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ABSTRACT 

 
A PHOTOGRAMMETRIC APPROACH FOR GEOPOSITIONING 
OPENSTREETMAP ROADS 
 
Roberto P. Canavosio-Zuzelski, Ph.D. 

George Mason University, 2013 

Dissertation Director: Dr. Peggy Agouris 

 

As open source volunteered geographic information continues to gain popularity, the user 

community and data contributions are expected to grow, e.g. CloudMade, Apple, and 

Ushahidi now provide OpenStreetMap© (OSM) as a base layer for some of their mapping 

applications.  This, coupled with the lack of cartographic and data quality standards and 

the expectation to one day be able to use this vector data for more geopositionally 

sensitive applications, like GPS navigation, leaves potential users and researchers to 

question the accuracy of the database.  This research takes a photogrammetric approach 

to determining the positional accuracy of OSM road features using stereo imagery and a 

vector adjustment model.  The method applies rigorous analytical measurement 

principles to compute accurate real world geolocations of OSM road shape points.  After 

adjustment, the absolute positional accuracy of a road vector can be described by the 

Root Mean Square Error (RMSE) value of the shape point residuals.  In addition, 

adjusted shape point locations and the statistical confidence in those positions (CE/LE 



 

 

90) are computed.  It is also suggested that once this information is known about the 

vector data, it should be carried along with and recorded as an attribute at the feature 

level, thereby providing useful provenance and increasing the overall utility of the 

database.    

 

To demonstrate the proof-of-concept, several roads from the OSM database were used to 

compute positional accuracy.  The results indicate that the proposed vector adjustment 

model can successfully predict the real world positional accuracy of roads in a 

geographic database, with recovery rates ranging from 94% to 99% when comparing the 

tested accuracy to that established by high order geodetic survey (ground truth), while 

post adjustment RMSE values improved from 77% to 98%.  Since ground control points 

(GCP’s) are used as absolute control in the adjustment, an investigation was conducted 

into how many GCP’s are required to estimate the true positional accuracy and how the 

configuration of the GCP’s in relationship to the tested vectors affects the outcome.  The 

results show that only 3 GCP’s are needed to produce accurate results, while their 

location only slightly affects the estimates coming out of the adjustment.  To demonstrate 

a practical application a head-to-head comparison between OSM, the USGS National 

Map (TNM), and TIGER 2007 roads was performed to determine which database is the 

most positionally accurate over the area of interest.  The results show the RMSE values 

of the adjustment residuals for the shape points in the test area to be 2.89 meters for the 

TNM, 4.35 meters for the OSM, and 19.17 meters for the TIGER 2007.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 Motivation & Problem Statement  

The motivation for this research comes from the opportunity to address a current issue 

that persists in the geospatial science community.  Determining the positional accuracy of 

vector shape points refers to estimating the difference between shape points in a 

geographical database and their true location in the real world.  The ability to which one 

can either, determine a truth dataset that is of higher positional accuracy than the dataset 

being tested, compute and visualize the difference between the two datasets, or represent 

the uncertainty present in a vector has been the subject of past and current research in the 

GIScience community.  To this end, a comprehensive literature review of the research 

related to this topic was performed to better understand the methods, techniques, and 

models developed to address the problem.    

 

Goodchild and Hunter (1997) suggest that positional accuracy of spatial objects can be 

defined through measures of the differences between the apparent location of the feature 

recorded in the database and the feature’s true location.  While, Kiiveri (1997) suggests 

the need for objective methods for assessing, representing, and transmitting uncertainty in 
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vector data through calculations so decision makers have some idea of the reliability of 

the information.  Recent studies to describe the positional accuracy of geographical 

vector databases have been conducted where a test dataset is compared with a truth 

dataset of higher positional accuracy (Lee, 2009; Zent, 1996; Haklay, 2008; Zielstra and 

Zipf, 2010; and Cipeluch et al., 2010).  While other studies compared a test vector dataset 

with GPS locations (O’Grady, 2001 and Liadis, 2000) and positions determined from 

georeferenced orthoimagery (Zandbergen et al., 2011).   

 

Other research suggests the importance of using accurately georeferenced satellite 

imagery to build vector datasets (Potere, 2008; Mulawa, 2011; Geoeye Inc., 2012; and 

Google Earth, 2012) and offers insight into possible aerial image geolocation accuracies 

(Microsoft Corporation, 2012; Geovantage Inc., 2012; Wixtrom, 2012; and Talaya et al., 

2008).  Doucette et al. (2012) advise that uncertainty handling is relevant to any scientific 

activity that involves making measurements of real world phenomena and suggest a 

photogrammetric model to visualize uncertainty of a ground location using stereo 

imagery.  Spatial data quality research begins with the acknowledgement that the data 

stored in a geographic database are rarely, if ever, truly free of error and the database 

contains an approximation of the real world (Heuvelink and Burrough, 2002).  

Geostatistics addresses the need to make predictions of sampled attributes at un-sampled 

locations (Burrough, 2001) and allows for models to propagate error into vector polylines 

(Shi et al., 1999; Shi and Liu, 2000; and Love et al., 2007).   

 



 

3 

However, the current literature falls short when it comes to analyzing the positional 

accuracy of vectors using analytical photogrammetric techniques, such as aero 

triangulation using the bundle adjustment method.  Photogrammetry has traditionally 

been used to determine three dimensional real world object space coordinates from stereo 

imagery, propagate the error present in the sensor imaging system to a ground location, 

derive three dimensional terrain surfaces, such as digital elevation models, or extend 

highly accurate ground control points (GCP’s) to adjacent image strips or blocks to 

facilitate the accurate mapping of the terrain and infrastructure from aerial imagery.  

Therefore, it is conceivable that photogrammetric techniques could be used to address the 

problem of determining the positional accuracy of geographical vector data by 

developing an analytical stereo model based on accurate GCP’s and image coordinates to 

estimate the true location of the vector shape points based on enforcing the collinearity 

equations.  

     

1.2 Statement of Research Objectives 

The purpose of this research is to determine the positional accuracy of OpenStreetMap© 

(OSM) road shape points using aerial stereo imagery and a vector adjustment model.  

This research strives to use rigorous photogrammetric techniques to compute the 

differences between OSM database points and their corresponding true real world 

locations by building an analytical stereo model.  The vector adjustment model is based 

on the traditional photogrammetric bundle adjustment, which is commonly used in the 

aero triangulation procedure, and extended to include the OSM shape points as the object 
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points.  The vector shape points and GCP’s are measured at their corresponding locations 

in the stereo imagery and used to form the relationship between image and ground using 

the space intersection model with the collinearity equations.  A least squares bundle 

adjustment is then implemented to simultaneously solve the system of equations and 

minimize the sum of the squared residual error associated with the object space 

coordinates and their corresponding image space coordinates by enforcing the collinearity 

condition.  The results of implementing the proposed vector adjustment include (1) 

adjusted real world positions of the OSM shape points, (2) shape point residuals (which 

describe the positional accuracy), and (3) confidence estimates for the adjusted OSM 

shape point locations (CE/LE 90).   

 

The benefit of this approach is that it is based on recreating the sensor geometry present 

when the image was taken and using proven photogrammetric principles to estimate a 

ground position.  The proposed approach takes into consideration distortions present in 

the imaging system and applies corrections (interior orientation) for film distortions, 

principle point offsets, lens distortions, atmospheric distortions, and earth curvature for 

the measured image coordinates to more accurately represent the ideal image position, 

free of systematic error.  The proposed model allows for a simultaneous adjustment of all 

the vector shape points at one time, thereby offering more redundancy to the least squares 

model and improving the overall confidence in the results.  The proposed approach is 

also location and vector dataset independent, allowing for different geographic databases 

in different areas of the world to be analyzed with this approach.    
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1.3 Hypothesis  

Considering the above objectives and using the proposed approach lead us to the 

following hypothesis. 

 

Photogrammetric bundle adjustment is able to determine the positional accuracy of 

OpenStreetMap (OSM) road vector shape points by using stereo imagery and ground 

control points (GCP’s). 

 

This approach allows for the exploitation of the analytical and rigorous benefits of the 

photogrammetric bundle adjustment to recreate the sensor geometry that existed when the 

image was taken.  Once the imagery is properly orientated, the collinearity condition 

between the exposure station, image location, and a ground location can be enforced to 

determine accurate real world locations for the OSM shape points.  Additionally, the 

uncertainty present in the GCP’s, image coordinates, and the OSM shape points is 

propagated to the adjusted locations to estimate accuracies or confidence regions (CE/LE 

90) for the shape points.  The adjustment residuals for the OSM shape points can then be 

analyzed to describe the positional accuracy.  The proposed approach is meant to 

overcome the limitations of existing methods that utilize empirical or non-rigorous 

methods to analyze the positional accuracy of vector data.   
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1.4 Assumptions of this Research 

The proposed approach is based on the following key assumptions. 

• Stereo imagery covering the extent of the tested road vectors is available. 

• Accurate three-dimensional GCP’s exist in the test area.   

• The imagery-derived location of the road vector is considered truth, i.e. of higher 

accuracy, more updated, or of higher importance than the vector database. 

• A single vector polyline in a geographical database labeled with a road name is 

meant to run along the centerline of the roadway. 

• An elevation source exists to estimate the elevation of the input shape points. 

 

1.5 Intended Audience 

This dissertation is intended for researchers, scientists, and developers from the 

geospatial science communities including the disciplines of Photogrammetry, Geographic 

Information Science (GIScience), and Remote Sensing.  Additionally, the work is 

intended to broaden the reach of analytical photogrammetry applications to address 

positional accuracy and uncertainty issues associated with spatial databases.  Therefore, 

the research may be useful for Geographers who routinely work with geographic datasets, 

Cartographers who develop vector data, or other scientists hoping to bridge the gap 

between photogrammetry and GIScience with rigorous analytical methods and 

approaches.   
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1.6 Contribution to Science 

The OSM project is an open source geographical mapping project that provides the 

public with a free digital map of the world.  It is unique because it’s users are the main 

contributors and responsible for building and maintaining the map.  OSM contributors 

can edit (update) the map in several ways including using GPS waypoints and tracks to 

identify features in the field or measuring satellite imagery to identify roads and other 

geographical features of interest (OpenStreetMap©, 2012).   

 

This type of open contributing by volunteer contributors is known as crowdsourcing and 

refers to many volunteers providing information into the database, where each individual 

volunteer contributes a small portion that pertains to their local knowledgebase.  

Goodchild (2007) has coined the term “Volunteered Geographic Information” (VGI) to 

describe this type of crowdsourcing activity.   

 

The VGI phenomenon raises some important questions regarding the expertise of its 

contributors, especially when it is applied to mapping features on the earth surface.  For 

example, a land surveyor is required to have a bachelor’s degree in survey engineering 

and receive several years of practical experience to be eligible to sit for state exams to 

become licensed.  The training covers complex measurement theory such as GPS 

positioning, photogrammetry, remote sensing, least squares statistical analysis, error 

propagation, and state boundary law.   
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However, OSM contributors are not required to have any formal education or training in 

the mapping profession or required to follow any positioning standards.  As OSM 

continues to gain popularity the user community and data contributions are expected to 

grow, e.g. CloudMade, Apple, and Ushahidi now provide OSM as a base layer for some 

of their mapping applications (CloudMade, 2012; Tech Crunch, 2012; Ushahidi, 2012).  

This, coupled with the lack of cartographic and data quality standards and the expectation 

to one day be able to use this vector data for more geopositionally sensitive applications, 

like GPS navigation or open source geodetic control leaves potential users and 

researchers to question the accuracy of the database. 

 

To address this issue, a vector adjustment model is presented that uses aerial stereo 

imagery and GCP’s to determine the actual real world positions of the OSM shape points.  

The adjustment residuals then describe the difference between the OSM shape point 

database location and the adjusted position, which is referred to as the positional 

accuracy.  The proposed approach is meant to bridge the gap between the disciplines of 

photogrammetry and GIScience by demonstrating the utility of applying rigorous 

analytical photogrammetric methods to address a current issue that persists in the 

geospatial science community.   
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1.7 Organization of Dissertation 

The remainder of this dissertation is structured as follows: Chapter two reviews the 

existing literature and provides background information related to studies on the topic of 

determining the positional accuracy of vector data.  A review of current research 

documenting the positional accuracy of the TIGER and OSM databases is provided along 

with studies on geopositioning accuracy of satellite and aerial imagery.  Uncertainty 

modeling in geospatial data is covered to show the relevance and need for this research, 

as well as geostatistical error modeling to demonstrate existing methods used to 

propagate error into vector polyline features.   

 

Chapter three provides the background theory and fundamental concepts related to 

analytical aero triangulation and the photogrammetric bundle adjustment model.  Topics 

such as the collinearity condition, exterior orientation, interior orientation, and absolute 

orientation are discussed.  Chapter four is devoted to documenting the extension of the 

bundle adjustment model to include OSM shape points, along with a discussion on 

adjustment weighting, computing the statistical accuracy of the adjusted shape points 

(CE/LE 90), computing a Root Mean Square Error (RMSE) value of the shape point 

residuals to describe the positional accuracy, and adjustment statistics to ensure a valid 

and properly weighted adjustment is performed.   

 

Chapter five documents the experimental results and provides analysis of three scenarios 

that were tested to determine the positional accuracy of OSM road vectors.  The first was 
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a residential subdivision road, the second were gridded city streets, and the third was an 

intersection with a positional shift or bias.  Since GCP’s are used in the solution, an 

investigation into how many GCP’s are needed to accurately determine the positional 

displacement of the road shape points is conducted.  Additionally, analysis was 

conducted to determine the optimal configuration of the GCP’s in relationship to the 

vectors being tested.   

 

To demonstrate a real world application of the proposed approach, road vectors from 

three different vector databases (OSM, The USGS National Map (TNM), and the US 

Census Bureau’s TIGER 2007) were tested to determine the positional accuracy of each.  

It is also recommended that the information coming out of the vector adjustment (1) 

shape point residuals (which describe the positional accuracy), (2) adjusted shape point 

coordinates, and (3) confidence regions describing the accuracy of the adjusted shape 

point locations be carried along as attributes at the feature level to provide valuable 

provenance that could be utilized in the future.    

 

Chapter six presents the conclusions based on the experimental results and recommends 

future areas of research that could benefit from the concepts presented in this work. 
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CHAPTER 2 

BACKGROUND & PREVIOUS WORK 

 

2.1 Positional Accuracy of Vector Datasets 

The positional accuracy of a spatial object, or a digital representation of a feature can be 

defined through measures of the differences between the apparent location of the feature 

as recorded in the database, and the true location of the same feature (Goodchild and 

Hunter, 1997).  The authors point out that defining a features true location can be 

challenging because of problems with measuring instruments, frames of geodetic 

reference, and feature definitions.  To overcome this challenge, a features positional 

accuracy can be determined by comparing the locations of the feature in the database 

(tested source) with the same feature determined by methods of higher accuracy 

(reference source).  The method one chooses to compute positional accuracy is dependent 

upon the type of feature (point, polyline, polygon) and how the features are represented in 

each dataset.  For points, metrics such as the root mean square (RMS) distance and 

percentiles of distance distribution can be used.  However, linear features present 

different challenges because of a features shape characteristics (i.e. point spacing, scale, 

and geometrical shape) could be represented differently in each dataset.  The authors 

present a method for determining positional accuracy of linear features that uses a buffer 
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zone around the reference object, based on how well one knows the accuracy of the true 

location, and computes the percentage of the tested source that lies within the buffer area 

of the reference source, as depicted in Figure 2.1, adopted from Goodchild and Hunter 

(1997). 

 

 

Figure 2.1. The buffer concept 

 

Where, the buffer is constructed of width x around an objects true location and is then 

intersected with a tested source feature to determine the percentage of the tested feature 

that lies inside the buffer zone.  The dimension x is determined by the positional accuracy 

of the truth dataset.  Other methods used to describe positional errors in geographical data 

include measuring quality indicators and documenting the results in a metadata file 

(Goodchild, 1991; Goodchild, 1992; Aalders, 1999).  The quality indicators should help a 

GIS user to determine the suitability of the geographical data for a particular application.  

Shi et al. (2002) presents a model based on errors of commission, errors of omission, 

discrepant area, and the normalized discrepant area to describe the positional error of a 
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buffer zone.  Buffering methods can be extended to both vector and raster geographical 

data.     

 

Assessing, representing and transmitting positional uncertainty in maps also has its 

challenges, For example, large areas of the Earth’s surface are mapped with little chance 

of substantial ground truth, and once this information is entered into a GIS calculations 

such as map overlays or intersections are carried out assuming that the data is accurate, 

even when it is known to contain errors (Kiiveri, 1997).  The author suggests the need for 

objective methods for assessing, representing, and transmitting uncertainty through 

calculations with maps so that decision makers have some idea of the reliability of the 

information.  The proposed model is based on comparing known locations (truth) to 

mapped locations to determine residuals that describe the uncertainty in the location of 

boundaries, points, and lines.  Displacements between the two datasets are determined 

and a rubber sheet transformation is used to relate the two based on random 

displacements, and is applicable to vector, raster, and point data.   

 

Positional accuracy can be separated into two classes, absolute and relative (U.S. 

Department of Interior, 1990).  Absolute positional accuracy addresses how closely all 

positions on a map or data layer match corresponding positions of features they represent 

on the ground in a desired projection system, i.e. coordinate reference frame.  Relative 

positional accuracy of a map considers how closely all the positions on a map or data 

layer represent their corresponding geometrical relationships on the ground (Stanislawski 
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et al., 1996).  Or, in the author’s words, the relative positional accuracy describes the 

consistency of any position on a map with respect to any other, while absolute accuracy is 

a measure of deviation of an estimate from the true value.   

 

Existing standards have been developed for categorizing positional accuracy in a map 

from the U.S. National Map Accuracy Standards (Thompson, 1979) and accuracy 

standards for large-scale maps published by the American Society for Photogrammetry 

and Remote Sensing (ASPRS, 1990).   The standards provide for a quantification of a 

maps accuracy based on tests that compare map coordinates to ground coordinates 

determined from an independent check survey of higher reference.  The standards 

quantify absolute positional accuracy by comparison with a set of published RMS error 

estimates at various map scales.  Another digital map standard, called the U.S. Proposed 

Standard for Digital Cartographic Data was published (ACSM, 1988) and is known today 

as the national spatial database transfer standard, designated as the Federal Information 

Processing Standard 173 (FIPS 173) (Moellering, 1993).  This standard lists four 

measures for determining positional accuracy, defined as (1) deductive estimate, (2) 

internal evidence, (3) comparison to source, and (4) independent source of higher 

accuracy (ACSM, 1988).  However, the standards do not differentiate between absolute 

and relative accuracy.     

