

the worst method of predicting depths over time and the significant improvement using 

the single  layer and multilayer approaches. This adds further proof as the errors in 

surface depths produced as a result of building spread in the generalised surface.  

The 8m resolution in the comparative analysis again reveals an overestimation of flood 

depths with the reason again being related to the changes in conveyance widths at this 

location for this resolution. 

Checkpoint B: The standard generalised approach provides a poor approximation of 

recorded depths at the 4m resolution and then fails once the resolution becomes coarser. 

The single layer and multilayer approaches perform almost equally well and closely 

resemble the benchmark model at all resolutions with the final 10m resolution, 

however, showing some disparity again attributed to changes in the CRF values across 

the cell boundaries causing a rise in water depths at this location. 
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Checkpoint C: With this checkpoint is located on the respective opposite side of the 

centre line and with the terrain being symmetrical the pattern of depth errors over time 

for each resolution is again similar to those observed at checkpoint B 

Checkpoint D: At this location there are noticeable underestimations at the 8m 

resolution. The reason for this underestimation is due to the reoccurrence of buildings 

located at the coarse grid cell boundary restricting the conveyance width which is 

immediately prior to the checkpoint. Due to these restrictions prior to the checkpoint 

(see Figure 4-98) the amount flow reaching the coarse cell where the checkpoint is 

located is reduced leading to shallower recorded flood depths. 

 

Figure 4-98. Case study 2: Checkpoint D’s relative position at 8m resolution 

 

This reinforces previous observations that CRF restrictions affect flood depths 

immediately prior to and subsequently immediately after the boundary where the 

conveyance reduction occurs. 

Checkpoint E: The depth-time results for this location are also similar to those 

observed for this location in the previous case study. As before no water is recorded in 

this location in the standard generalised approach and the single layer approach 

underestimates surface depths as the resolution becomes 8m and 10m, due to the 

appearance of holes within the school building using this technique. The multilayer 

approach yields a consistently good performance of predicting the depths over time at 

coarse resolutions. 

Figure 4-99 shows a comparison between the single layer and multilayer maximum 

depth maps at the 10m resolution for the two case studies. It initially appears that there 
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is a greater difference in the water distribution within case 2, but when taking into 

account the magnitude of errors the difference in water depths diverted in case 2 is to 

the order of millimetres whereas the differences of water depths within the building in 

case 1 within the school region shows an improvement in comparative accuracy to the 

order of centimetres. 

 

 

Figure 4-99. Comparison of maximum depth differences for single layer and multilayer models 

 

Like that of the case 1 building layout, Table 4-8 shows minute differences in number 

of cells used in each model. The multilayered aspect is again located predominantly 

within a small region in proximity to the school building. However, as Figure 4-98 

highlighted there are multiple layers located around some houses in the model causing 

slight diversions of flow. 

 

 

Case 1 Case 2
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Table 4-8. Number of cells required for single layer and multilayer models 

Resolution No. Cells (Single 

layer) 

No. Cells 

(Multilayer) 

Percentage 

increase 

4 2500 2502 0.08 

5 1600 1600 0.00 

8 625 628 0.48 

10 400 410 2.50 

 

4.26 Test town case 3 

Within case study three, the buildings are orientated in two different directions and 

spaced as shown in Figure 4-100. This layout is designed to heavily restrict flow across 

the surface by trapping and channelling surface water. 

 

Figure 4-100. Sample of case 3’s building layout 

 

Generalisation of this layout causes the buildings to completely block surface flow in all 

cases through the centre of the DSM moving left to right but does allow flow to come 

around the sides within 80% of scenarios. The probability map of building spread due to 

generalisation in Figure 4-101 shows the immediate closing of the alleyways between 

buildings at all scales. 
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Figure 4-101. Build spread probability map for case 3 

 

As the buildings are tightly grouped together in this layout surface flow through the 

building area is blocked in 100% of the generalised cases. Figure 4-102 shows the 

percentage building area gain for this layout. Due to the buildings being situated close 

together the spreading of the buildings into surrounding areas outside the urban area is 

reduced therefore resulting in a smaller area gain than the previous building layouts. 

 

Figure 4-102 Percentage building area gain with resolution change 
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4.26.1 Case 3: Generalised approach error map 

With the distribution of building being closely grouped together generalising to the 4m 

resolution immediately causes significant spreading of the features creating an 

unsurpassable wall to the oncoming flow. Being unable to flow directly through the 

urban area the surface water is routed around the outside and due to the pattern of the 

first row of houses with respect to the incoming lateral flow the slight bias of flow 

routing is in the southern direction. The error map associated with generalising to a 4m 

resolution and the resulting flow rout bias is shown in Figure 4-103. 

 

Figure 4-103. Case 3, 4m resolution generalised approach 

 

Further generalisation to an 8m resolution leads to a considerable increase of surface 

depths around the urban area as shown by the dominant red regions in Figure 4-104. As 

flow can no longer reach the central regions of the buildings it is forced to the outer 

edges of the terrain. 
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Figure 4-104. Case 3, 8m resolution generalised approach 

 

4.26.2 Case 3: Single layer BCR and CRF approach 

Figure 4-105 shows again the immediate benefits of removing buildings prior to 

generalisation and representing their influence numerically via the use of BCR and CRF 

values. Unlike the generalised approach surface flow is able to navigate through the 

narrow pathways within the urban region to the school building.  

 

Figure 4-105. 4m resolution error map 

 

Closer inspection of the recorded depths in the pathways between buildings (shown in 

Figure 4-106) reveals a pattern of over slight estimation to under estimation with respect 

to direction of flow through the reduced conveyance width boundaries.  
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Figure 4-106. Error banding pattern example 

 

The 8m resolution error map (Figure 4-107) reveals how this conveyance reduction 

effect at regions is amplified in the coarser resolutions where there are changes in 

conveyance widths across coarse cell boundaries 

 

 

Figure 4-107. 8m Resolution error map 

 

4.26.3 Case 3: Multilayer BCR and CRF approach 

Like that in Cases 1 and 2, the pattern of error distribution for Case 3 using the 

multilayer approach is very similar to that of the single layer for each resolution. The 

error maps can therefore be found in Appendix C. The main differences between the 

two models, however, are located again within the school region and the routing around 

the buildings located at the edges of the urban area. Figure 4-108 shows the depth 

difference comparison map between the 10m single layer and 10m multilayer 
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approaches, with the ranges shown to 3 significant digits due to extremely slight 

variations between models. This figure reveals a difference in the way flow is diverted 

into the northern region of the terrain between the two models. Adjusting the limits in 

the display of results to show regions where the depths in the single layer are 

overestimated and underestimated by a threshold value of 1mm reveals the influence the 

multilayered approach has on the direction of flow routing (shown in Figure 4-109). 

 

 

Figure 4-108. Max depth difference between single layer and multilayer models at 10m resolution 

 

The single layer in comparison to the multilayer (Figure 4-109) underestimates the 

depths moving in the northern direction in relation to the position of the second row of 

houses and more interestingly around the wall in the school building. 
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Figure 4-109. Directional error map 10 m resolution 

 

Figure 4-110 reveals the reasoning for the differences in the models by showing flow 

path routes for the multilayer and single layer models. The multilayer approach enables 

correct routing of flow around the building within the second row whereas the single 

layer erroneously routes flow through the building.  

 

Figure 4-110. Flow-path variances between single layer and multilayer models at 10m resolution 

 

4.27 Case 3: Checkpoint analysis 

The checkpoint analysis reveals again initial similarities between the multilayer and 

single layer approaches of estimating flood depths at each checkpoint and show 

considerable improvements in accuracy in comparison to the standard generalised 
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approach. The results of the analyses can be found in Appendix C. Figure 4-111 shows 

the position of the checkpoints in relation to layout 3. 

 

Figure 4-111. Checkpoint positions for Case 3 

 

Checkpoint A: Shows similar behaviour of the single layer and multiple layer 

approaches and that again the methodologies designed to prevent buildings altering the 

topology of the terrain during generalisation greatly improves the localised depth 

predictions within the model. 