 

To address the concept of positional accuracy in spatial databases Stanislawski et al., 

(1996) propose a technique to quantify absolute and relative positional accuracy 



 

15 

estimated through error propagation through a variance co-variance matrix for affine 

transformation parameters.  Where, transformation parameters between the tested source 

and reference source are determined by solving for local scale, rotations, and translational 

difference between known corresponding points in each database.  A weighted least 

squares adjustment is used to minimize the sum of the squared residuals and compute the 

mean squared error which is the sum of the variance and squared bias for an estimator 

(Mikhail and Gracie, 1981).  The general model of least squares is used and can accept 

full covariances for both the tested and reference source coordinates.  The absolute 

positional accuracy is represented with certainty regions for the transformed points, while 

relative accuracy is represented with confidence intervals for distance and azimuth values 

computed between the transformed points.  The absolute positional accuracy can be 

visualized in Figure 2.2, as adopted from Stanislawski et al., (1996). 

 

 

Figure 2.2. Estimates of absolute positional accuracy through propagated certainty 
regions 
 

An important measure to ensuring a proper weighting scheme within the least squares 

construct is the chi-square statistical test (Wolf and Ghilani, 1997).  Passing the chi-

square test with a sufficiently large sample suggests that the residuals times their 
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associated weights are normally distributed.  Knowing this allows for regions of certainty 

to be propagated for the transformed points using a bivariate normal distribution 

(Stanislawski et al., 1996).     

 

2.1.1 Positional Accuracy of the TIGER Database 

The TIGER database was originally created to support the 1990 Census and has been 

updated periodically and used to support the ongoing data collection and publication 

work of the US Census Bureau. The TIGER/Line Shapefiles are the extract of the TIGER 

database that is made available to the public (U.S. Census Bureau, 2011).  

 

During the initial creation of the Census TIGER database in the late 1980s the principal 

sources of information used were the U.S. Geological Survey (USGS) 1:100,000-scale 

Digital Line Graphs (DLG), USGS 1:24,000-scale quadrangles, the U.S. Census Bureau's 

1980 geographic base files (GBF/DIME-Files), and a variety of miscellaneous maps and 

aerial photographs.  According to the USGS, the positional accuracy of DLG features 

within the database are within about 200 feet of their correct position on the earth (U.S. 

Census Bureau, 2011).  However, information from the U.S. Census Bureau is a bit more 

optimistic stating that “coordinates in the TIGER/Line Shapefiles have six decimal 

places, but the positional accuracy of these coordinates is not as great as the six decimal 

places suggest. The spatial accuracy varies with the source materials used. In areas where 

the Census Bureau has not realigned street features as part of MAF/TIGER Accuracy 

Improvement Project (MTAIP) it meets, at best, the established National Map Accuracy 
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standards (approximately + /– 50 meters or 167 feet) where 1:100,000-scale maps from 

the USGS were the source. The Census Bureau cannot specify the spatial accuracy of 

feature changes added by its field staff or local updates or of features derived from the 

GBF/DIME-Files or other map or digital sources. Thus, “the level of spatial accuracy in 

the TIGER/Line Shapefiles may not be suitable for high-precision measurement 

applications such as engineering problems, property transfers, or other uses that might 

require highly accurate measurements of the earth’s surface. No warranty, expressed or 

implied, is made with regard to the accuracy of these data, and no liability is assumed” 

(U.S. Census Bureau, 2009). 

 

Several other studies have addressed the issue of positional accuracy in the TIGER 

database including Zent (1996) where the study focused on comparing TIGER/Line files 

with the U.S. Geological Survey (USGS) DLG files, with the DLG files being considered 

an independent source of higher accuracy.  The results indicated that the TIGER/Line 

files for four out of six areas were found to be more positionally accurate in their 

coordinates location than the DLG dataset.  O’Grady (2001) suggested three needs to 

improve TIGER, being (1) internal needs, (2) desire to use local and tribal files for 

updates, and (3) a desire to facilitate data exchange.  The authors also suggest that GPS is 

an efficient and accurate way to capture new coordinates for existing anchor points.  

Similarly, Liadis (2000) uses GPS to access the spatial accuracy of the TIGER database 

with a tool called GPS TIGER Accuracy Analysis Tool (GTAAT).  The tool is developed 

by the U.S. Census Bureau to evaluate the spatial accuracy of attributes derived from a 
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variety of operations and sources.  The GTAAT calculates the distance and azimuth 

difference between the GPS collected point and the equivalent TIGER 0-cell point.  

Initial studies indicate that there was a large variance in the mean distance difference 

from TIGER to ground truth based on the source code.   

 

Lee (2009) studies different ways that positional accuracy of road and hydrography 

vectors in the TIGER database can be measured and spatially reported.  The objective is 

to find the spatial pattern and reasons of the inaccuracies by statistical methods.  The 

TIGER road shape files were compared with the Dynamap/2000 street network database, 

with the later being considered the reference source.  The method consisted of geocoding, 

where the suitable line segment is selected by using the target address with the location 

being interpolated between the “from node” and the “to node” (Lee, 2009).  After 

geocoding, the distance between the coordinates from the tested and reference data are 

calculated by the Great Circle Distance method based on spherical trigonometry, and 

given by 
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(2.1) 

 

Where, one minute of arc is equal to one nautical mile (1.111 miles); L1 is the latitude of 

the first point (degrees); L2 is the latitude of the second point (degrees); DG is the 

longitude of the second point minus the longitude of the first point (degrees); and D is the 

computed distance (miles).  The results of the study indicate there is a spatial pattern and 
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specific reasons for the inaccuracies about the TIGER 2000 files.  The inaccuracies of the 

road shape files are related to the urbanity and the distance from the streamline and the 

inaccuracies of the hydrology shape file are related to the width of the stream.  In 

addition, the authors find that the spatial pattern of inaccuracy exists individually in each 

spatial dataset and recommend examining each dataset individually because each has 

their own separate reasons for the inaccuracy (Lee, 2009). 

 

Most recently, Zandbergen et al. (2011) performed a study on the positional accuracy of 

TIGER 2000 and TIGER 2009 vector datasets by comparing road intersections.  The 

study was inspired by the U.S. Census Bureau’s MTAIP in an effort to improve the 

positional accuracy of the database, modernize the data processing environment, and 

improve cooperation between partner agencies.  Three US counties were identified as 

study areas and in each county 100 urban and 100 rural sample locations were selected. 

Features in the TIGER 2000 and 2009 data were compared with reference locations 

derived from high-resolution natural color orthoimagery.  The results indicate that 

TIGER 2009 data are much improved in terms of positional accuracy, with two of the 

three areas tested designated as in compliance with the 7.6-meter (CE95) accuracy 

statement by the US Census Bureau (U.S. Census Bureau, 2009).  Also, TIGER 2009 is 

consistently more accurate in urban areas compared with rural areas, by a factor of at 

least two for most accuracy metrics.  However, despite the substantial improvement in 

positional accuracy, large positional errors of greater than 10 m are relatively common in 

the TIGER 2009 data, in most cases representing remnant segments of minor roads from 
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older versions of the TIGER data (Zandbergen et al., 2011). 

 

2.1.2 Positional Accuracy of the OpenStreetMap© Database 

OpenStreeMap© (OSM) is a open source mapping project that aims to collect, store, 

maintain, and provide geographical information and data, free of charge, to the general 

public (OpenStreeMap, 2012).  OSM is licensed under new copyright schemes, such as 

Creative Commons, which protect the project from unwarranted use by either participants 

or a third party (Benkler and Nissenbaum, 2006).  One of the key motivations for the 

project is to enable free access to current digital geographical information across the 

world, which until now has not been available (Haklay, 2010).  OSM relies on its users to 

collect, maintain, and make new contributions to the database in the form of geographical 

mapping data.  Information can be uploaded to the OSM database in several ways 

including (1) Global Positioning System (GPS) position files, (2) tracing satellite imagery 

(Yahoo!, Landsat, Mapquest, NPE) , and (3) contributing local knowledge in the form of 

editing content already available in the OSM database (OpenStreeMap, 2012). 

 

The OSM project exemplifies the meaning of the term crowdsourcing, which is a word 

that originated from the concept of outsourcing business operations to more remote and 

cheaper locations (Friedman, 2006).  However, in the OSM project crowdsourcing refers 

to many volunteers providing information into the database, where each individual 

volunteer contributes a small portion that pertains to their local knowledgebase.  For 

example, a volunteer contributor might be interested in mapping their route to work, 
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favorite walking path, or neighborhood streets, but when many volunteers are 

contributing all across the world, the sheer magnitude of the contributed information is 

exponentially higher.  Goodchild (2007) has coined the term “Volunteered Geographic 

Information” (VGI) to describe this type of crowdsourcing activity and investigates the 

phenomenon and seeks to answer basic questions, like what drives people to do this?  

Will they threaten individual privacy?  How can they augment more conventional 

sources? And most importantly, how accurate are the results?   

 

The latter question, regarding positional accuracy, is of particular interest to this work.  

One of the main reasons that researchers pose the question is that VGI, by definition, is a 

group of interested volunteers that have no formal training, per say, who operate with no 

formal direction, or according to no formal standard.  As opposed to the standards that 

govern the professional mapping community like the Federal Geographic Data 

Committee (FGDC) standards on Content for Geospatial Metadata (FGDC-STD-001-

1.2); the Spatial Data Transfer Standards (FGDC-STD-002.1-6); the Geospatial 

Positioning Accuracy Standards (FGDC-STD-007.1-13); the Geographic Information 

Framework Data Standard (FGDC-STD-014.0-16) (FGDC, 2011) or the US Geological 

Survey National Geospatial Program Standards and Specifications (USGS, 2011b).  

Being able to definitively answer this question could impact applications from basic 

navigation to site location planning (Haklay, 2010) to geoinformation sciences like 

GIScience, Remote Sensing, and Photogrammetry.   
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Haklay (2008 and 2010) has presented landmark papers on the OSM database and 

determining the positional accuracy of a portion of the database in London, England.  His 

method compares OSM road vectors to its corresponding road vector in the UK’s 

Ordinance Survey (OS) dataset.  The OS is considered truth and falls into the category of 

being a magnitude better than the tested dataset since the UK government requires that 

99.6% of significant real-world features be represented in the database within six months 

of completion.  The absolute accuracy standard for built up areas and designated rural 

towns in the database is ± 0.4 meters RMSE, or 95% of the points should be in error no 

more than ± 0.7 meters (Ordnance Survey, 2012).  The requirements for relative accuracy 

of built up areas and designated rural towns is ± 0.4 meters RMSE with a maximum error 

of ± 0.8 meters for any contiguous area of data (Ordnance Survey, 2012).  Haklay’s 

hypothesis (2010) is that due to the dataset collection method, the OSM dataset cannot be 

more accurate than the quality of the GPS receiver (which usually captures a position 

within 6-10 meters) and the Yahoo! satellite imagery, which outside London provides 

about 15 meter resolution.  Considering this means that the expected accuracy of the 

OSM dataset is expected to be within a region about 20 meters from the true location, 

under ideal conditions.   

 

The method used to compare the two datasets is based on Goodchild and Hunters (1997) 

buffer method, outlined above and captured in Figure 2.1, with the buffer distance being 

set to 20 meters.  The average overlap between the datasets is nearly 80% with the 

positional accuracy results ranging from 3.17 meters to 8.33 meters, with the average 
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difference being 5.8 meters (Haklay, 2010).  Similar work has been conducted by Al-

Bakri and Fairbairn (2010) where the authors measured shape and positional accuracy of 

features in both the OS and OSM databases and compared those with a reference set 

determined by standard high quality field survey.  Conclusions suggest that the OS 

database is close to being considered a reference database with a 0.48 meter RMSE, 

compared to a 9.6 meter RMSE for the OSM database in urban areas.  The numbers are a 

little worse for the rural areas at 1.8 meters RMSE for OS and 11.0 meters RMSE for the 

OSM database (Al-Bakri and Fairbairn, 2010).  However, a drawback to this study is that 

only two areas were tested, which leaves doubt in ones mind that the results can be 

considered representative of either database.   

 

Others, such as Zielstra and Zipf (2010) looked at the completeness of the OSM database 

for five cities in Germany, at differing times of the year, compared to the TeleAtlas 

MultiNet database that was considered the reference source.  The results indicate that the 

diversity of the freely available data is significantly higher between inner city and rural 

areas, which can be explained by more active members in larger cities.  Girres and Touya 

(2010) extend the work of Haklay (2010) to include spatial data quality elements like 

geometric, attribute, semantic and temporal accuracy, logical consistency, completeness, 

lineage, and usage of the OSM database in France.  The authors conclude that to improve 

data quality a balance must be struck between the contributor’s freedom and their respect 

for specifications.   
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Leeuw et al. (2011) investigated the classification accuracy of road infrastructure (e.g. 

surface type: asphalt, gravel, path, highway, etc.) for road maps in Western Kenya.  The 

objectives were to investigate the potential usefulness of building a Volunteered Road 

Map database in Kenya.  The study compares road classified maps from Professional 

Surveyors, who were educated in the skill of map-making, to roads classified by local 

laymen who used Geoeye satellite imagery and did not possess any formal professional 

surveying education at all, but had local knowledge of the roads in the study area.  The 

results indicate that those with local knowledge classified roads with a 92% accuracy, 

irrespective of survey background, while the professional surveyors and laymen without 

local knowledge classified roads to 67% and 43%, respectively.   

 

The OSM database in Ireland was studied for spatial coverage, currency, and ground-

truth positional accuracy for five urban areas by comparing the OSM road features to 

Google and Bing Maps (Cipeluch et al., 2010).  The results show there are individual 

differences and similarities between the maps for each case study location and the OSM 

map shows promise for those developing location based services and do not have access 

to high quality expensive geospatial data.   

 

2.2 Satellite and Aerial Image Geolocation Accuracy 

One of the most common ways to build road vector datasets is by digitizing, tracing, or 

vectorizing a raster aerial image (both satellite and airborne based platforms) through a 

process called vectorization.  For example, to extract a road network from a satellite 
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image a user might use a GIS software package to measure points on the image that 

correspond to the roads location.  The image points could then be connected using a 

polyline tool that results in a vector representation of the road on the image, which could 

be integrated with other maps/datasets to compare the roads location, shape, size, quality, 

completeness, etc. with other features on the map.  One of the challenges associated with 

this form of vectorization is the proper and accurate georeferencing of the aerial image.  

Since the resulting vector features will take on the coordinate reference frame of the 

aerial image, it is important to ensure that the aerial image is georeferenced properly, 

with respect to the coordinate reference frame specified in the metadata.  Therefore, it is 

important to understand the positional accuracy of the aerial imagery being used in the 

vectorization process.     

 

2.2.1 Satellite Image Accuracy 

One of the most comprehensive and widely accessible image resources available to the 

general public, free of charge, is the image collection provided by Google Earth© (GE) 

(Google Earth©, 2012).  With the objective to increase the scientific utility of the archive 

and to shed some light on the temporal, spatial, and spectral metadata of the high 

resolution imagery, Potere (2008) performed a study to address the horizontal positional 

accuracy (georegistration) by comparing GE with Landsat GeoCover scenes over a global 

sample of 436 control points located in 109 cities worldwide.  Landsat GeoCover is an 

orthorectified product with known absolute positional accuracy of less than 50 meters 

RMSE.  An average of four control points in each of the 109 cities were used and 
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possessed attributes that had (1) strong vegetative/non-vegetative contrast, (2) were large 

enough to be apparent in 28.5 meter Landsat images, (3) were long and linear in form, 

preferably cross-shaped so the location could be constrained on one or more axis, (4) thin 

enough to be one or two pixels wide, and (5) were relatively stable regions that would not 

undergo land cover change in the period separating the Landsat and GE image 

acquisitions.  The results are summarized in Table 1, as adopted from Potere (2008). 

 

Table 1. Error vector magnitudes by region 

 

 

 

Where, the category “other developed countries” refers to the United States, Canada, 

Australia, New Zealand, and Japan.  The results indicate that the total RMSE, between 

measured control point and the reference position, of all regions studied is smaller than 
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the 50-meter accuracy of the Landsat GeoCover products, with the United States being 

the smallest at 22.6 meters RMSE.   

 

To accurately position a satellite image, and subsequently determine an accurate ground 

point location, a physical sensor model is used to relate an image point to a corresponding 

ground point along the line-of-sight between the satellite and ground location.  The 

relationship can be referred to as a mathematical projection or “sensor model” that 

models the line of sight to a ground point at a specified height, provided externally by a 

user, or obtained from a Digital Elevation Model (DEM) (Iiyama et al., 2006).  The 

sensor model is sensor dependent and captures and interprets the mechanics of the 

sensor’s physical construction, as well as the physics and relationships of additional 

information about how the image was taken, to model the line of sight.  In addition, the 

sensor model requires information that is collected and reported as part of the image 

support data for each image including the physical parameters, such as where the sensor 

was located when the image was taken (i.e. the geo-location of the sensor, or sensor 

position, or ephemeris), the direction the sensor was pointing (i.e. the attitude), the focal 

length (for optical sensors, the distance from the imaging plane to the optical lens), and 

the vehicles velocity (SAR sensors) (Iiyama et al., 2006).  The use of ground control 

points (GCP’s) that have very accurate ground locations determined by classical 

surveying techniques (GPS, traverse, triangulation) along with targets, so the ground 

point can be seen in the image, are sometimes employed to relate image coordinates to 

ground coordinates.   
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Therefore, one can draw the conclusion that the accuracy of a ground location that is 

computed using satellite imagery is dependent on the satellites sensor model, needed to 

properly recreate the physical geometry between the sensor, image, and ground point, 

along with an elevation source to intersect with the line of sight.  In most cases this 

processing happens upstream before the typical user starts working with the imagery, 

however it is important to keep in mind for people with geolocation applications that 

demand high-accuracy seamless spatial integration between imagery and ground 

information.   

 

Currently, GeoEye-1 is the world’s highest resolution commercial satellite that was 

launched in September of 2008 and capable of geometric resolutions of 0.41-meters 

ground sample distance (GSD) at nadir for panchromatic images.  The satellite also has a 

multispectral sensor that provides imagery at the 1.65-meters GSD (nadir) and is 

composed of the four classical bands red, green, blue, and near infrared (GeoEye, Inc., 

2009).  However, the imagery has to be down sampled to 0.5 meters and 2 meters GSD 

for panchromatic and multispectral, respectively, as required by an operating agreement 

between GeoEye and the US Government.  A study by Aguilar et al., (2012) looked at 

different three-dimensional sensor models and the number of GCP’s used for sensor 

orientation of a single GeoEye-1 Geo image and very accurate high-resolution LIDAR 

DEM.  The results indicate a planimetric RMSE of 0.7 pixels for both the panchromatic 

and multispectral images using a third order three-dimensional rational function with the 
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vendor’s rational polynomial coefficients data after being refined by a zero order 

polynomial adjustment (RPC0).  In addition, the RPC0 sensor model proved to be 

significantly independent regarding the number and distribution of GCP’s.  The algorithm 

produced planimetric RMSE values of 0.46 meters and 1.56 meters for the panchromatic 

and multispectral images, respectively (Aguilar et al., 2012).   

 

To provide a better understanding of current satellite imaging sensors, resolutions, and 

accuracies a summary of specifications for the more popular high-resolution satellites is 

provided in table format (Satellite Imaging, Corp., 2012). 

 

Table 2. Satellite specifications comparison 

 
Satellite 
Name 

Launch 
Date 

Sensor 
Modes 

Resolution 
(GSD at 
Nadir) 
(meters) 

Geolocation Accuracy  
CE/LE 90  
(meters) 

GeoEye-1 Sept. 2008 PAN/MS 0.41/1.65 Stereo- 2/3[3] 
Mono- 2.5[3] 

Quickbird Oct. 2001 PAN/MS 0.61/2.44 23/17 [1] 
WorldView-1 Sept. 2007 PAN 0.5  12.2 [4] 

3-7.6 [5] 
WorldView-2 Oct. 2009 PAN/MS 0.46/1.8 12.2[4] 

4.6-10.7[5] 
IKONOS Sept. 1999 PAN/MS 0.82/3.2 25/22[1] 

2.5/1.5[3] 
 
[1] Achieved using no GCP’s 
[2] Excluding terrain and off-nadir effects 
[3] Ground control (GCP’s) required 
[4] Specification 
[5] Predicted performance 
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Where, the geolocation accuracy specified in Table 2 refers to the location of an object in 

the image compared with its true location on the ground.  One can conclude that the 

geolocation accuracy is dependent upon how well known the parameters of the satellite 

sensor model are known and how the imagery is processed, e.g. using GCP’s or a DEM 

surface.  Since users of the imagery and applications require different degrees of 

geolocation accuracy and satellite processing time and resources are expensive, it follows 

that satellite vendors would offer image products with differing degrees of accuracy.  For 

example, a user who wishes to classify a large-scale land area for land cover might be 

able to get away with a less stringent accuracy requirement compared to a user who was 

planning infrastructure improvements for a local road network.  To accommodate these 

needs the satellite vendors have developed different accuracy products to meet the needs 

of their stakeholders.  However, this also presents a challenge to users who procure 

imagery with an unknown origin or geolocation accuracy because the accuracies could 

vary greatly based on the chosen processing procedures.  To better understand these 

different image products and classifications some standard satellite image products are 

summarized.  According to GeoEye (2012) the company offers four categories of 

geoloacted imagery depending on a user’s needs and classified according to their 

resolution and positional accuracy, e.g. an object’s location in the imagery in relation to 

its true position on the ground.   

 

Geo- The Geo product is used for visual and interpretive analysis, temporal archive and 

new collection for change detection, surveillance, or habitat monitoring.  The positional 
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accuracy of the 0.5-meter product is 5 meters (CE90- not including terrain displacement) 

or 3 meters RMSE and is not orthorectified.  The target elevation angle is greater than 60 

degrees and not available as a mosaic product.  The 1-meter product offers a positional 

accuracy of 15 meters (CE90- not including terrain displacement) or 8 meters RMSE.  

The company notes that the observed accuracy performance for GeoEye-1 is consistently 

better than the 5-meter CE90 specification based on rigorous assessment studies.  In 2010 

the CE90 for mono collections was 3.8 meters and 3.5 meters for stereo collections 

(Mulawa, 2011). 

 

GeoProfessional- The GeoProfessional product is used for regional large area mapping, 

general GIS applications, base mapping, land use, economic development, real estate, 

insurance analysis, detailed urban analysis, cadastral and infrastructure mapping for 

transportation, and utility planning.  The 0.5-meter and 1-meter products offer positional 

accuracies of 10 meters CE90 or 5 meters RMSE, are orthorectified, have a target 

elevation angle of greater than 66 degrees, and available as a mosaic product. 

 

GeoStereo- The GeoStereo product offers the ability to determine elevation from the 

satellite imagery and is used for DEM creation for flood plain analysis, engineering grade 

quality for transportation, infrastructure and utility planning, and economic development.  

The positional accuracy for the 0.5-meter product is 4 meters CE90 and 6 meters LE90, 

as compared with 15 meters CE90 and 22 meters LE90 for the 1-meter resolution 

imagery.  Neither product comes as being orthorectified or mosaics.   



 

32 

 

Precision- The Precision product is used for high precision urban applications where a 

high level of detail is needed to distinguish different types of objects.  The 0.5-meter 

resolution product offers positional accuracies of 4 meters CE90 or 2 meters RMSE using 

a DEM from the National Elevation Dataset (NED) as control to orthorectify the imagery.  

This product offers target elevation angles of greater than 72 degrees and is available as a 

mosaic.  Using GCP’s the positional accuracy is improved to 2 meters CE90 and 3 meters 

LE90.  The 1-meter resolution product offers positional accuracies of 10 meters CE90 or 

5 meters RMSE and using GCP’s is improved to 4 meters CE90 and 6 meter LE90.   

 

Given the information in Table 2 and the standard GeoEye image products referenced 

above, one can conclude that the geolocation accuracy of an image is a function of how 

the imagery is processed.  Therefore, it is paramount that a user who has geopositioning 

applications understands exactly what category their imagery falls into.  However, this is 

seldom the case because most imagery does not carry provenance information as to who 

did what, where, and when to a specific image.  For example, this can be seen in the 

following figure of St. Peters Square, Vatican City where four images from the Google 

Earth image archive are compared to highlight the relative positional differences between 

them.  
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Figure 2.3. Archived Google Earth imagery 

 

Figure 2.3 compares a location on an image taken in 2007 (reference image) with other 

images of the same location taken in previous years (Google Earth, 2012).  One notes a 

positional difference in the geolocated imagery ranging from 5 to 24 meters.  Once again 

highlighting the fact that imagery can be geolocated and processed in different ways that 

leads to differing image coordinates for the same point on the ground.  

 

2.2.2 Aerial Image Accuracy 

Aerial imagery (derived from a sensor flown on an airborne platform) is another type of 

imagery used frequently to develop vector shape files.  A convenience of aerial imagery 

is that a sensor can be deployed to collect imagery on demand to document situations 
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such as natural disasters, gather intelligence information, monitor temporal situations, or 

avoid unfavorable weather conditions.  As opposed to a satellite system that may not be 

able to visit a certain location for days or even weeks depending on the vehicles current 

tasking and unfavorable weather patterns such as clouds or storm systems.  Aerial 

imagery can be flown at lower flying heights, which allows for high spatial resolutions on 

the ground.  For example, state-of-the-art digital aerial cameras such as the 

UltraCamXP© routinely produce images with ground pixel sizes of 3 centimeters, or less 

(Microsoft Corporation, 2012; Geovantage Inc., 2012).   

 

Uses for aerial imagery of this this resolution mostly lend themselves to engineering and 

architectural grade projects where small horizontal and vertical accuracies are needed to 

design infrastructure and engineering plans that can be used for construction purposes.  

The Michigan Department of Transportation recently performed an aerial survey to build 

highway design plans for a seven-mile stretch of interstate highway, which consisted of a 

low flying helicopter platform that provided 1:960 scale imagery with three dimensional 

locational accuracies of an object’s real world position matching an imagery derived 

position to within 2 to 3 centimeters and 1 to 2 centimeters in horizontal and vertical 

(95% confidence interval), respectively (Wixtrom, 2012).  Wixtrom also mentions that to 

achieve this level of accuracy the photogrammetric Aero Triangulation (AT) method was 

used in conjunction with 135 photo control targets and 27 validation targets, which were 

positioned by professional surveyors with a least squares GPS and level network 

adjustment, to orientate the imagery with the surveyed GCP’s.       
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A comprehensive accuracy assessment was performed by the Institut Cartografic de 

Catalunys (ICC) which analyzed the performance of the Digital Mapping Camera (DMC) 

from Zeiss/Intergraph for 135,000 images, taken between 2004 and 2008, in a true 

production environment, specifically compared to the older production lines based on 

digitized analog images (Talaya et al., 2008).  The accuracy assessment is studied for 

every step of the mapping production line: aerial triangulation, DEM generation, stereo 

plotting, and orthophoto quality (image resolution) and have GSD resolutions of 45 and 

7.5 centimeters.  The results are summarized in Table 3 and grouped according to image 

scale. 

 

Table 3. Comparison of analog vs. digital check point accuracies 
 

 
Small Scale Flights 
(45-cm GSD) 

RMS X 
(m) 

RMS Y 
(m) 

RMS H 
(m) 

No. Checks 

Analog Cameras 0.22 0.20 0.28 90 
Digital (DMC) 0.21 0.19 0.26 280 
Large Scale Flights 
(7.5-cm GSD) 
Analog Cameras 0.032 0.05 0.059 19 
Digital (DMC) 0.035 0.041 0.058 117 

 
 

Where, the RMS value is derived from the differences between a control point coordinate 

and the same point mensurated in the imagery.  One notes that a horizontal RMS of 30 

centimeters is routinely achievable for small scale flights and 0.06 centimeters for large 

scale flights.   
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Traditionally, the main objectives of AT have been to connect and increase ground 

control observations for other photogrammetric applications like object point extraction 

from stereo modeling, terrain generation, or deriving vector datasets.  A study comparing 

GCP locations with those established from AT techniques of strip and block adjustment 

was performed on 1:10,000 scale aerial imagery (Bisher et al., 2010).  Comparing GCP 

coordinates, from AT imagery with the same GCP coordinate established by ground 

survey methods, tested the absolute accuracy of the imagery.  A relative accuracy 

assessment was conducted by comparing a distance determined by photogrammetric 

techniques to the same distance determined by ground survey.  The results of the absolute 

accuracy test are expressed as RMS averages and found to be 1.2 meters horizontally and 

0.97 meters in the vertical.  The relative accuracy assessment was found to be 1.50 

meters, average RMS.   

 

The USDA Forest Service’s Forest Health Technology Enterprise Team performed a 

study to document the addition of an Applanix Airborne POS system into its image 

acquisition procedures with the hopes of eliminating time and cost of establishing 

accurate GCP’s (Lazar and Ellenwood, 2006).  To test the performance of the automated 

aerial triangulation system with no GCP’s the team compared distances between random 

points in the subject imagery to the equivalent distance in historic USDA Forest Service 

orthophotoquads and National Agriculture Imagery Program (NAIP) orthoimagery.  The 

average RMSE was found to be 4.76 meters and meet the USGS National Map Accuracy 
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Standards of “90% of well-defined points tested must fall within 12.2 meters or 1/50th of 

an inch at 1:24,000 scale”.   

 

A slightly different method (from AT geopositioning) of geolocating aerial photographs 

was performed using first, second, and third order polynomial transformations of well-

defined GCP’s to measure lateral river channel movement (Hughes et al., 2006).  The 

results indicated that the second order polynomial transformation performed the best and 

consistently produced georectified accuracy of approximately ± 5 meters, with a 10% 

chance of greater error.   

 

2.3 Uncertainty Modeling in Geospatial Databases 

The concept of error modeling, assessment, propagation, and general efforts to determine 

the underlying accuracy of vector data, with respect to “reality” or a truth dataset, has 

been the subject of previous work for various geospatial applications, e.g. there is a bi-

annual conference specifically dealing with uncertainty in geospatial data since 1994 

(www.spatial-accuracy.org).  Most recently, Doucette et al (2012) suggest that 

uncertainty handling is relevant to any scientific activity that involves making 

measurements of real world phenomena.  The paper draws the distinction between 

“uncertainty” and “error”, suggesting that uncertainty captures the concept of error 

theory, as well as refers to applications where truth is ambiguous, results are derived in 

an empirical manner, or the general assumptions used to predict results are fuzzy in 

nature.  As opposed to, error theory where a truth dataset is well defined, results are 
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developed based on analytical simulations and principles, the Root Mean Square Error 

(RMSE) is used to describe accuracies, and results are based on standard probability 

theory.  The paper goes on to state that uncertainty is visualized and exploited in different 

ways across different disciplines, e.g. photogrammetry, remote sensing, GIS, computer 

vision, medical imaging, physics, and geostatistics.  Several geospatial application areas 

that could benefit from enhanced standards for uncertainty handling are presented.  The 

applications pertaining to this work are defined as 

 

Geopositioning- to include rigorous modeling and visualization of sensor error and its 

propagation associated with interior and exterior orientation parameters from passive 

frame, scanner, and active systems when deriving three-dimensional coordinates via data 

registration. 

 

Mensuration- rigorous propagation of bias and random components of sensor parameter 

and analyst image point measurement error covariances into object space to obtain 

confidence regions about relative measurements, often computed from a single image 

being exploited with a physical image geometry model to obtain intelligence information.   

 

Registration and Conflation- foundational steps for data integration when used for 

geopositioning, change detection, ATR, and automated feature extraction. 
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Regarding photogrammetry, the authors present a very intuitive way to visualize 

uncertainty when using building and analyzing an analytical stereo model, the figure as 

adopted from Doucette et al (2012) is presented here in Figure 2.4. 

 

 

Figure 2.4. Physical imaging model illustrating error propagation 

 

In this model the error can be expressed as propagating through two steps, (1) from the 

image space of L1 to the object space point P, and (2) from the object point P to the 

image space of L2.  The horizontal covariance matrix for P can be determined by 

 

 !!" ! ! !!"! !
! !! !! (2.2) 

 

Where, !!"! is the covariance in measuring image point one (p1) and !! is the vertical 

variance for object point P, both known a-priori.  J is the jacobian and structured as 
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2. UNCERTAINTY HANDLING WITH PHOTOGRAMMETRY 
 
The field of photogrammetry has well established methodologies for predicting error via a physical (or true replacement) 
model based upon the collinearity condition equations [6]. Error propagation is a natural byproduct of a fully weighted 
least squares bundle adjustment. In this section, we consider visualization and exploitation of error propagation 
following relative orientation between a pair over overlapping images.  
 
2.1. Error Propagation in Photogrammetry (adapted from [7]) 
 
Assuming a relative orientation has been computed 
between an overlapping pair of images, a common need 
is to propagate error from an image point p1 to 
determine a confidence region analytically for its 
transferred image point p2 as shown in Fig. 2. L1 and L2 
represent the two sensor perspective center locations for 
the physical imaging event. Error can be seen as 
propagating through two steps: first from the image 
space of L1 to object space point P; and second from 
object space point P to image space of L2. The first step 
is to determine the horizontal (XY) covariance matrix 
for object space point P as,  

  (1) 

where  is the covariance in measuring (xy) the 
point in image 1, and  is the vertical (Z) variance for 
point P. These are assumed known a prioi. The full 
Jacobian is given by . Note that the 
covariance matrix for L1 sensor parameters is zero in 
this example, as they were held fixed in the relative 
orientation step. In the second step, the covariance matrix for the for the transferred point p2 is given by, 

     (2) 

where the covariance for the L2 sensor parameters is , and the full covariance matrix for P by . The full 
Jacobian is given by . From the resulting covariance matrix in eq (2), it is straightforward to create an 
error ellipse whose semi-major and semi-minor axes (a, b) of the standard error ellipse are the square roots of the 
eigenvalues. The ellipse orientation angle  between the x-axis and semi-major axis can then be determined by, 

 .     (3) 

The standard error ellipse represents a 39.34% probability (confidence) region. For the more commonly used 90% 
probability region, the multiplier k = 2.164 is applied as k x and k y. Finally, the circular error (CE) is often used as a 
scalar replacement of the error ellipse parameters by averaging the semi-major and semi-minor axes as, CE = (a+b)/2. 
Applying the multiplier k CE90 . Therefore, CE90 is the 
radius for the circle within which a transferred point will occur with a 90% probability relative to its true location. 
 
Fig. 3 illustrates error propagation in point transfer following a relative orientation between an image pair. Fig. 3(a) 
shows the image to which error is propagated (e.g., the  L2 sensor image in Fig. 2). Using the error mapping technique 
described in [7], a mesh of colored-coded cross hairs shows propagated CE90 across the overlap region between the 
sensor images. Since the error is propagated through a relative orientation solution, the units are in image pixels, and 
range from ~3.5 pixels (blue) near the center of the overlap region to 8.5 pixels (red) toward the edges. Fig. 3(b) shows a 
coarser mesh of the error ellipses of 90% probability (EE90) for the same region, where each ellipse has been magnified 

P
Z

XY

(xy)2

(xy)1

(SP)2

L1
L2

p1 p2

Figure 2. Physical imaging model illustrating error propagation. 
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! ! !!"! !! .  The covariance for the transferred image point two (p2) is then 

determined by   

 

 !!"! ! ! !!"! !
! !!"# !! ! !!! !!"

!!" !!!
 (2.3) 

 

Where, the covariance for the L2 sensor parameters is !!"!; the full covariance matrix for 

object point P is represented by !!"#; and the full jacobian is ! ! !!"! !!"# . 

 

A different, non photogrammetric, technique of propagating uncertainty into vector 

datasets includes allowing for the distortion of vector data through the creation of 

separate horizontal positional error fields in the x and y directions, which are then 

overlaid with the vector data to apply coordinate shifts by which new versions are created 

(Hunter and Goodchild, 1995).  The model concept is depicted in Figure 2.5, as adopted 

from the authors.   

 

 

Figure 2.5. Positional error grid distortion model 
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Where, the error grids are created independently by populating them with normally 

distributed values having a mean and standard deviation equivalent to the producer’s 

horizontal error estimate for the dataset being perturbed.   

 

Sau-Jung et al. (2008) proposes a method for estimating positional error of geospatial 

data by creating a polygon vector overlay model that is divided into three sections to 

measure and analyze the error propagation from the original polygons to the processed 

polygon.  The model is built to address three scenarios of (1) error propagation along the 

boundary line of overlaying polygons, (2) error in the intersection points themselves, and 

(3) slivers and gaps that occur after overlay processing.  A similar study proposes an 

analytical and simulation method for analyzing error propagation in overlay analysis of 

vector polygons (Shi et al., 2004).  The analytical model is developed based on error 

derived from error propagation laws in statistics (variance-covariance matrix of an 

intersection point of two polygons), while the simulated model is based on positional 

error of the original polygon vertices compared with their true locations.  A test is 

performed to compare the differences between the two methods and their applicability 

with the results indicating there is no significant differences in estimating the propagated 

error between the two methods, however the two methods are suitable for different cases.   

 

A fractal geometry model has been developed by Duckham and Drummond (1999) for 

assessment of error in digital vector geographic data using hydrological data from the 
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Ordnance Survey of Great Britain maps at a range of scales.  A key outcome is the 

calculation of a threshold to describe a resolution where the digital representation of a 

feature does not exhibit fractal characteristics, with this resolution reflecting the 

minimum ground resolution of the map and can then be compared with the source map 

scale to address issues of whether the map scale is appropriate to model the geographic 

data.   