Checkpoint B: Highlights the differences between the multilayer and single layer 

methodologies when routing surface flow around the urban area. As checkpoint B lying 

just before and north of the building that bisects the grid in the 8m resolution the correct 

routing of flow around the building in the multilayer approach means that it is a closer 

approximation to the benchmark model than the single layer method. 

Checkpoint C: At this location almost identical patterns of recorded depths with 

respect to time are observed in the single layer and multilayer approaches. 

Checkpoint D: Shows that at the 4m and 5m resolutions the multilayer and single layer 

approaches make similar predictions of depths in relation to time throughout the 

simulation. The 8m resolution shows a slight variance between the two models with the 

multilayer model overestimating the maximum recorded steady depth more than the 

single layer approach by approximately 3mm. 

Checkpoint E:  Being located within the school this checkpoint again reveals the flaws 

in the single layer methodology at predicting flood depths with the partially enclosed 

region by underestimating the flood depths at the coarser 8m and 10m resolutions. 

Overview: Within this layout the benefits of the multilayer approach are observed only 

at scales where the single layer representation fails. By correctly routing flow around 
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features where needed the accuracy recorded depths within and around the town are 

maintained and the depths localised within the school are consistent with the benchmark 

model.  

Table 4-9 as before reveals the localised aspect of the multilayered approach.  

Table 4-9. Number of cells required for single layer and multilayer models 

 Resolution  No. Cells (Single 

layer) 

No. Cells 

(Multilayer) 

Percentage 

increase 

4 2500 2502 0.08 

5 1600 1600 0.00 

8 625 629 0.64 

10 400 407 1.75 

 

4.27.1 Test town case 4 

The building layout in case 4 is randomized with the 24 house structures placed 

randomly in both positions and orientation prior to the school building. Due to the 

manner in which these features are placed the spreading effects will cause changes to 

the buildings apparent shapes.  

Figure 4-112 shows the building spread probability map for generalising buildings from 

1m to 20m resolutions. Here we see that the pattern continuity of the building 

distribution is lost as the grid resolution changes. This change is a result spreading and 

the loss of angle representation at coarse rid scales 
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Figure 4-112.Building  spread probability map for case 4 

 

4.28 Case 4 

4.28.1 Introduction 

The pattern of building distribution for case 4 is randomized as to analyse each models 

ability to cope with representing features at various orientations simultaneously. As the 

buildings are at angles that are no longer constrained to being parallel to the confines of 

a generalised grid cell boundary there is an increased possibility of buildings bisecting 

coarse cells. 

4.28.2 Generalised 4m 

Figure 4-113 reveals that although the spreading effects at the 4m scale is small the 

spreading of buildings within layout variation “Case 4”  results in significant changes to 

the surface topology preventing any flow through both the urban and school areas and 

forcing flow around the outside of these feature areas.  
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Figure 4-113. 4m Resolution error map 

 

As the building data is generalised further the outer shape of the building pattern 

becomes lost as the overall appearance of the buildings in the 8m grids becomes more 

like that observed in case 1. This highlights that not only are pathways being lost but 

details relating to the buildings orientation are lost during the generalisation process. 

The error map for the 8m resolution is shown in Figure 4-114. 

 

 

Figure 4-114. 8m resolution error map 
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4.28.3 Case 4: Single layer 

The single layer BCR and CRF approach for the 4m resolution yields accurate results 

for routing of surface water throughout the random town layout, which is clearly 

apparent from visual analysis of Figure 4-115.  

 

Figure 4-115. 4m resolution error map (Single layer BCR and CRF approach) 

 

Within the urban area in this error map there is a localised region where a high depth 

error is detected. This localised error phenomenon is referred to here as a “water column 

error”. This localised error is as a result of the misrepresentation of CRF values in a 

single layer case where two of the buildings are located at skew angles near to a coarse 

cell boundary and is attributed in part to the remapping of water from a coarse grid back 

to the fine grid.  Figure 4-116 shows the section of the building layout in question. In 

this image the building layout is such that there is a space of two square meters situated 

between two buildings. When calculating the CRF values for a single layer 

representation as there is free space either side of the coarse cell in question the CRF 

value will be less than one implying that flow can move across the boundary. The single 

layer flow-paths shows where flow is and is not allowed to move within the single layer 

interpretation. Following this erroneous interpretation, a large water depth can 

accumulate within the coarse cell and thus transferred back into the fine grids after the 

simulation whereas in the fine grid model no surface flow can reach these two cell 

locations (as shown by actual water distribution layout). Due to the small surface areas 

within these regions large localised depth errors can be generated with this approach. 
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Figure 4-116. Water column drawback of single layer routing at 4m resolution in Case 4 

 

Figure 4-117 shows the maximum depth error map for the 8m resolution for this case 

using the single layer approach. As before like that at the 4m resolution, the 

misrepresentation of flow routing through single layer CRF values also results in large 

localised errors at 8m resolution. The routing of flow within the single layer model also 

leads to large errors localised near to the school building as a cumulative effect of 

erroneous flow routing. An error difference map comparing the single layer approach 

against the multilayer approach at the 8m resolution is shown in the next section as to 

compare the handling of features in single and multilayer spaces. 

 

Figure 4-117. Case 4 error map, 8m resolution (single layer) 
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4.28.4 Case 4: Multilayer error maps 

Where the buildings are orientated at angles not parallel to cell boundaries there is an 

increased chance that cell bisection may occur. With respect to this layout the multilayer 

approach yields different spatial error distributions than that of the single layer method 

and as such a more detailed analysis is carried out in the comparison in this section. 

The multilayer representation of the 4m resolution solves the problem of CRF values 

between close buildings by preventing flow through regions where flow is prevented in 

the benchmark model. Figure 4-118 shows the maximum depth errors within this model 

and reveals that the localised errors observed previously in the single layer approach 

due to the misrepresentation of CRF values is removed. 

 

Figure 4-118. Case 4 error map, 4m resolution (multilayer) 

 

The improvements of the multilayered representation of controlling surface flow are 

shown by controlling the error propagation further. Figure 4-119 shows the 8m 

resolution error map. Here the improvements between buildings are again observed 

along with the recorded depths within the school region. 
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Figure 4-119. Case 4 Error map 8m resolution (multilayer) 

 

To compare the flow routing of the multilayer approach with that of its predecessor a 

directional difference map is generated to show the bias of slow routing in each model. 

Here we see that the large region in the north east quadrant of the terrain a large area of 

underestimated depths. As this map is generated comparing the multilayer and single 

layer depth results, as before, and simplifying the outputs into three categories; the 

underestimation implies that flow being routed along this region in the multilayer 

method is reduced or not being routed in the single layer approach. Figure 4-120 shows 

the depth difference error analysis generated from these results. The overestimation 

areas shown in red therefore show the locations where an increase of surface flow in the 

single layer model is detected. 
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Figure 4-120. Depth difference map. Case 4, 8m resolution 

 

4.28.5 Error map overview: Case 4 

Overall analysis of the error maps for case 4 reveal confirm the that multilayer approach 

enables an increased accuracy of flow path routing around regions where the orientation 

of buildings are randomised by more accurately determining the CRF values for 

bisected grids and thus reducing large localised depth errors. 

4.29 Checkpoint analysis 

The checkpoint analysis for the randomised study area reveals the controlling aspect of 

each methodology for representing buildings in generalised space. With the buildings 

being randomly distributed in terms of both location and angles the probability of a 

building bisecting a coarse grid increases thus potentially highlighting differences 

between the single layer and multilayer approaches. The graphical and tabulated results 

are located in Appendix C. Figure 4-121 shows the checkpoints in relation to layout 4. 

 

Figure 4-121. Checkpoint positions for case 4 
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Checkpoint A: With the buildings that are immediately located in front of the 

oncoming lateral flow being rotated thus reducing the change in direction needed for 

surface flow thereby reducing the back water effect leads to lower recorded water 

depths at this location. The standard generalised approach results in significant 

spreading thus immediately creating a dam effect a 4m and increasingly so at 5m and 

10m resolutions. This forces flow to circumvent the urban area resulting in large depth 

errors within the terrain. The single layer and multilayer BCR and CRF approach yield 

similar results at this location and provide a close approximation to the original 1m 

resolution. 