 

2.4 Geostatistical Modeling of Vector Data 

Geostatistics addresses the need to make predictions of sampled attributes (i.e. maps) at 

unsampled locations from sparse, often expensive data.  To make up for a lack of hard 

data geostatistics has concentrated on the development of powerful methods based on 

stochastic theory (Burrough, 2001).  The author goes on to suggest that the value of 

geostatistics for GIS lies in the provision of reliable interpolation methods with known 

errors, methods of up-scaling and generalization, and for supplying multiple realizations 

of spatial patterns that can be used in environmental modeling.  These stochastic methods 

are improving the understanding of how errors in models of spatial processes accrue from 

errors in data or incompleteness in the structure of models.   

 

Spatial data quality research begins with the acknowledgement that the data stored in a 

spatial database are rarely, if ever, truly free of error.  The database contains an 

approximation of the real world.  There are often significant discrepancies between 

reality and its representation because reality is forced into rigid data storage formats, or 
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merely estimates of the properties of spatial objects.  Other discrepancies arise through 

interpolation and contamination by measurement error, or because the data is outdated.  It 

is critically important to know how accurate the data contained in spatial databases really 

are because without that knowledge the community cannot assess the true value of the 

derived information, or address the correctness of a decision based on that data 

(Heuvelink and Burrough, 2002).  Burrough (2001) defines two of the more popular 

geostatistical methods used to address error modeling as: 

 

Interpolation errors- although surfaces interpolated by kriging are smooth, all forms of 

kriging yield estimates of the estimation uncertainty or “kriging error”.  Such values can 

be mapped to provide error surfaces that can be analyzed with other information.  Kriging 

errors depend on the form of the variogram and the disposition of observations, where the 

more data surrounding an unsampled location, and the stronger the autocorrelation 

structure, the lower the variance.   

 

Error propagation in spatial models- when data from interpolated surfaces are used as 

inputs to numerical models, the error surfaces associated with kriging interpolation may 

be used to understand the propagation of errors through spatial models.  Monte Carlo 

techniques using conditional simulation may also be useful for comparing data collected 

at different times and locations within the same area.   
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Spatial interpolation can be defined as the prediction of the unknown value of an attribute 

at some point where no measurement is available, from known measurements obtained at 

a set of sample locations (Kyriakidis and Goodchild, 2006).  Many methods of spatial 

interpolation are commonly implemented in GIS, including inverse distance weighting, 

spline interpolation, and the various forms of kriging that are generally referred to as 

geostatistical approaches (Ripley, 1981; Cressie, 1993).  Kyriakidis and Goodchild 

(2006) study the propagation of error when measurement error variances and covariances 

are known for the samples at the vertices of geometric shapes.  The authors derive 

prediction error variances associated with interpolated values at generic points along the 

geometric object, as well as expected (average) prediction error variances over random 

locations along an object.  The method used in this work consists of testing different 

interpolation methods, between endpoints of a line, the vertices of a triangle, and vertices 

of a rectangle (bilinear interpolation), against a Universal Kriging (UK) geostatistical 

framework.  A key outcome is that different definitions of measurement error in UK lead 

to different UK variants that, for particular expected profiles or surfaces (drift models), 

yield weights and predictions identical with the standard interpolation methods but 

produce fundamentally different prediction error variances.   

 

Spatial database accuracy has attracted much attention in the GIS community.  Ever since 

it was identified as a research initiative at the US National Center for Geographic 

Information and Analysis (Goodchild, 1988), an effort has been made to investigate 

various aspects of accuracy in spatial databases (Goodchild and Gopal, 1989; Heuvelink 
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et al., 1989; Veregin, 1989a, b; and Goodchild, 1991).  The topic of positional error in 

vector based GIS has received intensive investigation over the years, with error models 

for point, line, and polygon geometries being developed on a theoretical and/or 

experimental basis (Leung and Yan, 1998).  To model line errors, the epsilon band 

concept is popular in the literature (Perkal, 1956, 1966; Maling 1968; Chrisman, 1982, 

1987, 1989; Blakemore, 1984; Dunn et al., 1990, Carver, 1991; Veregin, 1994, 1996; 

Edwards and Lowell, 1996).  Leung and Yan (1998) extend the use of the epsilon band 

model by propagating error along line segments into polygon shapes to predict 

probability boundary regions.  The work is based on buffers that take on the shape of the 

original geometry of the object, e.g. the buffer for a line is parallel to the modeled object 

on either side. 

 

Authors Shi et al. (1999) contributed to the topic of modeling positional and thematic 

uncertainties in GIS by exploring the application of geostatistics to vector data.  The 

authors present a rigorous statistical approach (S-Band method) for describing the 

characteristics of the positional uncertainty of geometric features, such as line segments, 

line features, boundary lines, and area features by quantitatively determining the error 

characteristics of a point by applying the laws of error propagation (i.e. propagation of 

expectations and variances-covariances).  A key assumption in this model is the 

coordinate errors follow a normal distribution and the errors of any two points are not 

correlated.  The results of the proposed method can be visualized in Figure 2.6, as 

adopted from Shi et al. (1999).   
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Figure 2.6. Probability distribution region of a line segment 

 

With the white dots represent the true location of the endpoints.  The confidence region is 

constructed by the following equations. 

 

 !! ! ! ! ! ! !! ! !  

 !! ! ! ! ! ! !! ! !! (2.4) 

Where,  

 ! ! !! ! !!! !! ! !!!!!! ! !  

 ! ! !! ! !!! !! ! !!!!!! ! !! (2.5) 

 

The parameter k depends on the selected confidence level ! and can be obtained from a 

chi-square table, ! ! !!!!!!!!! !
! and 0 ! r ! 1.  For Example, for !=0.90, (1+ !)/2=0.95, 
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k=5.99.  The maximum value of !!! !! ! !!! ! ! occurs if r=0 or 1, and the 

minimum value is at r=0.5, meaning the confidence region is smallest in the center of the 

line segment and the largest at the endpoints.  Therefore, for a given statistical confidence 

level the true line segment lies somewhere inside the confidence region (Shi et al., 1999).  

Shi (1998) extends the previous work to include polygon shapes of one, two, and n-

dimensional features with confidence regions and confidence spaces, respectively.  The 

areas of closed geometric shapes are related to the positional errors of the composite 

points of the features and to the predefined confidence level.    

 

To address the issue of assuming independent uncorrelated error estimates of the 

endpoints and along the line segment, Shi and Liu (2000) propose a more generic 

stochastic model (G-band) to describe the error of line segments that covers the case of 

interrelation (correlation) between the measurements.  In this model, the full variance-

covariance matrix is used to model the correlation between the points.  The results of this 

model can be visualized in Figure 2.7, as adopted from the authors. 

 

 

 

 

Figure 2.7. Correlated G-band error estimate for a line segment 
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Note the correlation between the error ellipse at the endpoints and propagated along the 

line segment.   

 

A similar approach to address correlation in vector error propagation using geostatistics is 

studied by Zhang and Kirby (2000) who use line segments connecting simulated vertices, 

which follow certain stochastic characteristics.  The simulation is performed in raster 

space depicting the errors as the variables and modeling the vectors as object based data 

represented by probability.  The authors point out that real world points and lines have 

finite sizes to facilitate the digital processing of spatial data.  A key conclusion is that for 

photogrammetry and remote sensing applications geostatistics based modeling provides a 

valid means to analyze positional errors with spatial correlation.   

 

To extend the work of Shi et al. (2000) G-band concept a Bayesian model is presented 

that allows for the incorporation of expert and historical knowledge that reduces the 

number of observations needed to make an accurate error analysis of vector data (Love et 

al., 2007).  The method lends itself to applications where multiple observations are rare 

and outside knowledge is very informative.  The authors point out that previous work to 

describing error along a vector line segment has focused on positioning points and 

computing error ellipses around those points.  To address this, they propose to develop an 

equation that describes the confidence bound about a line segment based on the modeled 

shape of the error ellipses.   
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2.5 Summary of Previous Work 

A comprehensive review of the existing literature related to determining the positional 

accuracy of vector data has provided insight into key research performed on this topic.  

Goodchild and Hunter (1997) suggest that the positional accuracy of spatial objects can 

be defined through measures of the differences between the apparent location of the 

feature recorded in the database and the feature’s true location.  Different metrics 

describing positional accuracy are presented depending on the geometry of the feature 

being tested, e.g. the accuracy of points are usually expressed as RMS error estimates, 

while linear features could be compared using the buffer method.  Kiiveri (1997) suggests 

the need for objective methods for assessing, representing, and transmitting uncertainty in 

vector data through calculations so decision makers have some idea of the reliability of 

the information.  Positional accuracy can be separated into two classes, absolute and 

relative (U.S. Department of Interior, 1990), where relative positional accuracy describes 

the consistency of any position on a map with respect to any other, while absolute 

accuracy is a measure of deviation of an estimate from the true value (Stanislawski et al., 

1996).  The Federal Information Processing Standard 173 (FIPS 173) lists four measures 

for determining positional accuracy as (1) deductive estimate, (2) internal evidence, (3) 

comparison to source, and (4) independent source of higher accuracy (ACSM, 1988).   

 

Recent studies have been conducted to describe the positional accuracy of the TIGER 

database including Lee (2009) who seeks to understand the spatial pattern of inaccuracies 
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by comparing TIGER vectors to a reference source (Dynamap/2000).  Similarly, 

Zandbergen et al. (2011) describe the positional accuracy of TIGER by comparing road 

vector intersections from 2000 and 2009 datasets with reference locations derived from 

geolocated orthoimagery.  The results show that the 2009 dataset complies with the 7.6-

meter (CE95) accuracy statement by the U.S. Census Bureau (2009).   

 

The OSM database is an open source mapping project that aims to collect, store, 

maintain, and provide geographical information and data, free of charge, to the general 

public (OpenStreetMap©, 2012).  OSM relies on its users to collect, maintain, and make 

new contributions to the database in several ways, including (1) GPS, (2) tracing satellite 

imagery, and (3) contributing local knowledge in the form of editing already available 

content.  Haklay (2008) and (2010) has presented landmark papers on the OSM project 

and determining the positional accuracy of a portion of the database in London, England.  

Road centerlines from OSM are compared to their corresponding location in the UK’s 

Ordinance Survey (OS) using the buffering method.  The results show an average 

positional accuracy ranging from 3.17 meters to 8.33 meters with the average difference 

of 5.8 meters.   

 

One of the most common ways to build vector datasets is by digitizing, tracing, or 

vectorizing a raster aerial image (both satellite and airborne based platforms).  Since the 

resulting vector features will take on the coordinate reference frame of the aerial image, it 

is important to ensure the imagery is georeferenced properly.  While image-processing 
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methods can routinely provide georeferenced products with an accuracy of 2 meters 

(CE90) for satellite based products (Geoeye, Inc. 2012), and 0.30 meters (horizontal 

RMS) for aerial based products (Talaya et al., 2008), it is important to keep in mind that 

different processing techniques yield products with varying degrees of accuracies.  This 

is evidenced by Figure 2.3, which depicts a location in a 2007 Google Earth image as 

compared to the same location in older archived imagery.  The results show positional 

differences ranging from 5 to 24 meters (Google Earth, 2012).   

 

Doucette et al. (2012) suggest that uncertainty handling is relevant to any scientific 

activity that involves making measurements of real world phenomena.  The authors draw 

the distinction between “uncertainty” and “error” and present a photogrammetric stereo 

model to visualize the uncertainty associated with a ground position.  The model 

propagates the error from an image point, to an object point (on the ground), back into the 

corresponding stereo image to form the variance co-variance matrix for the object point.  

Hunter and Goodchild (1995) and Sau-Jung et al. (2008) present non-photogrammetric 

methods for estimating positional errors of geospatial data by creating vector overlay 

models that distort input vectors based on modeled error present in the dataset.   

 

Geostatistics addresses the need to make predictions of sampled attributes at unsampled 

locations from sparse, often expensive data (Burrough, 2001).  Spatial data quality 

research begins with the acknowledgement that the data stored in a geographic database 

are rarely, if ever, truly free of error and the database contains an approximation of the 
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real world (Heuvelink and Burrough, 2002).  Burrough (2001) defines two of the more 

popular geostatistical methods used to address error modeling as interpolation errors and 

error propagation in spatial models.  Ever since spatial database accuracy was identified 

as a research initiative at the U.S. National Center for Geographic Information and 

Analysis (Goodchild, 1988) an effort has been made to investigate various aspects of 

accuracy in spatial databases (Goodchild and Gopal, 1989; Heuvelink et al., 1989; 

Veregin, 1989a, b; and Goodchild, 1991).  Shi et al. (1999) contributes to the topic by 

presenting an S-Band model for describing the characteristics of positional uncertainty of 

geometric features, such as line segments, line features, boundary lines and area features.  

However, a key assumption is that the measurement errors are independent and 

uncorrelated.  To address this, Shi and Liu (2000) develop a G-Band model that handles 

correlated measurements.  Love et al. (2007) extend the G-Band concept with a Bayesian 

model to incorporate expert and historical knowledge that reduces the number of 

observations needed to make an accurate error analysis of vector data.   
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CHAPTER 3 

ANALYTICAL AERO TRIANGULATION 

 

Analytical aero triangulation (AT) is a complex photogrammetric production line that 

starts directly after the imagery is developed and ready for measurement purposes.  In a 

broader view AT includes the photo flight planning, the photo flight itself, and the use of 

GPS positioning to determine GCP’s.  The main tasks to be carried out are the 

identification of ground control and tie points, the transfer of these points, in homologous 

image segments, and the measurement of these points in the imagery space.  Lastly, the 

image-to-ground space transform is performed by bundle block adjustment (Fritsch, 

1995).  The basic approach to analytical AT consists of (1) exterior orientation of each 

stereo model (2) connection of adjacent models to form continuous strips/blocks, and (3) 

simultaneous adjustment of the photos from the strips/blocks to surveyed ground control 

points (Wolf and Dewitt, 2000).   

 

Analytical AT tends to be more accurate than analog or semi-analytical methods because 

analytical techniques can more effectively eliminate systematic errors such as film 

shrinkage, atmospheric refraction distortions, and camera lens distortions.  Measured 

image coordinates can quite routinely be located analytically to an accuracy of within 
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about 1/15,000 of the flying height, and Z coordinates can be located to an accuracy of 

about 1/10,000 of the flying height.  With specialized equipment and procedures, 

planimetric accuracy of 1/350,000 of the flying height and vertical accuracy of 1/180,000 

have been achieved (Wolf and Dewitt, 2000).   

 

Several different variations in analytical AT techniques have evolved, however all 

methods consist of writing condition equations that express the unknown elements of 

exterior orientation of each photo in terms of camera constants, measured photo 

coordinates, and ground coordinates (Wolf and Dewitt, 2000).  

 

3.1 The Collinearity Condition 

One of the most fundamental and basic principles in photogrammetry is the collinearity 

condition.  Collinearity is the condition that the exposure station, an object point, and its 

measured image coordinate all lie along a strait line in three-dimensional space (Wolf and 

Dewitt, 2000).  The collinearity condition can be visualized in Figure 3.1, where L, a, and 

A lie along a strait line.   
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Figure 3.1. Sketch of the collinearity condition 

 

Two equations express the collinearity condition for any point on an image; one equation 

for the x coordinate and one for the y coordinate, structured as 

 

 
!! ! !! ! !

!!!! !! ! !! !!!"! !! ! !! !!!"! !! ! !!
!!"! !! ! !! !!!"! !! ! !! !!!!! !! ! !!

 

                                         

(3.1) 

 
!! ! !! ! !

!!"! !! ! !! !!!!! !! ! !! !!!"! !! ! !!
!!"! !! ! !! !!!"! !! ! !! !!!!! !! ! !!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(3.2) 

Where, !!!and !!!are the measured image coordinates of a; !!, !!, and !!!are the 

coordinates of object point A; !!!, !!!, and !!! are coordinates of the image exposure 

station; !! and !! are the coordinates of the principle point known from the camera 
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calibration report; f is the focal length of the camera (also known from the camera 

calibration report); and !!!!,!!!"!,…,!!!!! are the rotation matrix terms.    

 

3.2 Space Intersection by Collinearity 

Space intersection refers to the determination of an object point’s position in ground 

space by intersecting the image rays from two or more images.  The standard method 

applies the collinearity equations, with two equations for each image the object point is 

in.  For example, if two images are used, then a total of four equations containing three 

unknowns (the object point coordinates) can be developed (Anderson and Mikhail, 2001).  

In this case, there is one degree of freedom so the method of least squares can be used to 

solve the system of equations, with more object points adding to the degrees of freedom 

and improving the solution.  The geometry of the solution can be visualized in Figure 3.2. 

 

 

Figure 3.2. Space intersection from stereo imagery 
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According to Wolf and Dewitt (2000) to calculate the coordinates of object point A by 

space intersection, the following equations can be used. 

 

 !!"!!"! ! !!"!!"! ! !!"!!"! ! ! ! !!! (3.3) 

!!!!!!!!!!!!!!!!!!!!!!"!!"! ! !!"!!"! ! !!"!!"! ! ! ! !!! (3.4) 

 

Where, the exterior orientation parameters for each image are known; !"!, !!!, and !"! 

are the unknown corrections of the object point being solved for; and the other terms are 

as defined in Equations 3.27.  Equations 3.3 and 3.4 indicate the model is nonlinear, 

requiring initial approximation for the object point coordinates along with an iterative 

process of updating the initial approximations by corrections until the solution converges, 

i.e. the current approximations of the corrections are very small and essentially 

unchanged.  At that point the final corrections are added to the initial approximations to 

compute the adjusted object point coordinates and residuals.   

 

Aerial images (for most applications) are taken so that adjacent images overlap by more 

than 50%.  Two adjacent images that overlap in this manner are referred to as a stereo 

pair, and the three dimensional object points that appear in the overlap region constitute a 

stereo model (Wolf and Dewitt, 2000).  The process of forming an analytical stereo 

model involves three primary steps (1) interior orientation, (2) exterior or relative 

orientation, and (3) absolute orientation.  After these three steps, points in the analytical 

stereo model will have object points determined in the ground coordinate system.  The 
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proposed method in this research combines the steps of exterior orientation and absolute 

orientation into one method using the bundle block adjustment.  This method computes 

the exterior orientation parameters for each image and object point coordinates, in ground 

space, by simultaneous adjustment.  However, to fully understand the bundle adjustment 

it helps to have an understanding of each of these three steps.  In that light, the next 

section is devoted to an overview of the main processes used to build an analytical stereo 

model.        

 

3.3 Interior Orientation 

In photogrammetry the interior orientation process is the step that mathematically 

recreates the geometry that existed in the camera when a particular image was taken.  