Checkpoint B: With the exception of the 8m resolution the standard generalised 

approach seems to provide a good approximation of surface depths at this location. The 

reason for this is due the checkpoints relative position to the spread buildings. Figure 4-

122 shows checkpoint B’s position relative to the buildings for case 4 at each resolution 

on a snapshot of each error map. The regions in blue represent the locations where the 

spread building now lies. The figure shows that for the 4m, 5m, and 10m resolutions 

surface flow can move easterly away from checkpoint B whereas due to the building 

spread surface water is partially trapped at this location within the coarse cell at the 8m 

resolution. It is this trapping of surface water that leads to the overestimations of surface 

depths at this location at this scale for this method.  

Both the single layer and multilayer representations of surface depths at this location 

provide consistent and accurate depth estimates. 

 

Figure 4-122. Generalisation effects trapping water at 8m resolution for case 4 
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Checkpoint C: At this location the standard generalised approach overestimates surface 

depths at the 4m and 5m resolutions before recording no surface water at the 8m and 

10m resolutions as a result of building spread over the checkpoints location. Both the 

single layer and multilayer approaches give a good approximation of the changes in 

surface depths over time are consistent at each resolution on yielding the low depth 

values as generated in the benchmark model. 

Checkpoint D: With checkpoint D being located within the urban region the 

generalised approach fails to detect any surface flow at any resolution as a result of 

building spread. The single layer and multilayer approaches detect surface flow and 

show similar depth/time results for the 4m and 5m but differ at the 8m and 10m 

resolutions. At these coarser resolutions the multilayered approach performs better 

giving deeper flood depths than the single layer approach with the deeper values being 

more akin to the benchmark model. The reason for the multilayer having better depth 

correlations is due to the differences in routing of surface flow. Figure 4-123 shows a 

snapshot of the building region with checkpoint D present (shown as a red point). 

Within the single layer model the majority lateral surface flow moving west to east can 

travel along the same path without diversion due to the single layer representation of 

CRF values, whereas the multilayer method channels some of the lateral flow inwards 

towards checkpoint D thus increasing the recorded depths. 

 

 

Figure 4-123. Routing of flow through 8m resolution single and multilayer space 

 

Checkpoint E: As with all previous case studies for the standard generalised approach, 

due to spreading of the school building no surface water is detected at any of the 
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generalised scales. Like in previous case studies the limitations of the single layer 

method generating holes within the school building and the erroneous routing of flow 

through the wall the multilayer approach generates the best depth/time datasets with 

respect to the benchmark model. 

With the buildings being orientated within the terrain at random angles it was expected 

that there would be an increase in the number of incidences where bisections would 

occur. Table 4-10 confirms this assumption and reveals that at a 10m generalised 

resolution there is a 4.75% increase in the number of cells required to simulate flow 

around features in multilayer space. 

Table 4-10. Number of cells required for single layer and multilayer models 

Resolution No. Cells (Single 

layer) 

No. Cells 

(Multilayer) 

Percentage 

increase 

4 2500 2509 0.36 

5 1600 1612 0.75 

8 625 639 2.24 

10 400 419 4.75 

 

4.30 Overview analysis of test towns 

4.30.1 Comparison of building distributions 

Comparisons of the building spreading effect on all four case studies reveal two distinct 

regions (shown in Figure 4-124). Within this figure, in region A the rate of building area 

gain is relatively constant but as the window size surpasses the 8m threshold (within 

region B) the rate of building increase becomes less predictable. These two regions can 

be described in terms of building coverage ratios. With the initial height of a house 

being 5m and the threshold height of a feature being classed as a building (τ) = 1, the 

minimum level of building occupancy within a generalised cell window required is 20% 

of the original building. For a window of width w there are w
2
 number of possible 

locations of any given cell within the window. For any given building therefore if 20% 

of the fine grid cells within the window need to be a building there is a probability 

associated with a building remaining above the threshold value τ after generalisation. 
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Figure 4-124. Comparison of building areas gained for case studies 1-4 

 

Table 4-11 shows the attributes of a building still being classed as such within a 

generalised grid. As building cells are finite, if the calculated number of cells required 

for building detection is not an integer then the nearest integer greater than the 

calculated value is required. 

Table 4-11. Buildings still present in generalised grid 

Window 

width (m) 

Number of 

cells in 

window 

Number of 

building cells 

required 

Calculated 

number of 

possible scenarios 

Calculated number of 

possible building 

scenarios 

2 4 1 66 66 

3 9 2 76 72 

4 16 4 104 88 

5 25 5 126 98 

6 36 8 150 94 

7 49 10 176 110 

8 64 13 204 102 

9 81 17 234 104 

10 100 20 266 110 
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Plotting the number of scenarios per window size where a building used in these study 

cases are still detected after generalisation as a percentage value (Figure 4-125) provides 

further information about the generalisation effects. Here it is observed that for 

windows of sizes less than 8m the probability of a building enclosed by a generalising 

window still being classed as an obstruction feature after generalisation is greater than 

50%. Therefore if buildings in this model have an initial height is 5m and the threshold 

of influence is set to 1m at window widths generalising to a resolution greater than 8m a 

building is more likely to be lost into the terrain than spread.  

 

Figure 4-125. Likelihood of buildings within test town being above 1m in coarse grid 

 

4.31 Maximum flood depth analysis 

The initial test utilising the ”E-building” data highlighted the multilayer based BCR and 

CRF approaches ability to control the level of uncertainty in predicted flood depths 

within coarse grids. It showed that unlike its single layer predecessor it could cope with 

coarse grid sizes that could and did lead to bisection of the coarse grids thus correctly 

routing flow around and not through the feature. The benefits of the multilayer approach 

were highlighted here further through modelling within regions where multiple 

buildings are present. The immediate computational benefits of generalising the terrain 

data is apparent by examining the dramatic reduction of required computational time 

when using a 4m grid resolution. Figure 4-126 shows the average computational time to 
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run the test town simulations with each model at each resolution. Like that of the initial 

E-Building test case, the number of grid cells that comprised these test surfaces was 

40,000. The processing time for generating the multilayered data at each resolution was 

again to the order of just 2s. 

 

Figure 4-126. CPU time for each generalised methodology at each resolution. 

 

This analysis reveals that the models that incorporate the usage of BCR and CRF values 

as a means of negating the effects of building spread whilst maintaining their influence 

(to various extents) on surface flow, greatly improve the overall accuracy of the 

predicted flood depths. It is possible to generalise data using the new methods to a 10m 

resolution whilst keeping the overall accuracy of the predicted depths above the results 

obtained at the 4m resolution. The benefits of the multilayered approach in controlling 

the localisation effects of buildings on flood depths thus allow more accurate/confident 

predictions about estimated water depths and distribution at coarse resolutions in 

comparison to other methods analysed. Tables 4-12 to 4-14 shows the average 

numerical comparisons between each model. 

 

 

0

5000

10000

15000

20000

25000

0 2 4 6 8 10 12

C
P
U
 ti
m
e
 (
s
)

Resolution (m)

Generalised

Single layer

Multilayer



214 

 

Table 4-12. Average results from generalised approach 

Resolution (m) RMSE (m) CPU time CPU speed up 

4 0.012 9 min 17s 37.6 

5 0.016 4min 28s 78.2 

8 0.021 56s 375.9 

10 0.022 25s 828.1 

 

Table 4-13. Average results from single layer approach 

Resolution (m) RMSE (m) CPU time CPU speed up 

4 0.004 15min 48s 22.1 

5 0.005 9min 37s 36.3 

8 0.008 1min 10s 297.8 

10 0.009 31s 683.3 

 

Table 4-14. Average results from multilayer approach 

Resolution (m) RMSE (m) CPU time CPU speed up 

4 0.003 17min 34s 19.9 

5 0.004 10min 16s 34.0 

8 0.007 2min 20s 149.6 

10 0.009 1min 3s 331.4 

 

The results show that although the single layer and multilayer approaches are more 

computationally demanding than the simple generalised method they still enable a 

significantly large decrease in the overall required computational time and provide an 

accuracy which far surpasses the standard generalised approach. It is, however, the 

multilayer’s ability to more accurately represent flow around buildings within these 

bisected grids and thus prevent flow through walls that creates flood maps in coarse 

grids that more closely reflect the results of fine scale models. In this instance if the user 

opted for a single layer model approach the overall performance of the model would 

appear to be accurate. However, closer examination would reveal (in particular at the 

coarser scales) that the depths within the school building are considerably 

underestimated. 
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5 Real case study: Generalisation effects 

 

5.1 Introduction 

From the previous analyses it was concluded that the multilayer approach enables a 

more accurate representation of surface depths within a terrain and the localised 

representation of surface flow paths. In this section a comparison of the three 

generalising approaches is applied to a real case scenario to see if this new generalising 

methodology can cope in real models. For this test a LiDAR tile at a 1m resolution 

sample is taken from a region within the north of England for analysis. 