This is essential for accurately intersecting light rays to determine the object point 

coordinates.  This step requires camera calibration information, as well as the 

quantification of the effects of atmospheric refraction.  According to Wolf and Dewitt 

(2000), the process is also commonly referred to as image coordinate refinement and 

accounts for errors such as (1) film distortions due to shrinkage, expansion, and lack of 

flatness; (2) failure of the fiducial axes to intersect at the principle point; (3) lens 

distortions; (4) atmospheric refraction distortions, and (5) earth curvature distortions.  It 

is important to note that corrections may be applied to eliminate the effects of these 

systematic errors, however not all corrections need to be applied for all photogrammetric 

problems.  For example, if the accuracy of the control and measurements made on the 

imagery is of a coarse nature then the uncertainty in the image coordinates may be so 
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great that the small magnitudes of the systematic error become insignificant.  Regarding 

this work, the camera calibration report is available and the main focus of this research is 

on determining the accuracy of vector data by properly propagating error through the 

measurement system, therefore, the interior orientation was performed.   

 

3.3.1 Film Distortions & Principle Point Corrections 

To make accurate measurements on film-based imagery, such as the imagery used in this 

study, one must account for the small errors resulting from film shrinkage and lack of 

flatness that is present in the system.  Most of these types of distortions arise from the 

type of material the image is developed on and how the imagery is handled and stored.  

Today, with digital imagery and the ability to scan film-based imagery into the computer, 

the film distortions are becoming less of an issue.  However, the corrections to these 

errors are worth discussing because there are film-based cameras still in use today.  These 

distortions are corrected using fiducial marks or reseaux imaged on the film and can be 

used to transform the image coordinates into the fiducial system (Anderson and Mikhail, 

2001).  Making measurements between the fiducial marks on the image and comparing 

them with the measurements between the same fiducials in the camera calibration report 

can determine the amount of shrinkage or expansion in a photograph.  A common 

application to determine the correspondence between the image system and fiducial 

system is the six-parameter affine (shape preserving) transformation, given as 
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!
! ! !!

!! !
!!!"#$ !!!"#$

!!
!"#!!! ! !!

!"#$ !!
!"#!!! ! !!

!"#$
!!
!! !

!!
!!  (3.5) 

 

Where, !! and !! are translations between the prime and transformed system; sx and sy 

are scale factors in the x and y directions, respectively; ! is the rotation angle between the 

prime and transformed system; and ! is the angle between an intermediate scaled y-axis 

that is commonly referred to as image shear.  The equations can be expressed in linear 

form as 

 

 
!
! ! !! !!

!! !!
!!
!! !

!!
!! ! !!

!!  (3.6) 

 

The six transformation parameters are defined as a0, b0, a1, b1, a2, and b2; !! and !! are 

the coordinates measured in the image system; !! and !! are the principle point offsets 

(obtained from the calibration report); and ! and ! are the transformed coordinates in the 

fiducial coordinate system.  The system of equations can be solved with least squares and 

requires a minimum of three points (for six equations) known in each coordinate system 

to solve for the six unknowns.  For most applications, the eight fiducial marks are known 

in each system, which lends itself nicely to an improved least squares solution with 

redundancy.  Once the six transformation parameters are known they can be applied to 

the remaining pass points to transform all other measurements into the fiducial coordinate 

system. 
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In analytical photogrammetry work, where the user demands the highest accuracy from 

the image measurements, it is necessary to make the corrections of the image coordinates 

to the actual principle point location.  In general, the equations used in photogrammetry 

are based on projective geometry and assume an origin of photo coordinates at the 

principal point.  Therefore, it is correct to reduce image coordinates to the actual principle 

point location (Wolf and Dewitt, 2000).   

 

3.3.2 Lens Distortions 

Two types of lens distortions are typically modeled and corrected for in the interior 

orientation process, (1) symmetric radial distortion and (2) decentering distortion.  In 

modern precision aerial mapping cameras, lens distortions are typically less than 5 µm 

and are only applied when precise analytical photogrammetry is being performed (Wolf 

and Dewitt, 2000).  One approach used to model these distortions was developed by the 

US Geological Survey (USGS) and consisted of computing angular values during the 

multi-collimator calibration of the camera and specifying polynomial coefficients that can 

be used to correct the image coordinates.  The polynomial is based on lens design theory 

and is formulated as 

 

 !! ! !!!! ! !!!! ! !!!! ! !!!! (3.7) 
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Where, !! is the amount of radial lens distortion, r is the radial distance from the 

principle point, and k1-4 are polynomial coefficients. The radial distance, r, can then be 

computed by determining the distance of the measured image coordinate (in the fiducial 

system) to the principle point as 

 

 ! ! !! ! !! (3.8) 

 

After the radial distance is determined the radial lens distortion corrections are computed 

by 

 

 !" ! ! !!! !!!!"#!!!!" ! ! !!! ! (3.9) 

 

With the final coordinates, xc and yc, being the result of subtracting the corrections from 

the image coordinates in the fiducial coordinate system by 

 

 !! ! ! ! !!"!!!!"#!!!!! ! ! ! !!"! (3.10) 

 

3.3.3 Atmospheric Correction 

Light rays passing through the sky are refracted according to Snell’s Law (Anderson and 

Mikhail, 2001).  The atmosphere is made up of different layers each with differing 

composition and causing the light rays to be refracted at different indices.  This refraction 

decreases as altitude increases because the air is less dense.  Therefore, the light ray’s 
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refractive index is dependent on the sensors flying height.  According to Anderson and 

Mikhail (2001), atmospheric refraction always acts radially outward on a vertical aerial 

image, bending the ray away from the vertical.  The following relationship is derived. 

 

 !! ! ! !"#! (3.11) 

 

Where, ! is the angle the refracted ray makes with the vertical, !! is the angular 

displacement in microradians, and K is a value describing the amount of refraction from a 

modeled atmosphere at 45 degrees.  Since the exact relationship is dependent on 

meteorological conditions, several standard atmospheric models have been developed.  

One of the more popular ones was developed by the Air Force Research and 

Development Command in 1959 and is still being used today.  The equation describes K 

and is given as 

 

 ! ! !"#$!!
!! ! !! ! !"#!

!"#$!!
!! ! !" ! !"#

!
!  (3.12) 

 

Where, H is the flying height of the sensor, h is the terrain elevation (kilometers).  The 

constant K is then computed in microradians.  The correction for atmospheric refraction 

is very similar to lens distortion with the value varying as the radial distance between the 

image point and principle point changes.  The radial distance can be computed using Eq. 

3.8 and the relationship to the angle ! is given as 
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 !"#! ! !
! (3.13) 

 

the change in ! is expressed as 

 

 !! ! ! !! (3.14) 

 

The radial distance r’ between the corrected image coordinate and the principle point can 

be computed by 

 

 !! ! !"#$!! ! !!! (3.15) 

 

With the change in the radial distance being computed by 

 

 !! ! ! ! !! (3.16) 

 

Once !! is computed the image coordinates can be corrected for atmospheric effects by 

computing the corrections in the x and y directions with Eq. 3.9 and subtracting them 

from the image point coordinates.   
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3.3.4 Earth Curvature 

The distortion that arises in analytical photogrammetry due to earth curvature is a result 

of most triangulation programs working in a geocentric coordinate system while most 

surveying work is done in a coordinate system defined by a map projection, e.g. UTM or 

State Plane Coordinates.  If the coordinates are not converted into a local Cartesian 

coordinate system before triangulation, a correction for earth curvature must be applied 

(Anderson and Mikhail, 2001).  The earth curvature correction for vertical imaging is 

given by 

 

 !! !
!!!
!!!! (3.17) 

 

Where, H is the flying height, R is the radius of the Earth, f is the focal length (mm), and 

r is the radial distance from the image point to the principle point (mm).  The correction 

can then be applied similarly to lens distortion and atmospheric refraction. 

 

3.4 Exterior Orientation 

Exterior (or relative) orientation is the process of determining the relative angular attitude 

and positional displacement of the sensor that existed at the time the image was taken.  

This is important because recreating the exterior geometry facilitates the definition of the 

stereo model and allows measurements made on the imagery to be accurately related to 

ground space.  In this research, exterior orientation happens in the bundle adjustment 

process, however since it is a critical step in determining object point coordinates this 



 

66 

section will provide an overview of the concept before the equations used in exterior 

orientation are presented in the bundle adjustment.  When exterior orientation is 

performed by itself, the process involves defining certain elements of exterior orientation 

and calculating the remaining ones.  The resulting exterior orientation parameters (", #, 

$, !!!, !!!, !!!) for both images will not be the actual values that existed when the image 

was taken, rather they will be correct in a “relative sense” between the images (Wolf and 

Dewitt, 2000).   

 

To accomplish this, it is common practice to fix the exterior orientation parameters ", #, 

$, !!!, !!! of the left photo of the stereo pair at zero.  The elevation of the sensor for the 

left image, !!! is set equal to f, and !!! of the right photo is set equal to the photo base b.  

With these assumptions the initial approximations for the unknowns are more easily 

calculated, and leaves five elements of the right photo ("2, #2, $2, !!!, !!!) that must be 

computed.  Implementing the collinearity condition to solve the problem results in each 

object point in the stereo model contributing four equations, two for the left image and 

two for the right image.  In addition to the five unknown exterior orientation parameters 

each object point contributes three more unknowns, X, Y, and Z coordinate values in the 

stereo model.  Therefore, at least five object points are required for a solution, but if six 

or more points are used an improved solution using least squares can be implemented.  If 

six object points were used the model in matrix form would involve twenty-four 

equations with twenty-three unknowns, expressed as 
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!!!!!!!!!!!!!! ! !!!!!!!!! !! 

                                        24x23  23x1          24x1  24x1 
(3.18) 

 

Where, A is a matrix of partial derivatives of the observations equations with respect to 

the unknown exterior orientation parameters; X is a vector of corrections to the unknown 

exterior orientation parameters, L is a vector of observation equations evaluated at the 

initial and current approximations; and V is the residual vector for the observations which 

values the difference between the unadjusted and adjusted observations.  Since the 

system of equations is non linear, an iterative approach is taken where corrections to 

unknown parameters are computed and applied to the current approximation until the 

corrections are small and essentially unchanging.  At that point, the solution is said to 

have converged and the adjusted values for the unknown exterior orientation parameters 

and observations can be computed from the current approximations.  The matrices and 

processes used for this adjustment are very similar to the bundle adjustment and therefore 

will not repeated here, however, if the reader is so inclined full documentation can be 

found in Wolf and Dewitt (2000) pages 247-253. 

 

3.5 Absolute Orientation 

In photogrammetry, absolute orientation refers to the process of relating a relatively 

oriented stereo model in model space to an object space coordinate system.  There are 

seven parameters needed to form the relationship, a uniform scale factor, three rotations, 

and three translations.  In most applications, the solution to the problem is accomplished 
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by a three-dimensional similarity transformation (Anderson and Mikhail, 2001), 

expressed as 

 

 ! ! !"# ! ! (3.19) 

 

Where, Y is a vector of known object space coordinates; ! is the scale factor; M is the 

rotation matrix from image space coordinates to object space coordinates; X is a vector of 

image space coordinates; and T is the translation vector between image and object space.  

Since the system of equations is non linear initial approximations must be generated and 

an iterative solution implemented where corrections to the seven unknown parameters are 

solved and updated each time through the loop until the corrections are small and 

essentially unchanging, at which time the solution is said to converge and the current 

approximations are used to solve for the unknown parameters.  Once the seven 

parameters are solved, the transformation can be applied to every point in image space to 

transform it to the object space coordinate system.   

 

For a detailed discussion with examples of the seven-parameter transformation, and other 

types of coordinate transformations, the reader is referred to Anderson and Mikhail 

(2001) pages 373-380 and Mikhail and Ackerman (1976) pages 185-212.  For this 

research, the process of absolute orientation is performed in the bundle adjustment, 

simultaneously solving for all object points coordinates in the stereo model in ground 
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space, along with the unknown exterior orientation parameters for each image in ground 

space.       

 

3.6 Photogrammetric Bundle Adjustment 

The basic geometric unit in photogrammetry is the image ray, which connects a ground 

object point coordinate, the perspective center of the image, and a projection of the object 

point in the image.  An image can be thought of as a bundle of rays converging at the 

perspective center with an unknown position and orientation in space (Mikhail et al., 

2001).  The bundles from all photos are adjusted simultaneously so that corresponding 

light rays from the measured image coordinates intersect at positions of the object points 

on the ground.  The unknown quantities to be obtained from the bundle adjustment 

consist of the adjusted object coordinates (!!, !!, !!) and the exterior orientation 

parameters (", #, $, !!!, !!!, !!!) of all the images.  The observations going into the 

adjustment are the (1) measured photo coordinates of the object points (!!" !!!"); (2) the 

ground coordinates of the object points (!!, !!, !!); and (3) the initial approximations for 

the exterior orientation parameters. 

 

In this model the object points consist of  (1) the OSM vector shape points, with a 

horizontal position from the OSM database and an elevation determined by interpolating 

the 1/3 arc second (10-meter) USGS DEM; and (2) ground control points, established by 

GPS survey.   
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According to Wolf and Dewitt (2000) the bundle block adjustment can be formulated 

with the following equations.  The collinearity equations are the foundation of the 

observation equations that are used to form the math model.  The collinearity equations 

were introduced above (Eq. 3.1-3.2) and repeated here to take the form of observation 

(condition) equations to form the basis of the mathematical model in the adjustment.  The 

relationship can be thought of as a points image derived location, the exposure station, 

and the point projected in ground space should all lie on a single line.  The equations are 

shown for a single image and object point as  

 

 ! ! !!" ! !! ! !
!!!! !! ! !!! !!!"! !! ! !!! !!!"! !! ! !!!
!!"! !! ! !!! !!!"! !! ! !!! !!!!! !! ! !!!

 (3.20) 

   

 ! ! !!" ! !! ! !
!!"! !! ! !!! !!!!! !! ! !!! !!!"! !! ! !!!
!!"! !! ! !!! !!!"! !! ! !!! !!!!! !! ! !!!

! (3.21) 

 

Where, !!" !and !!" !are the measured photo coordinates of the image of point j on image i 

related to the fiducial axis system;!!! and !! are the coordinates of the principle point 

measured in the fiducial system; f is the focal length of the camera; !!!!,!!!"!,…,!!!!! 

are the rotation matrix terms for image i (Eq. 3.22); !!, !!, and !! !are the coordinates of 

object point j; and !!!, !!!, and !!! are coordinates of the exposure station of image i.  
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The rotation matrix terms are a result of individual rotations of ", #, and $ being applied 

to rotations about the x, y, and z-axes, respectively.  The individual rotation matrices are 

structured as follows: 

 

 

!! !! !
! ! !
! !"#!!! !"#!!
! !!"#!! !"#!!!

 

 

!! !! !
!"#!!! ! !!"#!!
! ! !

!"#!! ! !"#!!!
 

 

!! !! !
!"#!!! !"#!! !
!!"#!! !"#!!! !
! ! !!

 

(3.22) 

 

With the total rotation matrix being a result of combining the individual rotations as 

follows: 

 

 ! ! !!!!!!!!! (3.23) 

 
!"#!!!!"#!!! !"#!!!!"#!! ! !"#!!!!"#!!!!"#!! !"#!!!!"#!! ! !"#!!!!"#!!!!"#!!!
!!"#!!!!"#!! !"#!!!!"#!! ! !"#!!!!"#!!!!"#!! !"#!!!!"#!! ! !"#!!!!"#!!!!"#!!

!"#!! !!"#!!!!"#!! !"#!!!!"#!!
     

 

Since the collinearity equations are nonlinear, they are linearized by applying the first-

order terms of the Taylor’s series at a set of initial approximations.  The result is the 
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following set of equations with the subscript J denoting the object point and j the 

measured image point. 

 

 ! ! !!! ! !
!
! ! !! (3.24) 

   

 ! ! !!! ! !
!
! ! !! (3.25) 

 

Where, 

 

 ! ! !!!" !! ! !! !!!" !! ! !! !!!! !! ! !!   

 ! ! !!!! !! ! !! !!!" !! ! !! !!!" !! ! !! ! (3.26) 

 ! ! !!!" !! ! !! !!!! !! ! !! !!!" !! ! !! !  

 

Writing the equations in this form help to simplify things when expressing the linearized 

equations that represent the partial derivatives of the observation equations (Eq. 3.20 and 

3.21) with respect to the exterior orientation and object point parameters.  To generalize 

even further, the quantities of !! ! !!, !! ! !!, and !! ! !! are reduced to "X, "Y, and 

"Z, respectively.  

 

 !!!!!!!!!!! !
!
!! ! !!!!!!! !!!"!!! ! !!!!!"!!! !!!"!!!! !!!!!!  
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!!!!!" !
!
!! ! !"#!!!!! ! !"#!!!!"#!!!!!! ! !"#!! !"#! !!!

! !!! !"#! !"#!!!!!! ! !"#!!!!"#!!!!"#!!!!!!

! !!"#!! !"#!!!"#!! !!! !

 

 !!!!!!!!" !
!!
! !!"!! !!!!!! !!!"!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!  

!!" !
!
!! !!!" ! !"!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!    

!!" !
!
!! !"!" ! !"!" !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!    

!!" !
!
!! !"!! ! !"!" !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!    

 !!!!!!! ! !!! ! !! ! !
!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! (3.27) 

 
!!!!!!!!!" !

!
!! ! !!!!!!! !!!"!!! ! !!!!!"!!!

!!!!!!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 
 

 

!!!! !
!
!! ! !"#!!!!! ! !"#!!!!"#!!!!!! ! !"#!! !"#! !!!

! !!!"#! !"#!!!!!! ! !"#!!!!"#!!!!"#!!!!!!

! !!"#!! !"#!!!"#!! !!! !!!

 

 !!" !
!
! !!!!! !!!"!! !!!"!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!  

!!" !
!
!! !"!" ! !"!" !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!    
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!!" !
!
!! !"!" ! !"!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!    

!!" !
!
!! !"!! ! !"!" !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!    

 !!!!!!! ! !!! ! !! ! !
!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!  

 

After linearization the equations can be expressed in the general form according to the 

unified least squares model. 

 

 !!"!!! ! !!!"!!!! ! !!" ! !!!" (3.28) 

 

Where, !!"!is a matrix of partial derivatives of the observation equations with respect to 

the exterior image orientation parameters (", #, $, !!!, !!!, !!!); !! is a vector of 

corrections to the exterior orientation parameters; !!" is a matrix of partial derivatives of 

the observation equations with respect to the object point coordinates (!!, !!, !!); !! is a 

vector of corrections to the object point coordinates; !!" is the misclosure vector which is 

used to minimize the sum of the squared residuals; !!" is the vector of residuals for the 

measured image coordinates.  Adjustment residuals are important because they describe 

the difference between the measured and the adjusted values, which is a good indictor of 

how much the adjustment moved the input measurements as a result of the adjustment 

process. 
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The various matrices used in the least squares model can be structured as follows.  For 

simplification, the matrices are shown for a single image i and object point j.  The 

!!"!matrix is structured as 

 

 !!" ! !
!!!!" !!"!"
!!"!" !!!!"