5.2 Generalising effects of real terrain 

For a given building threshold value ( )τ  and window size ( )N , N
2
 possible coarse 

Boolean building grids can be generated in relation to the “roving window” effect. By 

discretizing these Boolean grids back into a fine resolution and then comparing the 

results of where building pixels are located it is possible to obtain a probability 

distribution map of building classification. Figure 5-1 shows and example of this effect 

where the window size was set at 7m ( )49=N  and m1=τ . 7m was chosen for this 

example as it is the first instance where there is significant reduction in flow channels 

along streets within the case study. Here it can be seen that buildings spread out in all 

directions and that for 100% of cases the alleyways are lost during the generalisation 

process. A third and more significant finding is that in two specific regions in the 

probability map show 20% or more of chosen window positions could lead to the 

reclassification of what were streets to buildings. This shows that the spread of building 

features within a DSM is not only related to the size of the generalising window but also 

the location of the building with respect to its encompassing generalising window. 

Unlike the previous case studies, due to the semi-randomized location, orientation, 

distribution and height of buildings coupled with the chosen start location for a 

generalising window with respect to these creates a significant problem of anticipating 

the effects of generalisation to the surface. This, therefore, highlights the uncertainty in 

both the degree and direction of spreading of buildings within a generalised grid. 

Furthermore, this emphasises the need to represent buildings separately to the terrain 

when generalising the topology.  
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Figure 5-1. Building spread probability map for 7m generalising window 

 

5.3 Real case flood model  

In this section the three generalising approaches are compared to see if the models can 

cope with real terrain model applications. In the following example a three hundred by 

three hundred meter square LiDAR tile at a 1m resolution from the north of England, is 

provided courtesy of the Environment Agency and is shown in Figure 5-2. This surface 

model is generalised using each method to 3m, 5m, 6m, and 12m resolutions.  

With utilising a rainfall grid within the 2D surface flow model rainfall can be 

distributed over the whole region and into each layer simultaneously. When adding 

rainfall to the DSM it is assumed that any rainfall that lands upon a building will be 

channelled directly to a sewer and therefore will not move across the surface. It is for 

this reason that the rainfall distribution is only applied to the surface regions where 

there are no buildings present; and this distribution matches the Boolean building grid. 

For this particular simulation the duration of the input rainfall is one hour and is applied 

at a constant rate 60mm per hour. The overall simulation time is ninety minutes which 

allows a thirty minute period for water movement across the surface after the rainfall 

has stopped. 
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Figure 5-2. LiDAR tile sample of region within the north of England 

 

Figure 5-3 shows the maximum recorded depth distribution on the 1m resolution 

benchmark model. The pattern of water distribution reveals two areas where there is 

significant ponding of surface water. These regions are highlighted in Figure 5-4 as 

regions A and B. The recorded depths in region A and B are approximately 40cm and 

90cm, respectively. The figure shows that water accumulates in region A and then flows 

through a narrow alleyway in the direction of the location of region B. It then 

accumulates within that region. Some of the surface water partially trapped in this 

region can travel again in a north-westerly direction through an alleyway or eventually 

around the building in a north-easterly to north direction when the surface depths are 

great enough. 

 

Height (m)

High : 31.07

Low : 2.04

−
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Figure 5-3. Maximum recorded depths in benchmark model for real case scenario 

 

 

Figure 5-4. Accumulated depth regions in benchmark model 

5.4 Error map visual analysis 

The main analysis carried out in the real case scenario  is an error map analysis as to see 

the overall spatial uncertainties of maximum water distribution over the generalised 
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surfaces within each model. Due to the size and number of the terrains, the error maps 

have been placed in a separate appendix, Appendix D. 

5.4.1 Standard generalised methodology 

3m resolution: At this resolution the fine scale alleyways between buildings are 

immediately lost resulting in excessive accumulation of water in regions A and B. The 

overestimation in region A is directly as a result of the loss of the key transmissible 

alleyway that allows water to drain across to region B. Although region B is no longer 

receiving inflow from region A, the loss of this regions alleyways means that the only 

exit routes are around the building features. This coupled with the spread of the 

buildings results in a greater area for trapping water and leads to an increase in water 

depths within this region. 

5m resolution: Generalising further to this coarser resolution leads to not only to the 

loss of alleyways between buildings but the narrowing of street channels for 

transmitting surface water. This leads to an erroneous build up of water within these 

street networks. 

6m resolution: The error distribution pattern for the 6m case is similar to that observed 

in the 5m resolution although as the building areas become slightly more spread there is 

an increase in areas where water can no longer access. This leads to both over and 

underestimated regions within street channels. 

12m resolution: Being the coarsest resolution it is expected that the output for this 

model would be the least accurate. The error distribution pattern reveals that most of the 

surface flow is prevented or severely limited due to the large degree of building spread 

thus resulting in large areas of depth underestimations and sporadic regions of 

accumulated depth overestimations 

5.5 Single layer BCR and CRF approach 

3m resolution: The single layer approach at this scale preserves the alleyways between 

buildings and ensures more accurate results than the standard generalised approach. 

This improvement is reflected in the inspection of regions A and B where the maximum 

recorded errors fluctuate around the zero within these regions. 

5m resolution:  At the 5m resolution the maximum recorded depths within region A 

become underestimated. This underestimation is a result of small holes within 

previously blocked alleyways being created due to the positioning of the generalising 
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window and the subsequent calculated CRF values. Figure 5-5 shows a partial section 

of region A and the direction of flow between cells where no flow was possible before 

in the benchmark model. 

 

Figure 5-5. Flow in single layer model through previously closed alleyways 

 

6m resolution: This resolution also yields a significant underestimation in surface 

depths within region A as a result of further erroneous (with respect to benchmark 

model) flow routing through previously obstructed alleyways. This leads to an increase 

of water moving towards region B reflected by the overestimation of maximum 

recorded surface depths in the error analysis map. 

12m resolution: The 12m resolution in the single layer model leads to dramatic 

underestimations of surface depths within regions A and B. The loss of water within 

these regions is a direct consequence of the generalising windows size and position 

enables it to fully encompass buildings in one of the buildings’ dimensions leading to 

bisections of the coarse grids. This bisection results in the apparent flow routing through 

building features. This routing is shown in Figure 5-6. 
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Figure 5-6. Erroneous flow routing in single layer approach through buildings 

 

5.5.1 Multilayer BCR and CRF approach 

3m resolution: Examining the maximum depth errors within region A shows that the 

multilayered approach results in larger errors than the single layer and overestimates the 

recorded depths within region A. Closer examination of the 3m resolution reveals that 

like that of the 5m and 6m resolutions in the single layer method, extra pathways 

through alleyways are available for water to escape from region A to region B in the 

single layer model. As these pathways are closed in the multilayer model (as they are in 

the benchmark model) then in comparison to the single layer approach water depths in 

the multilayer model would be greater. This implies that the greater water depths 

recorded in the multilayered approach may be as result of the propagation of flow 

through coarse grids and the single layer only appeared to perform better as an indirect 

consequence of erroneous flow routing.  

5m resolution: The error map produced at this resolution appears to show that the 

multilayer model has a better control of estimating maximum surface depth across the 

surface and provides better approximations for regions A and B. The prevention of flow 

through previously blocked alleyways means that unlike the single layer model the 

multilayered approach does not significantly underestimate the recorded depths in 

regions A and B. 

6m resolution: The error map for this methodology and resolution shows that the 

multilayered approach is underestimating depths within regions A and B, however, the 

model does appear to be more accurate than its single layer counterpart at this scale due 

to the manner in which surface flow is routed. To examine this more closely a 
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directional difference map is generated to see regions where the two models at this scale 

differ. Figure 5-7 shows the directional difference map generated after applying the 

model difference equation. Here regions marked in red are where the single layer 

predicts greater depths than the multilayer and blue is where the single layer predicts 

lower depths than the multilayer. With respect to regions A and B the Boolean image 

reveals that the excessive flow through the previously blocked alleyways in region A is 

causing an increase in surface water within region B and subsequently a reduction of 

flow through the main alleyway where flow was recorded in the benchmark model. 

 

Figure 5-7. 6m resolution, single layer minus multilayer directional difference map 

 

12m resolution: The 12m resolution error map appears to show more regions of 

overestimation and less areas of underestimation than the single layer approach. For 

further comparison of maximum depth distribution Figure 5-8 shows the maximum 

depth output patterns for the benchmark (1m resolution), single layer (12m resolution), 

and multilayer (12m resolution). The figure reveals that the pattern of distribution in the 

multilayer approach more closely reflects that of the benchmark model. 
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Figure 5-8. Maximum recorded depth distribution comparison 

 

5.6 Overall performance 

The error maps for each model and resolution shown in Appendix D reveal that the 

multilayer BCR and CRF approach yields the greatest accuracy of results and predicts 

the build up of water within regions A and B highlighted previously in Figure 5-4. This 

improvement coupled with the dramatic decrease in the computational time required to 

run the simulations at the coarser resolutions as shown Figure 5-9 reveal the potential of 

using the multilayer approach as opposed to its predecessors. As this terrain surface 

consisted of a greater number of cells than the previous test cases the pre-processing 

time was larger. In this instance the time required to generate the multilayered data was 

to the order of 30s. Although this study area consisted of 1,000,000 cells which is 25 

times more than the previous case studies the required computational time to generate 

the data was only 15 times more. It is also noted that as the multilayer data generator 
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program is a prototype some of the computational time is dedicated to drawing the 

building mask, BCR layers and the Fine-Multilayer grids for a visual reference check for 

the user. Thereby the computational time required for generating the Multilayer datasets 

could be reduced further by removing the visual display element of the software. 

Overall this approach shows that the generation of multiple layers for large datasets is 

possible and also very efficient using the method outlined in section 3.10. Due to the 

manner in which data is collected on a tile by tile basis the computational time could be 

reduced even further with the incorporation of parralleization techniques.  

 

Figure 5-9. CPU time for each generalised methodology at each resolution  
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6 Pseudo Fine Layer 

6.1 Introduction 

The multilayer approach has enabled a more accurate representation of buildings within 

coarse grids; its benefits, however, can be employed as a means to numerically 

represent finer scale features in DSMs than the original obtained DSM model. This 

representation of the terrain is referred to as a “Pseudo Fine Layer” model as it is not a 

true fine scale representation of the terrain it merely represents the influence of fine 

scale features present in a surface where needed. 

Within urban flood modelling there are many fine detail features that influence surface 

flow propagation such as roads, buildings, alleyways, culverts, bridges and walls. With 

the errors present in LiDAR data some of these features maybe missed if the level of 

detail required is less than the obtainable resolution from the LiDAR data. These 

features may play an important role in surface flow routing. Comparing LiDAR data 

against that of MasterMap data obtained via on site surveying reveals some 

discrepancies of building details. The LiDAR representation (shown in Figure 6-1A) at 

1m resolution shows continuous terraced housing whereas the MasterMap data shows 

that these are separated by alleyways along the street. The DSM can be corrected by 

using the MasterMap building data as a mask and by introducing the alleyways 

(reducing height values of grid-cells) back into the DSM.. 

 

Figure 6-1. Comparison of LiDAR and MasterMap datasets 

 

One of the advantages  therefore of having a methodology of representing buildings 

numerically is that it is possible to represent details that are less than that of the original 

A B
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data resolution. One of the issues with LiDAR acquired data is that although 1m 

accuracy is regarded as being effective or more than effective for surface flow 

modelling, in some instances within urban areas flow though narrow alleyways between 

buildings can heavily influence the locality of flooding. It is not cost effective to try to 

capture LiDAR data below 1m resolution for large areas nor would it be 

computationally efficient to run simulations at this resolution. Figure 6-2 shows and 

example taken from the test data where the DSM shows the building features as being 

impassable whereas the MasterMap data clearly shows alleyways between buildings; a 

grid of 1m resolution is overlaid to show cases where alleyways are <1m. 

 

Figure 6-2. 1m Resolution DSM (A) and MasterMap Building shape file (B) 

 

To solve this problem the DSM  is transformed into a corrected 25cm grid resolution. 

This is done by first changing the MasterMap data into a 25cm Boolean raster grid 

format and then slicing up the DSM and the DEM grids into 25cm grid resolution. 

Figure 6-3 shows how a single 1m square tile with a surface height of 8m can be 

divided up into 16x25cm square tiles each with a height of 8m. 

 

Figure 6-3. Slicing a 1m fine scale  tile into 16x25cm pseudo fine scale tiles 

 

A B
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The generation of the new 25cm resolution DSM is created by using the Boolean 

MasterMap building raster as a cookie cutter. Figure 6-4 shows the process of data 

collection to create the new 25cm resolution DSM. 

 

Figure 6-4. Creating a Pseudo fine scale DSM 

 

Figure 6-5 shows a comparison between DSM’s of the 1m and the generated 25cm 

resolution representations of a region within the test data. It clearly shows that the 

alleyway features were lost in the 1m resolution 

 

Figure 6-5. 1m resolution DSM (A), Generated 25cm Resolution DSM (B) 

 

Once the 25cm resolution DSMB has been generated the multi-layered approach can be 

applied to transform this back into a 1m resolution (pseudo DSM) or coarser grid 

resolutions accordingly. This enables the finer details (<1m) such as alleyways to be 

represented via BCR and CRF values. Figure 6-6 shows the maximum recorded flood 

A B
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depths for the Pseudo fine scale model where features at a 25cm resolution have been 

represented in a 1m resolution multilayer environment. 

 

Figure 6-6. Maximum flood depths in Pseudo fine layer model 

 

Comparing the maximum recorded flood depths in the Pseudo model with the original 

1m resolution benchmark model a difference map is generated. This map is shown in 

Figure 6-7. Here we see previously blocked alleyways in the original 1m resolution now 

allow an excess flow through them thus reducing flow through previously unblocked 

alleyways. Due to the direction of flow through these new alleyways the predicted 

depths in the Pseudo fine layer at region B (shown in previous section Figure 5-4) is 

reduced along with the recorded depths in region A  due to more flow being able to 

escape this location.  
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Figure 6-7. Maximum depth difference map for Pseudo fine layer 

 

The large differences within the two models raise concerns as to whether the original 

1m resolution used in the previous study is an accurate representation of the real world 

scenario and its validity of being used a benchmark model for comparison. Table 6-1, 

shows a comparison of the required CPU time for each model and the number of cells 

used to create each model. To simulate the 25cm scale features in a 1m resolution for 

this example only an extra 45 cells were required. As the computational model is 

slightly more complex due to BCR and CRF considerations this slight increase has 

resulted in a time increase of 19 minutes and 4 seconds which is a 3.8% increase. 