!!!
!!"!" !!!"!"
!!"!" !!!"!"

!!!
!!!"!" !!!"!"
!!!"!" !!!"!"

 (3.29) 

 

The !!" matrix as 

 

 !!" !! !
!!"!" !!"!" !!"!"
!!"!" !!"!" !!"!"

 (3.30) 

 

The !! vector as 

 

 !!!! !

!"!
!!!
!"!
!"!!
!"!!
!"!!

 (3.31) 

 

The !! vector as 
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 !!!! !
!"!
!"!
!"!

 (3.32) 

 

The !!" vector as 

 

 !!" !! !
!!"
!!"  (3.33) 

 

And the !!" vector as 

 

 !!" !! !
!!!"
!!!"  (3.34) 

 

The concept of weighting in the bundle adjustment is very important and directly impacts 

the adjusted values, as well as the estimated uncertainty of the adjusted points.  

Adjustment weighting consists of assigning a numerical value to the adjustment 

observations and parameters based on how well the specific quantity is known.  Weights 

are determined for both (1) the image points, based on an a priori estimate of how well 

the points can be measured on the image, and (2) the object point coordinates, which 

consist of the ground control points (GCP’s) and vector shape point accuracies.  The 

general idea is the higher confidence a user has in a measurement the smaller the standard 

deviation will be assigned to that measurement.  For example, the GCP’s used in this 

study were established by GPS survey, therefore the accuracies assigned to these 
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coordinates are very small, on the order of 10-cm or less in the x, y, and z components.  

One can reason that a small standard deviation corresponds to a high user confidence in 

the numerical value of the measurement.  On the other hand, the vector shape point 

coordinates were determined with less stringent methods; such as measuring a single 

satellite image or with a hand held GPS receiver.  In this case the coordinates are much 

less well known, i.e. a user has less confidence in the accuracy of the point, so a standard 

deviation on the order of a few meters could be realistic.  The weights for the x and y 

image coordinates are expressed in the matrix form for an object point j on photo i as 

 

 !!" ! !!!
!!!"! !!!"!!"
!!!"!!" !!!"!

!!

 (3.35) 

 

Where, !!! is the a priori reference variance; !!!"! and !!!"!  are the variances in, !!" and!!!", 

respectively; and the covariance !!!"!!" = !!!"!!" are assumed to be uncorrelated and equal 

to 0.  The a priori reference variance is assigned a value of 1, so Eq. 3.35 can be 

simplified to 

 

 !!" !

!
!!!"!

!

! !
!!!"!

 (3.36) 
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The adjusted object points are expressed as a function of the initial measurement and the 

adjustment residual through the following relationship. 

 

 

!! ! !!!! ! !!! 

!! ! !!!! ! !!! 

!! ! !!!! ! !!! 

(3.37) 

 

Where, !!, !!, and !! are the unknown coordinates of point j; !!!!, !!!!, and !!!! are the 

measured coordinate value for point j; and !!!, !!!, and !!! are the coordinate residuals 

for point j.  To be consistent with the collinearity equations the object point observation 

equations will need to be evaluated at initial approximations as follows 

 

 

!!! ! !!! ! !!!! ! !!! 

!!! ! !!! ! !!!! ! !!! 

!!! ! !!! ! !!!! ! !!! 

(3.38) 

 

With !!!, !!!, and !!! being the initial approximations for the coordinates of point j and 

!!!, !!!, and !!! being the corrections to the approximations for coordinate point j, as 

solved for in the !! matrix.  Since the collinearity equations are non linear an iterative 

approach is used where corrections to the parameters are solved for and applied each time 

through the loop until the difference in the correction is very small or essentially 
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unchanged.  This condition is referred to as convergence.  Simplifying and expressing in 

matrix form yields 

 

 !!!! !!! ! !! (3.39) 

 

With !! being the difference between the measured coordinate value and the initial 

approximation.   

 

 !! !! !
!!!! ! !!!
!!!! ! !!!
!!!! ! !!!

 (3.40) 

 

And, !! being the residual for the object point j expressed in each component. 

 

 !! !! !
!!!
!!!
!!!

 (3.41) 

 

Weights for the object point coordinates are also used in the adjustment and based on the 

accuracy of the ground control and vector shape points.  The weights for !!, !!, and !! 

object point j are expressed in matrix form as 
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 !! ! !!!
!!!! !!!!! !!!!!
!!!!! !!!! !!!!!
!!!!! !!!!! !!!!

!!

 (3.42) 

 

Where !!! is the a priori reference variance; !!!! , !!!! , and !!!!  are the variances in !!!!, 

!!!!, and !!!!, respectively; !!!!!= !!!!! is the covariance of !!!! with !!!!; !!!!!=!!!!!! 

is the covariance of !!!! with !!!!; and !!!!!= !!!!! is the covariance of !!!! with !!!!.  

The covariances describe the correlation between the measurements, and ultimately the 

orientation of the error ellipse.  In general, GCP coordinates are determined indirectly 

from other measurements, e.g. GPS survey or traverse, and are considered correlated.  

However, the positioning of the vector shape points determined from measuring a single 

satellite image would be considered independent or uncorrelated, but would be correlated 

if established with a hand held GPS receiver.  In either case, the correlations for this work 

are not known and therefore have to be assumed to be independent and given the value of 

zero.   

 

The final types of observations used in the bundle adjustment are the exterior orientation 

parameters.  Their observation equations take on a form similar to the object points and 

are given as 
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!! ! !!!! ! !!! 

!! ! !!!! ! !!! 

!! ! !!!! ! !!! 

 

!!!!!!!!!!!!! ! !!!!! ! !!!!  

!!!!!!!!!!!!! ! !!!!! ! !!!!  

!!!!!!!!!!!!! ! !!!!! ! !!!!  

 

 

 

(3.43) 

And the weight matrix for the exterior orientation parameters for a single image i is 

structured as 

 

 !! !

!!!! !!!!! !!!!!
!!!!! !!!! !!!!!
!!!!! !!!!! !!!!

!!!!!!!!!!
!!!!!! !!!!!! !!!!!!!!!!!! !!!!!! !!!!!!!!!!!! !!!!!! !!!!!!

!!!!!! !!!!!! !!!!!!!!!!!! !!!!!! !!!!!!!!!!!! !!!!!! !!!!!!
!!!!!

!!!!
! !!!!!!! !!!!!!!

!!!!!!! !!!!
! !!!!!!!

!!!!!!! !!!!!!! !!!!
!

!!

 (3.44) 

 

After the individual matrices for the observation equations are formed the full set of 

normal equations can be structured in matrix form as  

 

 !!! !! (3.45) 

Where the matrices are formatted as 
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 ! !

!! !!! !!! !!!
!!! !! !!! !!!
!!! !!! !! !!!

!
!!! !!!!!!!!!!!!!!!!"! !!!
!!" !!!!!!!!!!!!!!!!!! !!!
!!! !!!!!!!!!!!!!!!!!! !!!

!!!! !!!!!!!!!!!!!!!!!"! !!!!!!!!!!!!!!!!!"!
!!"! !!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!"!
!!!! !!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!

!!
!! !!! !!!!!!!!!! !!!
!!! !! !!! !!!
!!! !!!!!!!!!! !! !!!

 (3.46) 

 

And the ! matrix is a combination of the corrections to the exterior orientation 

parameters and the corrections to the object point coordinates, with the size being 

determined by how many images and object points are in the adjustment. 

 

 !! !

!!
!!
!!
!
!!
!!
!!
!!
!
!!

 (3.47) 

 

Similarly, the K matrix is structured as 
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 ! ! !

!! !!!!!
!! !!!!!
!! !!!!!

!
!! !!!!!
!! !!!!!
!! !!!!!
!! !!!!!

!
!! !!!!!

 (3.48) 

 

The submatrices used above are defined as 

 

 !! ! !!"!!!"!!"
!

!!!
 (3.49) 

 !!" ! !!"!!!"!!" ! (3.50) 

!! ! !!"!!!"!!"
!

!!!
!    (3.51) 

!! ! !!"!!!"!!"
!

!!!
! (3.52) 

!! ! !!"!!!"!!"
!

!!!
!    (3.53) 

 

With m being the number of images, n is the number of object points, i is the image 

subscript, and j is the object point subscript.  If a point j does not appear on image i than a 

zero submatrix is used.  When the normal equations are being formed it is recommended 
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to compute the standard deviation of unit weight, or the a posteriori reference variance, 

which is a unit less scalar quantity that describes the uncertainty found in the 

observations post adjustment.  It is a function of the various weight matrices (image 

coordinate accuracies, exterior orientation parameter accuracies, and the object point 

accuracies) propagated into the misclosure of the collinearity and object point 

observation equations.  The a posteriori standard error of unit weight can be computed as 

 

 

!! !
!!"!!!"!!" ! !!!!!!!!

!!! ! !!!!!!!!
!!!

!
!!!

!
!!!

!! !!!!!!!! !    (3.54) 

 

Where n.o. is the total number of observations and n.u. is the total number of unknowns 

in the adjustment model.  Since the observation equations are nonlinear an iterative 

approach is used based on a set of initial approximations for the observations (image 

point coordinates, exterior orientation parameters, and object point coordinates).  The 

unknowns, !, are solved for and consists of corrections to the adjustment parameters, 

which are then applied to the current approximation to yield an updated value used for 

the next iteration.  The process is repeated until the corrections are very small, or 

essentially unchanged from the previous iteration.  This condition is referred to as 

convergence and is usually measured by analyzing the a posteriori reference variance for 

change.  Once the solution converges the normal equations are then scaled by the a 
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posteriori reference variance to compute the final variance co-variance matrix for the 

adjustable parameters as  

  

!!! ! !!!!!!!    (3.55) 

 

Where the resulting matrix is block diagonal with variances of the exterior orientation 

parameters and the object point coordinates consistent with how the N matrix was 

formed.  The standard deviations of the adjustment parameters are the computed by 

taking the square root of the diagonal variances.   
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CHAPTER 4  

VECTOR ADJUSTMENT MODEL 

 

4.1 Vector Adjustment Model 

The vector adjustment model used to determine the positional accuracy of road vectors is 

built upon the photogrammetric bundle adjustment model and extended to include vector 

shape points as the object points.  Since the object points are expressed in three 

dimensions, the elevations for the shape points are estimated using a 1/3 arc second raster 

DEM obtained over the area of interest from the USGS National Elevation Dataset 

(NED) (USGS, 2011a).  For this research, road features from the OSM database and 

surveyed ground control points (GCP’s) were used as the object points in the adjustment 

model to determine the positional accuracy of the vector shape points.  The general idea 

is to use heavily weighted (well-known) GCP’s and image coordinates to enforce the 

collinearity concept to solve for the true location of the OSM shape points.  The 

adjustment residuals then describe the difference between the adjusted (true) location and 

the OSM database position.  In addition, since this is a rigorous application, where the 

uncertainties in GCP’s, image coordinates, and object points are known, error 

propagation is used to compute confidence regions about the adjusted shape point 
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locations (CE90 and LE90).  The overall concept is depicted in the following schematic 

diagram. 

 

 

Figure 4.1. Schematic diagram of the vector adjustment concept 

 

In Figure 4.1 the SP represents the OSM shape points from the geographical database that 

make up a particular road vector being tested.  Image coordinates of the OSM shape 

points are measured on each stereo image and used as input to the adjustment model.  

The image coordinates are considered to be well known (heavily weighted) and will 

ultimately control the adjusted shape point location in ground space.  The assumption 

here is that the imagery is considered to be “truth”, either more updated or of higher 
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importance than the OSM database location.  In addition, initial approximations for the 

EO parameters are provided to facilitate the adjustment process, note the EO parameters 

are solved for in the adjustment so an initial estimate is all that is needed.   

 

Well-known (heavily weighted) GCP’s are considered the absolute control for the 

adjustment.  GCP’s are measured in the imagery and used with their ground space 

coordinates in the adjustment.  Since the GCP’s are used to formulate the analytical 

stereo model and to create the image-to-ground relationship, it is important that they be 

known to a high degree of accuracy.  Furthermore, it is essential for the GCP’s and OSM 

shape points to be referenced to the same horizontal/vertical datum and map projection to 

minimize any misalignment that could otherwise be removed.  Well-known GCP’s in 

image space and ground space are used with well-known image coordinates of the OSM 

shape point to determine the position of the sensor exposure station.  Once the exposure 

station is known it can be used in conjunction with the image coordinates to solve for the 

ground space coordinates of the OSM shape points by enforcing the collinearity 

condition.   

 

The OSM shape point locations, from the OSM database, and elevation estimates are 

used as initial approximations for the object point locations in the vector adjustment.  In 

addition their estimated accuracies (a priori standard deviations) are used to control how 

much the OSM database points are adjusted.  Therefore, it is very important that proper 

weights are assigned to the OSM shape points to ensure the adjustment of the shape point 



 

89 

is not constrained in anyway that would otherwise prevent the point from being adjusted 

to its correct location.   

 

The outputs from the vector adjustment are (1) adjusted OSM shape point locations, (2) 

shape point adjustment residuals (which describe the positional accuracy), and (3) 

confidence regions about the adjusted shape point locations (CE90/LE90).  

 

The relationship between the stereo images and an OSM shape point is an extension to 

the space resection problem; the geometric model can be visualized in the Figure 4.2. 

 

 

Figure 4.2. Geometric diagram of the vector adjustment model 
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Where, L1 and L2 are the exposure station coordinates for stereo image one and two and j1 

and j2 are measured image coordinates of the OSM shape point, J, on images one and 

two.    Once the image and object space coordinates are estimated they can be used as 

initial approximation in the vector adjustment model.  The collinearity condition, which 

states that the exposure station, an object points image derived location, and the object 

point in ground space all lie on a single line is used to form the observation equations 

used in the bundle adjustment.  

 

The minimum number of object points needed to perform the adjustment is a function of 

the unknown parameters being solved for and the number of observation equations.  For 

example, there are six exterior orientation parameters being solved for on each image, 

times two images equals twelve, plus three parameters for an object point equals fifteen 

parameters total.  Each object point contributes four observation equations, two for the 

left image and two for the right image, which leads to a minimum four objects points 

needed to produce sixteen observation equations and leaving one degree of freedom.  

Every additional object point added to the adjustment results in a net gain of one degree 

of freedom (redundancy).  The minimum number of object points needed to solve the 

vector adjustment can be expressed as: 

 

 

!"#"$%"!!"#$%&'()&!!"#"$%&%#'! 
!! !"!!"#"$%&%#' ! !!! !"#$%& ! !!! !!!"#$%&!!"#$% ! !!" 
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Therefore 
 

4 (object points) * 4 (observation equations) = 16 
 

number of object points: 
!"!! ! ! 

 
And, 

 
degrees of freedom (redundancy): 

16-15=1 
 

4.2 Adjustment Weighting 

The concept of weighting in the vector adjustment is very important and directly impacts 

the adjusted values, as well as the estimated uncertainty of the adjusted points.  

Adjustment weighting consists of assigning a numerical value to the adjustment 

observations and parameters based on how well the specific quantity is known.  Weights 

are determined for both (1) the image points, based on an a priori estimate of how well 

the points can be measured on the image, and (2) the object point coordinates, which 

consist of the GCP’s and vector shape point accuracies.   

 

The general idea is the higher confidence a user has in a measurement the smaller the 

standard deviation will be assigned to that measurement.  For example, the GCP’s used in 

this study were established by GPS survey, therefore the accuracies assigned to these 

coordinates are very small, on the order of 10-cm or less in the x, y, and z components.  

One can reason that a small standard deviation corresponds to a high user confidence in 

the numerical value of the measurement.  On the other hand, the vector shape point 

coordinates were determined with less stringent methods; such as measuring a single 
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satellite image or with a hand held GPS receiver.  In this case the coordinates are much 

less well known, i.e. a user has less confidence in the accuracy of the point, so a standard 

deviation on the order of a few meters could be realistic.   

 

In most cases the accuracy of the OSM shape points will not be known a priori, therefore 

the following approach can be implemented to estimate initial approximations.  First, 

assign an arbitrary large standard deviation to the OSM shape points (like 10 meters, or 

so).  Second, run an adjustment to determine the shape point residuals and compute the 

RMSE of the shape point residuals to estimate the positional displacement.  Thirdly, use 

the RMSE value and residuals to estimate a priori standard deviations for the OSM shape 

points.  Lastly, rerun the adjustment to compute accurate adjusted OSM locations, shape 

point residuals (which describe the positional accuracy), and confidence regions about the 

adjusted shape point locations (CE90/LE90).   

 

4.3 Absolute Accuracy 

Accuracy is a term that refers to the closeness between measurements and their true 

values (Anderson and Mikhail, 1998).  The closer a measurement is to the true value the 

better accuracy the measurement has.  In reality, the true value is not known and can only 

be estimated by making measurements and analyzing those measurements.  Therefore, 

the true value is often referred to as the expected value and can be measured by 

computing the average or mean of a subset of measurements.  Additionally, the 

measurements themselves are not perfect quantities and are subject to errors resulting 
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from the people making the measurements, the equipment used to make the 

measurement, and random noise in the measurements themselves.  Mainly, there are three 

types of errors considered when making measurements and can be categorized as (1) a 

blunder or mistake, (2) a systematic error, and (3) a random error.  To compensate and 

correct for measurement error the relationship between the errors, measured values, and 

true values must be considered.  In general an error can be defined as 

 

!""#" ! !"#$%&"'!!"#$% ! !"#$!!"#$%!    (4.1) 

 

Similarly, to correct for an error one applies a correction, defined as 

 

!"##$!%&"' ! !"#$!!"#$% !!"#$%&"'!!"#$%!    (4.2) 

 

With the correction defined as the negative of the error. 

 

Product accuracy statistics summarize the dispersion of the individual errors of a large set 

of check points.  The military targeting community requires an accuracy statistic that 

combines biases and random errors and then estimates them at the 90% probability level.  

Vertical accuracy is reported as a linear error (LE) because it is an uncertainty along the 

single vertical accuracy.  Horizontal accuracy is a function of the two horizontal 

dimensions in the x and y directions.  It can be considered a circular error (CE), which 
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refers to the radius of the circle, centered about the derived location, within which the 

true or expected location of points lies (Ager, 2002). 

 

According to Ager (2002) there are two general methods for computing 90% probability 

statistics.  One method merely uses the 90th percentile of the errors, and the other seeks to 

convert standard deviations or root-mean-square errors, which each describe 68% of a 

Gaussian distribution, to a 90% statistic.  The latter is utilized in this research.   