Table 6-1. Model comparison 

Model CPU time Number of cells 

Benchmark (1m) 443min 23s 90,000 

Pseudo (25cm-1m) 502min 27s 90,045 
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6.2 Pseudo fine scale model conclusion 

With many fine scale features such as alleyways being missed or being of a resolution 

below that of the obtained data during the acquisition stage, poses many problems in 

simulations in the past. The potential of simulating finer scale features than that of the 

originally obtained data within coarse grids is an exciting and potentially rewarding 

development that could lead to a great improvement in the accuracy within 

computational models without being too detrimental to the computing costs. At this 

stage in the model development it is too early to state the effectiveness of this approach 

in this manner but the assumption is that by providing more information with regards to 

correcting flow paths a more accurate representation of surface depths and propagation 

can be obtained. 
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7 Conclusions and future research 
 

7.1 Conclusions 

Concluding remarks are given with regards to thesis objectives outlined in section 1.3. 

7.1.1 Analysis of generalisation effects 

This thesis showed that the generalisation of DSMs leads to alterations within the 

terrains topology that can greatly affect the distribution of surface flow. Section 3.5 

revealed that with the presence of a dominant feature within the terrain such as a 

building, greater distortions to the surface arise within the generalised models. Analysis 

of Figure 3-30 shows that the rate of increase of terrain height error with respect to 

resolutions change in a DSM is 6.3 times greater than that of the DEM when just one 

test building is present.  The “roving window effect” introduced in section 3.6 revealed 

that when buildings are present in the terrain, the generalisation effects on terrain 

topology are not solely dependent on the generalisation scale but is also affected by the 

generalisation windows position.  

This section proposes that within an urban environment the variables of both building 

distribution and their relative heights to the surrounding topology leads to complex and 

unique variations in terrain alterations as a result of generalisation and therefore the best 

course of action is to remove buildings prior to generalisation and represent their 

properties externally numerically. 

7.1.2 Existing methodologies for building representation 

Section 2.3 in the literature survey showed that buildings can be treated as solid, 

partially solid or hollow objects, and also utilising sub-grid methods. Yu and Lane 

(2006) showed that buildings can be removed and represented by increasing the 

roughness coefficients within the coarse grids. The representation of buildings with this 

method does not yield the full nature of the buildings influence on surface flow. Chen et 

al (2008) proposed representing buildings as solid objects and numerically representing 

their effects on surface flow using BCR and CRF coefficients and incorporated it into a 

finite difference model. This approach yielded promising results (shown in Table 3-3 

and Figure 3-35) and proposed more accurate routing of surface flow in coarse grids. 

This approach however is limited in how it can represent buildings within coarse grids 

and as such can yield misrepresentation of a building influence in certain situations as 



232 

 

was highlighted by the example in Figure 3-36. This approach however showed 

potential and as such was built upon further within this thesis. 

7.1.3 New approach for representing buildings in coarse grids 

The limitations of the standard single layer BCR and CRF approach were surpassed by 

allowing the representation coarse grids in multiple layers as shown in Figure 3-37. This 

modification allows for increased accuracy of routing flow around buildings that would 

otherwise erroneously pass through in a single layered approach. The multilayer 

approach is designed to be spatially dependant in that coarse grid cells are only 

represented in multiple layers when bisection of grids by buildings occurs.  

7.1.4 Automated production of multilayered data 

A multilayered generalised model enables fast accurate modelling of surface flow 

within coarse grids but it would be ineffective if there was not an efficient way of 

generating the multilayered data for real world applications. Within this thesis a new 

automated rule-based method was developed that generates the required data grids and 

tables for representing a surface within multiple layers. For a LiDAR data tile consisting 

of 90,000 grid cells the computational time required to generate the multilayer data files 

was approximately 30 seconds. Due to the program being a prototype this processing 

time also considered the time taken to render outputs of the multilayer data for a visual 

check by the user; removal of this feature would further improve the efficiency of the 

data generation. The resulting outputs are in a combination of raster grids and tables 

designed to be incorporated into any two-dimensional grid based model. 

7.1.5 Evaluation of multilayered BCR and CRF approach 

Section 4 showed that the multilayered BCR and CRF approach enables greater control 

and accuracy of predicted flood surface depths for building features at different 

orientations. The level of control over the accuracy of predicted surface depths the 

multilayer approach has is highlighted in Figures 4-58 and 4-59. These figures show 

how the recorded depth errors around the building are controlled by the accurate 

representation the multilayered approach has by routing flow around and not through 

features. For cases 5 to 8 the building is orientated in such a way that surface water can 

build up within its partially enclosed boundaries. With the single layer approach 

creating holes within these building wall boundaries, increased flow would be able to 

migrate directly through the centre of the terrain model resulting in lower depth 

estimates along the northern and southern paths. The multilayer BCR and CRF approach 
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maintained the accuracy of predicted water depths in the northern and southern paths 

around 1cm and did not underestimate surface depths in the process. With this new 

approach building orientations that would result in partially enclosed regions for water 

to get trapped are still present and can therefore be represented correctly as such within 

the model. This effect of “trapping” (or as it is also known “ponding”) of water is 

crucial in flood mapping and should not be neglected within a model. 

As more buildings are introduced into the terrain model the level of uncertainty in the 

generalised heights in the DSM increases. Utilising BCR and CRF values alongside the 

bare-earth DEM these generalising effects were greatly reduced. However, as the 

number of buildings in the study area increases the likelihood of a building bisecting a 

coarse grid cell increases. The flood depth error maps shown in section 4.22 confirm 

similarities between the single layer BCR and CRF approach and multilayer BCR and 

CRF approach at the 4m and 5m resolutions but with the coarser 8m and 10m 

generalised scales the differences between the two approaches emerged. Firstly with the 

school building region being purposefully designed to enable the ponding of water, each 

models ability to represent water storage was assessed. As before the single layer BCR 

and CRF approach routed water through the building which lead to dramatic 

underestimations of surface depths. In terms of flood risk analysis such underestimation 

due to misrepresentation in the model could pose considerable problems for the school 

and pose a risk to life. The building distributions that the water must navigate through 

prior to its arrival at the school are designed to disturb flow in different ways. The 

standard generalising approach fails immediately by (in most instances) spreading 

buildings in such a manner they form a solid obstruction between the incoming flow 

and the school. Due to the building distribution used in cases 1 to 3, there are only 

minor localised distinctions between the multilayer and single layer models within the 

housing region prior to the school. Although this does affect surface flow, its effects are 

comparatively small this scale in comparison to the randomly distributed buildings. 

Case 4 thus, emphasised the need of the multilayer approach as the percentage of coarse 

grid cells bisected increased. Here the multilayer method enabled the truest 

representation of surface flow by routing flow around features and allowing ponding 

within school grounds. 

The error maps in Appendix D show that when the multilayer approach is applied to 

real case scenarios where the buildings location, distribution and orientation are not 

anticipated, it is necessary to represent flow around features accurately. Looking at 
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regions A and B highlighted in Figure 5-4 it is observed that in the single-layer 

approach the recorded depths are underestimated as flow moves through buildings. This 

in turn reduces the volume of water in region B as it is allowed to escape through 

previously (at 1m resolution) blocked alleyways between buildings. The multilayer 

approach is able to prevent this migration and thus maintain a more precise 

representation. 

7.1.6 Potential applications  

The ability to represent details that are finer than the original resolution (such as 

alleyways between buildings less than 1m in cross sectional dimension) in the 

multilayer approach could enable far greater model accuracy at a relatively minimal 

computational expense. As per the test example shown in section 6, to include features 

that have a spatial dimension of 25cm and represent them at a 1m scale requires just a 

13.3% increase in computational time. This efficiency is due to that the multilayer 

approach is only used in regions where it is spatially needed so in the case of the 25cm 

resolution there are only a few locations within alleyways that need to represented as 

extra cells. In this instance only and extra 45 cells are needed to complete the model 

which is a 0.05% increase. 

7.2 Future research 

The use of a multilayered model has already showed that it can potentially improve the 

accuracy of 2D flood modelling within generalised grids. For future research the 

following could also be investigated. 

• Testing on larger scale projects 

As the time required running simulations on the benchmark models for comparison 

was significantly large, the testing within this thesis had been carried out on 

relatively small regions.  To test the performance of this approach further, larger 

testing can be implemented. 

• Incorporate parallelisation techniques 

The generation of multiple layered data is primarily dependent on the size (number 

of grid cells) of the area being generalised. Although this process is relatively quick 

for the models used within the context of this thesis; for much larger areas more 

processing time would be required. In the generation of the multilayer data, stages 

1-3, and 5 are independent of each other and as such could be calculated 

simultaneously in parallel. As stage 4 (the generation of linkages between multiple 
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layers) is dependent on cells neighbours cells would need to be grouped prior to 

parallel processing. Using parallelisation techniques the processing time to generate 

multilayer data could be greatly reduced. 

• Sensitivity analysis of window positioning 

In section 3.6 the “roving window” effect was introduced showing the variances in 

terrain topology that occurs in relation to the generalising windows position. Figure 

3-29 showed that with just one building present at the original scale the possible 

outcomes of generalising to just a 4m and 5m scale yield great variances in the 

terrain in the generalised model. Figure 5-1 reinforces the need of removing 

buildings prior to generalising the data as the uncertainty relating to the generalised 

terrain models as flow preferential pathways can be reduced or lost and the degree 

of this loss not only relates to the degree of generalisation but also varies spatially. 

The level of influence that this effect has on the maximum recorded depths in the 

terrain and the recorded flood inundation extent using the methods outlined in this 

thesis is yet to be quantified. Further study into the “roving windows” effect on 

surface flood water distribution would prove to be an interesting topic to pursue and 

evaluate how both single and multilayer methods cope with these effects. 

• Investigating possible roughness coefficients modifications within grids where 

no bisection occurs but buildings are still present 

The multilayer approach enables the correct directional routing of flows between 

coarse grids and the available storage within each coarse grid. However, there may 

be incidence where buildings are present within a large coarse grid and no bisection 

occurs. These buildings would affect the flow through the coarse grid but this 

resistance is not represented via the use of BCR and CRF values alone. Increasing 

the roughness coefficient values within these coarse grids could improve the coarse 

grid model. 

• Utilise multilayer approach to simulate influence of smaller scale features that 

could play a key role in routing of surface flow in urban environments 

This thesis investigated the influence of buildings in surface flow routing but within 

urban environments preferential pathways such as roads play significant roles on 

influencing flow directions. There are also features smaller in dimension than 

buildings that can influence surface flow directions such as walls and fences. If data 

is available relating to these features such as MasterMap dataset as shown in section 
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6, it could be possible to represent these finer scale features using the multilayered 

BCR and CRF approach.  

• Using a multilayered approach to route flow through culverts and under 

bridges 

Within standard single layer 2D models the routing of surface flow through culverts 

and under bridges is not possible. The multilayer approach potentially enables 

pathways through and under such objects in a separate layer. 

• Testing with another grid based 2D model 

Within this thesis the multilayer approach was incorporated into the Urban 

Inundation Model. This approach has been designed to work with any 2D grid based 

terrain data so for further research it may be tested on other 2D flood modelling 

software. 
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9 Appendix A 
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Figure 9-1. Original layout, standard generalised error map. 
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Figure 9-2. Original layout, single layer error map. 
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Figure 9-3. Original layout, Multilayer error map. 
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Maximum depth errors central of building feature (x = 100 – 299, y = 

50) 

Depth 

error 

(m) 

Generalised approach 

 

 

 

Single layer BCR and CRF approach 

 

Multilayer BCR and CRF approach 

 

 

Figure 9-4. Original layout. Maximum depth errors along central path. 

 

The figure , shows that the errors associated with movement through coarse grids for the 

first 100 meters is the same as that for the standard generalised case. After this region 

(where the building is present) the single layer BCR and CRF approach yields more 

accurate results than the previous generalising method. Closer inspection of the lead up 

to the building feature shown in this figure (from 125m to 150m) shows that for the 

generalised case where there is spreading of buildings, such as the 4m and 20m 

resolution, there is an overestimate of surface depths approaching the building followed 

by a sudden extreme underestimate where the building has spread. The single layer 

cases, however, shows a close approximation to the benchmark model for the 4m 

resolution and identical results for the 10m case where by continually oscillating just 

below the zero error line. 
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10  Appendix B 
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Figure 10-1. Rotate1 layout, standard generalised error map. 
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Figure 10-2. Rotate1 layout, single layer error map. 

 

 

Maximum Depth Error (m)

0.0724

0.000

-0.083 −



248 

 

 

Cell 

size (m) 
Error map 

4 

 

5 

 

10 

 

20 

 

 

 

 

Figure 10-3. Rotate1 layout, Multilayer error map. 
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Recorded depths (m) with respect to time (min) at Checkpoint A 
Depth 
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Generalised method  
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Multilayer BCR and CRF approach 

Figure 10-4. Rotate1 layout. Recorded depths at checkpoint A 
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Recorded depths (m) with respect to time (min) at Checkpoint B 
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Figure 10-5. Rotate1 layout. Recorded depths at checkpoint B 
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Recorded depths (m) with respect to time (min) at Checkpoint C 
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Multilayer BCR and CRF approach 

Figure 10-6. Rotate1 layout. Recorded depths at checkpoint C 
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Recorded depths (m) with respect to time (min) at Checkpoint D 
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Generalised method  
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Multilayer BCR and CRF approach 

Figure 10-7. Rotate1 layout. Recorded depths at checkpoint D 
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Recorded depths (m) with respect to time (min) at Checkpoint E 
Depth 

(m) 

Generalised method  

 

Single layer BCR and CRF approach 

Multilayer BCR and CRF approach 

Figure 10-8. Rotate1 layout. Recorded depths at checkpoint E 
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Table 10-1. Checkpoint A results (Generalised approach) 

Resolution Peak depth 

(cm) 

TFD Time of peak PCSMT (%) 

Benchmark (1m) 5.1  8min 40s 34min 20s - 

4m 5.4 10min 40s 31min 40s 7.8 

5m 5.4 10min 40s 31min 40s 7.8 

10m 6.6 9min 20s 32min 6.8 

20m (1) 10.1 8min 32min 20s 5.8 

20m (2) 10.4 8min 39min -13.6 

 

Table 10-2. Checkpoint A results (single layer BCR & CRF approach) 

Resolution Maximum 

steady 

depth (cm) 

TFD Time of Steady 

Maximum 

PCSM (%) 

Benchmark 

(1m) 

5.1 8min 40s 34min 20s - 

4m 5.2 11min 32min 6.8 

5m 5.1 10min 20s 31min 20s 8.7 

10m 5.6 9min 20s 32min 20s 5.8 

20m 6.4 8min 33min 40s 1.9 

 

Table 10-3. Checkpoint A results (multilayer approach BCR & CRF) 

Resolution Maximum steady 

depth (cm) 

TFD Time of Steady 

Maximum 

PCSM (%) 

Benchmark 

(1m) 

5.1 8min 40s 34min 20s - 

4m 5.2 10min 40s 31min 40s 7.8 

5m 5.2 10min 32min 6.8 

10m 5.7m 9min 20s 32min 40s 4.9 

20m 6.7 8min 34min 1.0 
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Table 10-4. Checkpoint B results (single layer BCR & CRF approach) 

Resolution Maximum 

steady 

depth (cm) 

TFD Time of Steady 

Maximum 

PCSM (%) 

Benchmark 

(1m) 

0 NA 0 - 

4m 1.8 13min 40s 32min ∞ 

5m 4.0 13min 40s 32min 20s ∞ 

10m 5.6 11min 20s 32min 20s ∞ 

20m 7.0-7.1 9min 20s 33min 20s ∞ 

 

Table 10-5. Checkpoint C results (Generalised approach) 

Resolution Peak depth 

(cm) 

TFD Time of peak PCSMT (%) 

Benchmark (1m) 5.2 12min 33min 40s - 

4m 5.6 14min 20s 32min 20s 4.0 

5m 6cm 14min 20s 33min 2.0 

10m 6.4cm 13min 20s 32min 20s 3.0 

20m 9.7cm 12min 20s 41min -21.8 

 

Table 10-6. Checkpoint C results (single layer BCR & CRF approach) 

Resolution Maximum steady 

depth (cm) 

TFD Time of Steady 

Maximum 

PCSM (%) 

Benchmark 

(1m) 