 

4.3.1 Absolute Horizontal Accuracy (CE90) 

Ager (2002) suggests that the absolute horizontal accuracy can be computed from the 

following steps: 

 

(1) Calculate the mean error in each horizontal axis by 

 

!! !
!!!!

!!!
! !    (4.3) 

!! !
!!!!

!!!
! !    (4.4) 

 

Where, n is the number of measurements, and !!! and !!! being defined as 

 

!!! ! !"#$%&"'!!! ! !"#$!!! !    (4.5) 

!!! ! !"#$%&"'!!! ! !"#$!!! !    (4.6) 
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(2) Calculate the horizontal bias by 

 

!! ! !!! ! !!!!    (4.7) 

 

(3) Calculate the standard deviations along the x and y axes by 

 

!! !
!!! ! !! !!

!!!
! ! ! !    (4.8) 

!! !
!!! ! !!

!!
!!!

! ! ! !    (4.9) 

 

(4) Calculate the horizontal standard deviation as 

 

!! !
!!! ! !!!

! !    (4.10) 

 

(5) Calculate the absolute CE by combining the horizontal bias and the standard deviation 

and convert to a 90% probability, keeping in mind the following conditions. 

 

When !!/!! is < 0.1 
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!"#!!"!" ! !!!"#!!! !    (4.11) 

 

When 0.1 <!!!/!!# 3 

 

!"#!!"!" ! !!!"#!!! ! !!!"#$!! ! !!!"#!
!!!
!!

! !!!"" !!
!

!!!
!    (4.12) 

 

When !!/!! > 3 

 

!"#!!"!" ! !!!"#!!! ! !!!"!#!!! !    (4.13) 

 

4.3.2 Absolute Vertical Accuracy (LE90) 

Ager (2002) suggests the following steps for polynomial combination of means and 

sigmas to compute the linear error at the 90% probability (LE90). 

 

(1) Calculate the mean vertical error by 

 

!! !
!!!!

!!!
! !    (4.14) 

 

Where, n is the number of measurements, and !!! is defined as 
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!!! ! !"#$%&"'!!! ! !"#$!!! !    (4.15) 

 

(2) Calculate the standard deviation of the vertical errors by 

 

!! !
!!! ! !! !!

!!!
! ! ! !    (4.16) 

(3) Calculate the absolute LE by combining the mean and standard deviation and convert 

to a 90% probability estimate, keeping in mind the following conditions. 

 

When !! ! !!!!!! 

 

!"#!!"!" ! 

!! ! !!!"#$!!! ! !!!!!""# !! ! !!!"##"$ !!
!

!!
! !!!"!#$$ !!

!

!!!
!

   (4.17) 

 

When !! ! !!!!!! 

 

!"#!!"!" ! !! ! !!!"!!!! !    (4.18) 

 

4.3.3 Root Mean Square Error (RMSE) 

The root mean square error (RMSE) is defined as the square root of the average squared 

discrepancies in coordinate values (ASPRS, 1990).  The RMSE is made up of the mean 

square error (MSE) in the various x, y, and z components.  The MSE is a value measuring 
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the sum of the squared differences between a measured value and it’s truth-value and is 

defined by Anderson and Mikhail (1998) as 

 

!"# ! !! ! !!!
! !    (4.19) 

 

Where x is the measured value, t is the truth-value, and n is the number of measurements.  

In reality, the truth-value is rarely known, so this work seeks to replace truth with the best 

estimate of the measured value.  For example, the GPS established ground control points 

used in the bundle adjustment are considered truth, while their values were actually 

determined by measurement with inherent uncertainty.  However, the positions are the 

best estimate of truth and will be used as such.  Similarly, the adjusted quantities from the 

bundle adjustment for the image point and object point coordinates are considered truth-

values and are compared to the measured values for the MSE computation.  Root mean 

square positional error can then be defined by taking the square root of the MSE in the x 

an y directions.   

 

!"#$ ! !"#! !!"#!!    (4.20) 

 

Adding in the !"#! term allows for a total root mean square computation described as 
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!"#$%!!"# ! !"!! !!"#! !!"#!!    (4.21) 

 

The RMS statistic can then be used to describe positional, vertical, or the total uncertainty 

present in a set of like measurements.    

 

4.4 Chi-Square Distribution 

The chi-square distribution, !!, compares the relationship between the population 

variance and the variance of a sample set, based on the number of redundancies in the 

sample (Wolf and Ghilani, 1997).  If a random set of n observations y1, y2, … yn, is 

selected from a population that has a normal distribution with mean µ and variance $2, 

then by definition the !! sampling distribution is defined as 

 

!! ! !!!
!! !    (4.22) 

 

Where, v = n-1 and represents the number of degrees of freedom in the sample, n is the 

number of measurements in the sample, !! is the sample variance, and !! is the 

population variance.  A plot of a general chi-square distribution is shown in Figure 4.3. 
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Figure 4.3. !! distribution curve 

 

With, the shape of the curve being defined by the number of redundancies (degrees of 

freedom) and the critical !! value being a known constant for the number of 

redundancies in the model obtained from the chi-square distribution table.  To find the 

area under the right side of the curve, the rejected region, that starts at some specific !! 

value and goes to infinity, simply intersect the row corresponding to the appropriate 

number of degrees of freedom, v, with the column corresponding to the desired area 

under the curve.  For example, to find the specific !! value relating to 1% (%=0.01) of the 

area under a curve having 10 degrees of freedom, use the chi-square distribution table to 

intersect the row headed by 10 with the column headed by 0.01 to yield the !! value of 

23.21.  This means that 1% of the curve is between the values of 23.21 and infinity (Wolf 

and Ghilani, 1997).   

 



 

101 

In the bundle adjustment, the chi-square distribution is used to compare the variance 

computed from the measurements in the adjustment model with a standard population 

variance for the redundancy present in the model.  Passing the chi-square test ensures that 

the computed sample variance is behaving consistent with that of a larger population. 

 

4.5 Buffer Testing 

The buffer testing is a method of comparing the geometry and location of a tested vector 

against a truth vector and was introduced in the literature review by Goodchild and 

Hunter (1997).  The idea is to select a reference vector that is known to represent the truth 

dataset and buffer it according to the known uncertainty in the vector.  The tested vector 

is then compared with the buffer region to determine the length of the tested vector that 

resides inside the buffered region.  The length of the test vector that falls inside the truth 

buffer is then compared to the total truth vector length to yield a percentage that 

represents the agreement between the tested vector and the truth vector.  The approach 

can be visualized in Figure 2.1. 

 

The method is applied to this research by comparing a truth road vector, determined by 

high order GPS ground survey techniques, to a tested vector.  The tested vector is the 

result coming out of the vector adjustment model.  To demonstrate the improvement the 

adjustment made over the original OSM database position, the OSM database vector was 

also compared with the truth dataset to document a starting point.  
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CHAPTER 5  

EXPERIMENTAL RESULTS & ANALYSIS 

 

5.1 Overview of Testing Methodology 

The experimental results presented here are meant to test the accuracy of the proposed 

vector adjustment model and how well it recovers the actual positional displacement 

present in the input vectors.  Shape points from the OSM database will be used, along 

with aerial stereo imagery, a USGS 1/3 arc second DEM, and ground control points 

(GCP’s) as input to the vector adjustment model.  The output will consist of (1) the 

adjusted three-dimensional OSM shape points coordinates, (2) adjustment shape point 

residuals, which are the difference between the original database location and the actual 

real world location, also referred to as the positional accuracy of the shape point, and (3) 

accuracy statistics (CE/LE 90) describing the confidence in the adjusted shape point 

location. Three different configurations of OSM vectors will be tested and consist of a 

residential street, two-square blocks of city streets, and an intersection with a simulated 

displacement, or bias.  The three scenarios were chosen to test the performance and 

accuracy of the vector adjustment model by using typical vector geometries, commonly 

found in the OSM database, to determine the positional accuracy.   
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The positional accuracy will be measured by comparing shape point coordinate 

differences of the OSM database and an adjusted shape point location to the real world 

ground surveyed location.  For example, the difference between the OSM database and 

the surveyed location represents the actual positional displacement present in the shape 

point, similarly, measuring the difference between the adjusted shape point and the 

surveyed location describes the accuracy of the adjustment itself.  In addition, comparing 

the adjustment residuals to the original positional displacement, in the OSM database, 

will provide an understanding of how well the vector adjustment model recovers the true 

positional displacement.  Two different metrics will be used to quantify the positional 

accuracy between the OSM database, adjusted positions, and the real world survey 

derived locations.  The RMSE metric will be used to compare coordinates to truth, while 

the buffering method will be used to describe the similarity between the vector 

geometries.   

 

Since GCP’s are being used in the vector adjustment model to establish the exterior and 

absolute orientation of the imagery, one could argue that the number of GCP’s and their 

placement, in relationship to the tested vector, could affect the overall accuracy of the 

adjusted shape points.  For example, the positional accuracy might decrease when the 

number of GCP’s is decreased, or similarly, the geometric configuration of where the 

GCP’s are located on the ground with respect to the subject test vector might produce 

varying results.  Both of these implications will be tested, first by selectively removing 

GCP’s from the adjustment solution, re-computing the adjusted shape point coordinates, 
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and comparing these numbers to the surveyed ground truth.  Secondly, varying the GCP 

locations on the ground with respect to the tested vectors could provide insight into 

optimal GCP placement to yield the best results, which could lead to operational best 

practices.  This testing will seek to answer the questions of how many GCP’s are required 

to accurately predict the positional accuracy of input vector shape points? And how does 

the location of GCP’s on the ground affect the positional accuracy estimate coming out of 

the vector adjustment? 

 

The utility of the proposed approach will be demonstrated by conducting a head-to-head 

positional accuracy assessment of the OSM, TIGER 2007, and the USGS National Map 

(TNM) databases.  The city streets scenario will be used as the test location, along with 

vectors from the respective databases as input to the vector adjustment model.  The 

output will be used to quantify which database has the smallest positional displacement 

or the best positional accuracy, for the given location.  

 

5.1.1 Aerial Imagery & Digital Elevation Model 

The aerial imagery used for this project is aerial frame stereo imagery taken with a Leica 

(Wild) RC10 aerial photography camera (sensor) over the Purdue University campus in 

West Lafayette, Indiana on October 5, 1999.  The imagery has been scanned into digital 

format and has a scale of 1:4000 or 1” = 100 meters with a 12 centimeter ground sample 

distance (GSD).  The altitude of the aircraft was 610 meters above the terrain or 798 

meters above mean seal level (MSL) and was collected to include 80% forward overlap 
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and 60% side overlap.  The sensor was calibrated by the USGS and includes a camera 

calibration report, which was used for interior orientation and contains information such 

as calibrated focal length (152.4 mm), lens distortion parameters, and calibrated fiducial 

marks.  No GPS or Inertial Navigation System (INS) were used to provide positional or 

trajectory information of the sensor during the imagery acquisition.     

 

The Digital Elevation Model (DEM) is used to estimate initial approximations for the 

shape point elevations, and consists of a 1/3 arc second (about 10-meters) raster DEM in 

GeoTiff format downloaded from the USGS on December 8, 2011.  The National 

Elevation Dataset (NED) is the primary elevation data product of the USGS and is a 

seamless dataset with the best available raster elevation data of the conterminous United 

States, Alaska, Hawaii, and territorial islands.  The NED is the product of choice because 

it’s updated on a nominal two-month cycle to integrate newly available, improved 

elevation source data and is considered public domain with no monetary costs.  The NED 

is derived from diverse source data that are processed to a common coordinate system 

and unit of vertical measure, being geographic coordinates in units of decimal degrees, 

and in conformance with the North American Datum of 1983 (NAD 83).  All elevation 

values are in meters and, over the conterminous United States, are referenced to the North 

American Vertical Datum of 1988 (NAVD 88), however the vertical reference will vary 

in other areas.  The NED data is available nationally (except for Alaska) at resolutions of 

1 arc-second (about 30 meters) and 1/3 arc-second (about 10 meters), and in limited areas 

at 1/9 arc-second (about 3 meters) (USGS, 2011a).  Care was taken to ensure the 
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appropriate conversion between the NAD 83 and WGS 84 datum were applied when 

working with the dataset.   

 

5.1.2 The Truth Dataset 

The truth dataset was determined by locating the subject test vectors (road centerlines) 

with high order GPS surveying techniques.  The field survey campaign was conducted on 

July 5th and 6th, 2012 on the campus of Purdue University in West Lafayette, Indiana.  

The purpose of the survey was to locate the actual real world positions of the road 

centerlines being tested, as well as establish additional GCP’s to facilitate the testing.  

The GPS equipment used was a Leica Viva RTK system and consisted of a GPS receiver 

(rover) connected to the INDOT INWL CORS (base station) via a digital data modem.  

This type of setup allows the user to connect directly to a zero order control point and 

receive adjusted survey grade coordinates at the rover in real time.   

 

Existing control were used as checkpoints to ensure the newly established control points 

were spatially consistent with the existing points, as to build one heterogeneous control 

network.  The points were collected in metric units using the Indiana State Plane 

Coordinate System (west zone).  This coordinate system was referenced to the NAD83 

(CORS) datum and required a conversion to the WGS 84 (G1150) datum to facilitate the 

testing.  The conversion was made using the NGS Horizontal Time Dependent 

Positioning (HTDP) software and resulted in shifts in the x and y directions of -0.47 m 

and 0.85 m, respectively (NAD 83 (CORS) to WGS 84 (G1150)).  The elevations 
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collected in the field were referenced to the GRS 80 ellipsoid and were converted to 

orthometric heights using the NGS GEOID 09 gravity model and tied to the North 

American Vertical Datum of 1988 (NAVD 88).  Overall, the survey went very well with 

checks into existing control matching very well.  In total, about 35 new control points 

were located and will be used as GCP’s and checkpoints for the testing.  

 

5.2 OSM Scenario Testing 

Three scenarios were tested from the OSM database, (1) a residential street, (2) two-

square blocks of gridded city streets, and (3) an intersection with a simulated shift, or 

bias.  The road centerline vectors used for this testing were located on the Purdue 

University campus and were extracted from the OSM database on December 2, 2011 

(OpenStreeMap, 2011).  The open source GIS package Quantum GIS© (QGIS) was used 

to convert the OSM proprietary files (.osm) to ESRI Shapefile format (.shp) and extract 

the vector shape points coordinates (QGIS, 2011).  The two-dimensional coordinate 

information is based on the WGS 84 (G1150) datum and projected to the Universal 

Transverse Mercator (UTM) mapping projection in metric units.  The elevations for the 

shape points were estimated using the USGS DEM.   

 

The positional accuracy was determined using the above-described approach with the 

surveyed GCP’s and OSM vector shape points as control in the vector adjustment model.  

Since the accuracy of the GCP’s are much better than the OSM points, the GCP’s were 

given a higher weight (lower a priori standard deviation) to put more emphasis on those 
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measurements in the adjustment.  Conservative estimates were assigned a priori for the 

standard deviations of the GCP’s at 10 centimeters, or lower in the x, y, and z directions.  

The OSM shape point accuracies were determined by (1) assigning a large a priori 

standard deviation of 10 meters in the x, y, and z direction, (2) running an adjustment, (3) 

analyzing the residuals of the vector shape points for average movement, and (4) re-

defining the a priori standard deviations to the average residual in each direction.   

 

Holding the GCP’s fixed with a high weight allows the imagery to be orientated with 

respect to these points, which are known to have a high absolute accuracy in ground 

space.  Since the vector shape points are less well known they have a lower weight that 

allows them to move in the adjustment process.  The results of the adjustment will be a 

new vector shape point that is transformed to be consistent with the reference frame of 

the GCP’s and the measurements of the points on the imagery.  This hypothesis is backed 

up by theoretical models, such as space intersection by collinearity, and suggests the 

vector shape points will move closer to their “true” position as a result of applying the 

proposed model outlined in this research.  The idealized adjustment concept can be 

depicted in the following Figure. 
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Figure 5.1. Vector shape point adjustment concept 

 

Ideally, the adjusted vector shape point is adjusted toward the true location, based on 

measuring the stereo imagery.  The adjustment residual describes the distance between 

the unadjusted point and the transformed (adjusted) point.  The CE90 of the transformed 

point describes the confidence in the computed position and should encompass the true 

location of the vector shape point.   

 

The vector adjustment model used for this testing is an extension of the traditional 

photogrammetric bundle block adjustment, where OSM shape points are used as object 

points along with a light weight to allow the point to adjust to it’s real world location by 

enforcing the collinearity condition with heavily weighted GCP’s and image coordinates.  

The triangulation module (bundle adjustment) in the SOCET GXP© (version 3.2) 
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photogrammetry and geospatial exploitation software, by BAE Systems Corporation, was 

used to facilitate the adjustment testing.   

 

5.2.1 The Residential Street Scenario 

The initial test case was an OSM road vector, Ross Ade Dr. depicting the centerline of a 

curved residential subdivision road.  The area of interest is depicted in Figure 5.2; note 

the base imagery was georeferenced using the surveyed GCP’s, so an accurate spatial 

representation can be made between the OSM vector, the imagery, and the real world 

location of each.    

 

Figure 5.2. OSM and adjusted Ross Ade Dr. centerlines (bar scale is 30m) 
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Where the original OSM database representation of the centerline is in green and the 

adjusted centerline in blue.  Figure 5.3 shows a close up depicting the two centerlines.   

 

 

Figure 5.3. Close up of Ross Ade Dr. centerlines (bar scale is 30m) 

 

From visual inspection, one notes the adjusted centerline (blue) more closely 

approximates the actual centerline of the road, as depicted in the imagery.   

The adjusted vector shape point coordinates and the statistical confidence in those values 

are summarized in Table 4.  
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Table 4. Adjusted OSM shape point values for Ross Ade Dr. 
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The results were computed using 11 GCP’s to orientate the imagery in the adjustment 

model and the a priori standard deviations of the shape points being 2 meters in the x 

direction, 3 meters in the y direction and 0.1 meters in the z direction.  The a priori 

estimates for the GCP’s were much smaller at 10-cm in the x, y, and z directions.  The a 

posteriori reference variance for the adjustment is 0.98, signifying a properly weighted 

and unconstrained adjustment.  The adjustment residuals can be used to compute an 

RMSE value, which can then be used to describe the positional accuracy.  The adjustment 

residuals for Ross Ade Dr. are summarized in Table 5.  
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Table 5. Ross Ade Dr. adjustment residuals and RMSE values 
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The negative sign denotes a point moving in the south and west directions.  One notes 

some points moved less than others, presumably the closer the point is to truth, the less it 

moved as a result of the adjustment.  Overall, the horizontal RMSE was computed to be 

3.57 meters, which should represent the actual positional accuracy of the vector.  To 

verify this the original OSM database vector and the adjusted vector can be compared to 

the real world location determined by ground truth survey, as summarized in Table 6. 
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Table 6. Pre and post adjustment comparison of Ross Ade Dr. w/ surveyed ground truth 
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Analyzing these numbers suggests that 93% of the shape points moved closer to the real 

world ground truthed estimate of the actual centerline.  Point 1423_T7 shows to have 

moved slightly away from truth, but when considering the CE90 of the adjusted point at 

18-centimeters and the accuracy of the GCP’s used to orientate the imagery at about 14-

centimeters (horizontal), the difference is not out of line with what should be expected.  