5.2 12min 33min 40s - 

4m 5.4 14min 40s 32min 20s 3.9 

5m 5.5 15min 33min 20s 1.0 

10m 5.5 13min 40s 33min 40s 0.0 

20m 6.6 12min 40s 35min 20s -4.9 
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Table 10-7. Checkpoint C results (multilayer BCR & CRF approach) 

Resolution Maximum steady 

depth (cm) 

TFD Time of Steady 

Maximum 

PCSM (%) 

Benchmark 

(1m) 

5.2 12min 33min 40s - 

4m 5.5 14min 33min 20s 1.0 

5m 5.7 14min 20s 32min 5.0 

10m 6.0 13min 20s 32min 20s 4.0 

20m 6.5 12min 40s 34min 40s -3.0 

 

Table 10-8. Checkpoint D (Generalised approach) 

Resolution Peak depth 

(cm) 

TFD Time of peak PCSMT (%) 

Benchmark (1m) 5.7 11min 20s 32min 40s - 

4m 6.4 14min 40s 35min 20 -8.2 

5m 6.4 14min 40s 32min 20s 1.0 

10m 6.4 14min 40s 33min 40s 3.1 

20m NA NA NA NA 

 

Table 10-9. Checkpoint D results (single layer BCR & CRF approach) 

Resolution Maximum steady 

depth (cm) 

TFD Time of Steady 

Maximum 

PCSM (%) 

Benchmark 

(1m) 

5.7 11min 20s 32min 40s - 

4m 6.0 15min 33min 40s -3.1 

5m 5.6 15min 33min -1.0 

10m 5.6 13min 20s 33min 40s -3.1 

20m 6.4 11min 20s 34min 20s -5.1 

 

 

 

 

 

 



257 

 

Table 10-10. Checkpoint D results (multilayer BCR & CRF approach) 

Resolution Maximum steady 

depth (cm) 

TFD Time of Steady 

Maximum 

PCSM (%) 

Benchmark 

(1m) 

5.8 11min 40s 33min 20s - 

4m 6.1 14min 20s 32min 20s 3.0 

5m 6.3 14min 20s 34min 20s -3.0 

10m 6.6 13min 40 33min 1.0 

20m 7.7 12min 40 35min 20s -6.0 

 

Table 10-11. Checkpoint E results (generalised approach) 

Resolution Peak depth 

(cm) 

TFD Time of peak PCSMT (%) 

Benchmark (1m) 3.9 14min 20s 33min 40s - 

4m (1) 4.2 16min 40s 33min 2.0 

4m (2) 4.3 16min 40s 39min 40s -17.8 

5m (1) 4.2 17min 20s 32min 40s 6.9 

5m (2) 4.3 17min 20s 35min -4.0 

10m 4.7 18min 33min 40s 0.0 

20m (1) 5.4 18min 20s 27min 20s 18.8 

20m (2) 5.5 18min 20s 33min 40s 0.0 

20m (3) 5.6 18min 20s 37min 20s -10.9 

 

Table 10-12. Checkpoint E results (single layer BCR & CRF approach) 

Resolution Maximum steady 

depth (cm) 

TFD Time of Steady 

Maximum 

PCSM (%) 

Benchmark 

(1m) 

3.9 14min 20s 33min 40s - 

4m 4.4 17min 34min -1.0 

5m 4.6 17min 40s 35min -4.0 

10m 5.1 15min 20s 33min 2.0 

20m 6.2 13min 37min 40s -11.9 
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Table 10-13. Checkpoint E results (multilayer BCR & CRF approach) 

Resolution Maximum steady 

depth (cm) 

TFD Time of Steady 

Maximum 

PCSM (%) 

Benchmark 

(1m) 

3.9 14min 20s 33min 40s - 

4m 4.4 16min 40s 35min 20s -5.0 

5m 4.4 17min 33min 2.0 

10m 5.0 17min 40s 33min 2.0 

20m 6.3 16min 20s 35min 40s -5.9 
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11 Appendix C 
 

 

Figure 11-1. Case 1. Generalised approach 5m Resolution 

 

 

Figure 11-2. Case 1. Generalised approach 10m Resolution 
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Figure 11-3. Case 1. Single layer approach 5m Resolution 

 

 

Figure 11-4. Case 1. Multilayer approach 5m Resolution 

 

 

Figure 11-5. Case 2. Generalised approach 5m Resolution 
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Figure 11-6. Case 2. Generalised approach 10m Resolution 

 

 

Figure 11-7. Case 2. Single layer approach 5m Resolution 

 

 

Figure 11-8. Case 2. Single layer approach 10m Resolution 
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Figure 11-9. Case 2. Multilayer approach 4m Resolution 

 

 

Figure 11-10. Case 2. Multilayer approach 5m Resolution 

 

 

Figure 11-11. Case 2. Multilayer approach 8m Resolution 
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Figure 11-12. Case 2. Multilayer approach 10m Resolution 

 

 

Figure 11-13.  Case 3. Generalised approach 5m Resolution 

 

 

Figure 11-14. Case 3. Generalised approach 10m Resolution 
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Figure 11-15. Case 3. Single layer approach 5m Resolution 

 

 

Figure 11-16. Case 3. Single layer approach 10m Resolution 

 

 

Figure 11-17. Case 3. Multilayer approach 4m Resolution 
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Figure 11-18. Case 3. Multilayer approach 5m Resolution 

 

 

Figure 11-19. Case 3. Multilayer approach 8m Resolution 

 

 

Figure 11-20. Case 3. Multilayer approach 10m Resolution 



266 

 

 

Figure 11-21. Case 4. Generalised approach 5m Resolution 

 

 

Figure 11-22. Case 4. Generalised approach 10m Resolution 

 

 

Figure 11-23. Case 4. Single layer approach 5m Resolution 
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Figure 11-24. Case 4. Single layer approach 10m Resolution 

 

 

Figure 11-25. Case 4. Multilayer approach 5m Resolution 

 

 

Figure 11-26. Multilayer approach 10m Resolution 
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Recorded depths (m) with respect to time (min) at Checkpoint B 
Depth 

(m) 

Generalised method 

 

 

 

Single layer BCR and CRF approach 

 

Multilayer BCR and CRF approach 

 

Figure 11-27. Checkpoint B analysis 
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Recorded depths (m) with respect to time (min) at Checkpoint C 
Depth 

(m) 

Generalised method 

 

 

 

Single layer BCR and CRF approach 

 

Multilayer BCR and CRF approach 

 

Figure 11-28. Checkpoint C analysis 
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Recorded depths (m) with respect to time (min) at Checkpoint D 
Depth 

(m) 

Generalised method 

 

 

 

Single layer BCR and CRF approach 

 

Multilayer BCR and CRF approach 

 

Figure 11-29. Checkpoint D analysis 
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Recorded depths (m) with respect to time (min) at Checkpoint E 
Depth 

(m) 

Generalised method 

 

 

 

Single layer BCR and CRF approach 

 

Multilayer BCR and CRF approach 

 

Figure 11-30. Checkpoint E depth time analysis of all methods 
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12  Appendix D 
 

 

Figure 12-1. Maximum depth errors for 3m standard generalised real case study 
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Figure 12-2. Maximum depth errors for 5m standard generalised real case study 
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Figure 12-3. Maximum depth errors for 6m standard generalised real case study 
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Figure 12-4. Maximum depth errors for 12m standard generalised real case study 
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Figure 12-5. Maximum depth errors for 3m single layer BCR and CRF real case study 
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Figure 12-6. Maximum depth errors for 5m single layer BCR and CRF real case study 
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Figure 12-7. Maximum depth errors for 6m single layer BCR and CRF real case study 
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Figure 12-8. Maximum depth errors for 12m single layer BCR and CRF real case study 
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Figure 12-9. Maximum depth errors for 3m multilayer BCR and CRF real case study 



281 

 

 

Figure 12-10. Maximum depth errors for 5m multilayer BCR and CRF real case study 
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Figure 12-11. Maximum depth errors for 6m multilayer BCR and CRF real case study 



283 

 

 

Figure 12-12. Maximum depth errors for 12m multilayer BCR and CRF real case study 

 

 

 

 