Furthermore, the numbers indicate the actual positional displacement present in the OSM 

vector is 3.37 meters, compared to 3.57 meters as estimated from the vector adjustment.  
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This equates to a 94% accuracy rate for recovering, or estimating, the actual (true) 

positional accuracy using the proposed method.  In addition, the post adjustment RMSE 

value of 0.79 meters shows an improvement of 77% over the OSM database value of 3.37 

meters, which confirms the usefulness of the proposed method to “correct” geospatially 

inaccurate vector data.   

 

Another way of assessing the positional accuracy of vector data is by using the buffering 

method, where the truth centerline is buffered according to the known spatial accuracy 

and the tested centerline is compared to determine how much of the tested vector falls 

inside the buffered truth region.  The buffer size for the test was selected based on the 

accuracy to which the truth vector is known, e.g. in this study the ground truthed roads 

were established to a high degree of positional accuracy, less than 10 cm in each x, y, and 

z components.  However, the degree to which the measured truth point represents the 

actual centerline of the road is somewhat larger, most likely on the order of 1-meter, or so 

because of the non-descript nature of a large intersection, traffic, etc.  Therefore, the 

buffer results were run twice, once with a 1-meter buffer and another time with a 2-meter 

buffer, in order to show how the results change as the buffer region grows.  The results 

for the Ross Ade Dr. centerline are summarized in the following table. 

Table 7. Buffer test results for Ross Ade Dr. 
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Where, the truth centerline was buffered and compared to the OSM database vector and 

the adjusted centerline vector.  The numbers indicate an improvement as a result of 

applying the adjustment.  One thing to keep in mind with the buffer test is how accurately 

the OSM database vector represents the real world truth centerline, e.g. in the Ross Ade 

Dr. case the OSM vector seems to have a series of PI’s along the curved road on the 

north, which could provide a reason for the shape point to be located off the actual 

centerline of road.  Therefore, care should be taken in the adjustment setup (image 

mensuration) to ensure the shape point is measured on the imagery consistent with what 

the OSM database point is intended to model.  

 

Along with assessing positional accuracy by looking at adjustment residuals as numbers 

in tabular format, it can also be helpful to visualize the results in a graph or picture 

format.  For example, by looking at residuals as velocities, with a magnitude and 

direction, the Matlab quiver plot function allows one to see how the OSM database point 

moved as a result of applying the adjustment.   
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Figure 5.4. Velocities of Ross Ade. Dr. adjustment residuals 

 

Figure 5.4 shows the OSM database shape points and arrows pointing in the direction that 

the shape point was moved as a result of the adjustment.  The arrows can be thought of as 

representing the velocity of the shape point residual with the scale of the arrow 

representing the relative magnitude of movement and direction, in relationship to the 

other points, e.g. a point that moved more has a larger scaled arrow.  However, it is 

important to note that the length of the arrow does not represent the actual residual value 

itself.  
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5.2.2 OSM City Streets Scenario 

The city streets scenario is meant to test a larger area of the OSM database for positional 

accuracy by measuring the intersections of urban gridded street vectors.  This scenario is 

located near the center of the Purdue University campus and covers two-square blocks 

along 3rd, 4th, 5th, Russell, Waldron, and University streets.  The objective here is to 

measure the centers of the intersections on the stereo imagery to test the corresponding 

vector shape point from the OSM database.  The results will be compared to ground truth 

by comparing coordinates of the intersection in the OSM database and the adjusted shape 

point to the GPS surveyed locations.  Both of the vectors can be visualized in Figure 5.5, 

where the original OSM database vector is in green and the adjusted vector is in blue.   

 

 

Figure 5.5. OSM and adjusted vectors for the city streets scenario (bar scale is 30m) 
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Again, the base imagery has been georeferenced with the surveyed ground control points 

so an accurate spatial relationship can be drawn between the vector data and the real 

world surroundings depicted in the imagery.  A close up view showing the OSM and 

adjusted centerlines of two areas is provided in Figure 5.6 and 5.7. 

 

 

Figure 5.6. Close up view of city streets results area 1 (bar scale is 30m) 
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Figure 5.7. Close up view of city streets results area 2 (bar scale is 30m) 

 

Visual inspection shows the adjusted vectors more closely match the centerline of the 

road in the imagery, as compared to the original OSM database vectors.  The adjusted 

shape points coordinates and statistical confidences are shown in Table 8. 
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Table 8. Adjusted shape points for the OSM city streets scenario 
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Where, 24 GCP’s were used with a priori standard deviations of 2 centimeters in the x 

direction, 2 centimeters in the y direction, and 1 centimeter in the z direction.  The a 

priori standard deviations for the OSM shape points were significantly higher in the x, y, 

and z directions at 2, 3, and 0.20 meters, respectively.  The same process was used in this 

scenario as was used in the previous, where liberal weights were assigned to the shape 

points, running an adjustment, analyzing the residuals for average movement, and re-

running the adjustment with realistic a priori estimates.  The a posteriori reference 

variance for this adjustment is 0.89, signifying the a priori weights going in are 

consistent with the uncertainty found in the observations post adjustment. 
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A generous amount of vary accurate GCP’s were used (24) in the adjustment model for 

two reasons (1) the experimental results should be determined with the best information 

available to help ensure accuracy and confidence in the numbers, and (2) the GCP 

scenario testing, conducted in the next section, aims to thin (or remove) control points to 

establish a minimum number of GCP’s needed to produce reliable results.  Therefore, the 

base numbers used for comparison should be derived with a high degree of confidence.  

Realistically, practical applications using the proposed method will require far fewer 

GCP’s to achieve the same accurate results.  The adjustment residuals are summarized in 

the following table. 

 

Table 9. City streets adjustment residuals and RMSE values 
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One notes the higher RMSE value in this scenario compared to the previous (3.57 

meters), suggesting this group of vectors has more positional displacement.  Also, it is 

interesting that the elevation residuals are close to zero at the centimeter level, signifying 

little difference between the estimated shape point elevation and the adjusted elevation.  

To investigate this further and to assess the performance of the adjustment, the results are 

compared to the true surveyed values in the following table.   

 

Table 10. City streets truth comparison 
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Where, "X, "Y, and "Z represent the difference between the original OSM database 

value and adjusted shape point values with the location determined in the truth dataset.  
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The results show that three of the points (OSM 137 and OSM28) actually moved farther 

away from truth as a result of the adjustment, however one should remember the truth 

values were determined by estimating the center of a wide non-descript road intersection 

with traffic, making it difficult to measure the exact center of the roadways.  So, it is 

possible the adjusted positions are closer to truth than the deltas initially suggest, 

especially when considering the CE90 of the two shape points at 13 and 16 centimeters, 

respectively.  Furthermore, to address the vertical difference the USGS DEM states it was 

built using stereo photogrammetry methods referenced to the NAVD 88 datum.  

Similarly, the GCP’s used to orientate this imagery are referenced to the NAVD 88, so 

it’s possible the DEM elevations are close to the adjusted elevations (especially in wide 

flat road intersection areas).  One should also keep in mind the accuracy of the adjusted 

elevations of the shape points at 20 centimeters (LE90), suggesting ambiguity in 

differences below this threshold.   

 

The surveyed ground truth was determined in July of 2012, while the imagery was flown 

earlier in 1999.  The challenge here was accounting for the construction that took place in 

the 12+ years in between.  For example, it was evident that the roads associated with 

OSM shape points 557-573 have been rebuilt by the newer looking pavement, and it is 

possible there was a grade change associated with the reconstruction project that could 

account for the larger elevation differences seen in these points.  
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An additional check to ensure the adjustment produces reliable results was implemented.  

Several GCP’s were included in the adjustment as “check points” only.  Check points do 

not influence the outcome of the adjustment, rather their carried along and positioned 

using the computed model-to-ground relationship.  The objective is to have known points 

that can be carried through the adjustment process to verify the performance of the vector 

adjustment.  Table 11 contains the differences between the check points adjusted 

coordinates and the truth coordinates measured with GPS. 

Table 11. Check point comparison 

PT. ID. !X 
(Meters) 

!Y 
(Meters) 

!Z 
(Meters) 

CKPT1 -0.01 0 0 
CKPT2 -0.12 0.08 -0.12 
CKPT3 0.06 -0.02 0.03 
CKPT4 0.15 -0.27 0.08 
CKPT5 -0.08 0.03 -0.08 
CKPT6 -0.09 0.02 0.06 

 RMSE 0.15  
 

The results in Table 11 show the RMSE of the check points to be 15 centimeters, which 

is in line with the average CE90 of the vector shape points at 14 centimeters.  This is 

another metric that provides confidence in adjusted shape point positions in Table 8. 

 

Overall, the RMSE improved post adjustment from 4.81 meters to 0.68 meters, an 86% 

improvement.  Similarly, the positional accuracy determined by the adjustment was 5.04 

meters (RMSE) compared to 4.81 meters (RMSE) for the difference between ground 

truth and the OSM database.  This equates to a 95% success rate in the vector adjustment 
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for recovering the positional accuracy.  Another way of assessing the performance of the 

adjustment is by comparing the location of original OSM database vectors and the 

adjusted vectors to the truth vectors using the buffer test.  The results are given in the 

following table. 

Table 12. Buffer test results for the city streets scenario 
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These results indicate that a significant improvement was realized from the adjustment, 

with 98% of the post adjustment vector being within 1 meter of the truth vector, 

compared to only 36% before adjustment.  As was the case in the previous scenario, 

visual analysis can help to understand the positional accuracy of the tested vectors, e.g. a 

quiver plot showing the velocities of the residuals for the city streets scenario is depicted 

in the following figure.   
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Figure 5.8. Plot of residual velocities for the city streets scenario 

 

One can rapidly assess which shape points moved the most and in what direction, as a 

result of the adjustment, to become more positionally accurate.   

 

5.2.3. OSM Shifted Intersection Scenario 

The shifted intersection scenario was designed to test the vector adjustment against a 

geographic dataset that contains a positional shift or bias, with the expectation that the 

adjustment will successfully recover the actual positional displacement.  To facilitate the 

test, the original OSM vectors of an intersection were shifted 15 meters north and 15 
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meters east (or 21.2 meters Northeast).  The adjustment residuals should then show the 15 

meters, in the south and west directions (negative values), plus or minus any additional 

movement resulting from where the original OSM vector had to move to become 

positionally accurate.  Both the original OSM shifted vectors (green) and the adjusted 

vectors (blue) are shown in the following figure. 

 

 

Figure 5.9. OSM and adjusted vectors for shifted intersection scenario (bar scale is 30m) 

 

Visually, one notes the improvement of the adjusted vector in the georeferenced imagery.  

The adjusted shape point values and accuracies are listed in the following table. 
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Table 13. Adjusted shape point values for the shifted intersection scenario 
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Where, the adjusted values were computed using 24 GCP’ s with a priori standard 

deviations of 5 centimeters in x/y directions and 8 centimeters in elevations.  The shifted 

shape points were estimated at 17 meters in the x/y directions and 10 centimeters in 

elevation.  The adjusted a posteriori reference variance is 0.89, signifying a properly 

weighted adjustment.  The adjustment residuals are described as  

 

Table 14. Adjusted shape point residuals for the shifted intersection scenario 
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The residuals confirm the movement of the tested vector in the south and west directions 

to become positionally accurate.  In addition the RMSE value of 22.41 meters is close to 

the shifted amount of 21.2 meters.  Most likely, the remaining difference can be 
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attributed to the amount of positional displacement present in the original OSM vector 

before it was shifted.  To assess the accuracy of the vector adjustment, itself, the shape 

points should be compared with their surveyed ground truthed values. 

 

Table 15. Shifted intersection comparison with truth 
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Analyzing the numbers in Table 15 shows a large improvement of 98% in the post 

adjustment RMSE, which equates to the shape points being moved closer to their real 

world locations.  Additionally, the RMSE of the adjustment residuals at 22.41 meters is 

very close to the actual displacement present in the tested vector at 22.52 meters, 

suggesting the adjustment does a fine job (99%) of recovering the actual positional 

displacement.  To confirm this the buffer test was performed on the shifted (pre-

adjustment) and adjusted vectors with the results listed in the following table. 
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Table 16. Buffer test results for the shifted intersection scenario 

PDNN-/$AFQ-$

+,-.-/01$

AEFN.-J$

R$%G0FJ-$

IJKD0.-J$

R$%G0FJ-$

6$

8$
$
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*$
$

6**$

6**$
$

 
 

The results of the shifted vector at 0% is not surprising since the shift resulted in a vector 

that is more than 2 meters away.  However, the 100% accuracy of adjusted vector within 

1 meter of the truth vector suggests the vector adjustment is well tuned and can reliably 

be used to assess the positional accuracy of biased vector shape points.  Looking at the 

velocities of the shape point residuals provides visual confirmation that the adjustment is 

moving the point in the correct direction.    

 

 

Figure 5.10. Residual velocities for the shifted intersection scenario 
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5.3 GCP Scenario Testing 

The test scenarios presented above use 11 and 24 GCP’s to orientate the imagery and 

serve as the absolute frame of reference for the adjusted shape points.  One might suggest 

that the number of GCP’s is unrealistic, given the time and cost associated with 

establishing such high accuracy control points.  Therefore, it is necessary to determine 

the minimum number of GCP’s that are required in the adjustment model to achieve 

accurate results.  Similarly, one could argue that the actual location of the GCP’s in 

relationship to the vectors being tested might affect the positional accuracy determined 

from the adjustment.  To address these two concerns the OSM city streets road vectors 

will be used as input, along with varying numbers and locations of GCP’s to compute 

adjusted information that will be compared with the truth dataset.  

 

5.3.1 What is the Minimum Number of GCP’s Needed in the Adjustment to Produce 

Accurate Results? 

To answer this question the vectors that were used in the city streets scenario were 

adjusted with 24 GCP’s and compared with the corresponding truth-values.  This 

provided a baseline to compare with other adjustment runs that used 12, 6, and 3 GCP’s 

to compute the results.  The idea is to thin or remove control points until it has a 

noticeable impact on determining the positional accuracy.  The following figure depicts 

the 4 configurations of GCP’s in the stereo imagery that were used in the scenario testing. 
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Figure 5.11. GCP configurations used in the minimum number testing 

 

Where, (A) represents an adjustment using 24 GCP’s, (B) using 12, (C) using 6, and (D) 

using 3, in relationship to the vectors being tested.  The same a priori standard deviations 

for the GCP’s at 5 centimeters in the x/y directions and 8 centimeters in elevation and the 

tested shape points at 2 meters in the x direction, 3 meters in the y direction, and 5 

centimeters in elevation were used for each adjustment.  The results of the adjusted shape 
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points being compared with truth for each scenario are summarized with the RMSE value 

in the following table. 

 

Table 17. RMSE values (adjusted – truth) for minimum number of GCP testing 

AH-GB/FX$ Y,A($+IJKD0.-J$O$"/D.E1$

+,-.-/01$

87$Z'![0$ 6#*9$

68$Z'![0$ 6#*;$

<$Z'![0$ 6#*;$

9$Z'![0$ 6#*7$

 
 

Analyzing these numbers show that the adjustment using 3 GCP’s is nearly identical to 

the adjustment using 24 GCP’s, which is a positive outcome when considering the use of 

the proposed vector adjustment model for practical, real world, applications.  

Additionally the cost, time, and resources needed to establish 3 GCP’s is significantly 

less than 24, while achieving the same level of performance from the adjustment. 

 

5.3.2 Where Should the GCP’s be Located in Relationship to the Tested Vectors? 

Now that the minimum number of GCP’s need for the vector adjustment has been 

established (3 GCP’s), the question of where they should be located in relationship to the 

tested vectors can be addressed.  To answer this question, 3 different configurations with 

varying locations of GCP’s were conducted.  The locations were chosen to have 3 GCP’s 

in a East-West fashion toward the North end of the imagery, 3 GCP’s in a North-South 
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fashion on the East side of the imagery, and 3 GCP’s bunched together in the Southwest 

corner of the imagery.  The location-based scenarios are depicted in the following figure. 

 

 

Figure 5.12. Location based GCP scenario testing 

 

Similar to the previous example these scenarios will use the OSM city street vectors as 

the test subject to compute adjusted shape points based on varying the location of GCP’s, 

the results of each adjustment, contained in the following tables, is compared with the 
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truth value to determine differences that were used to assess the performance of each 

adjustment.   

 

Table 18. Truth comparison (3-North GCP scenario) 
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Table 19. Truth comparison (3-East GCP scenario) 

$ IJKD0.-J$

!"#$%&#$ U3$

+,-.-/01$

U4$

+,-.-/01$

U5$

+,-.-/01$

@A,69;$

@A,69<$

@A,69=$

@A,8<$

@A,8=$

@A,8>$

@A,8>9$

@A,9)6$

@A,;;=$

@A,;;>$

@A,;;)$

@A,;=*$

@A,;=9$
$

*#9)$

*#7<$

6#6*$

*#69$

?*#88$

?6#98$

?*#*<$

?*#7*$

?*#;*$

?8#67$

?*#=>$

?*#<9$

?*#96$

$

!
"#$%$

?*#78$

*#*7$

?*#77$

?*#96$

?*#67$

?*#6=$

*#*8$

?*#87$

*#=6$

6#)9$

*#6<$

?*#<6$

?*#98$

$

$

1.07 

$

$

*#6>$

*#*9$

*#*6$

*#69$

*#*>$

*#*;$

*#*)$

*#*=$

*#89$

*#9)$

*#8)$

*#9*$

*#8=$

$

$

$

 

 

 

 

 

 

 

 

 

 



 

138 

Table 20. Truth comparison (3-Southwest GCP scenario) 
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Comparing the differences in the x and y directions between the three scenarios reveals 

some interesting results in that the numbers change depending on the location of the 

GCP’s.  This suggest that the adjusted shape points position varies according to where the 

GCP’s are located in relationship to the tested vectors.  However, the overall RMSE 

values of the actual differences with truth between the three scenarios are all similar, as 

indicated in the following table. 

 

 



 

139 

 

Table 21. RMSE values (adjusted – truth) for GCP location testing 

AH-GB/FX$ Y,A($+IJKD0.-J$O$"/D.E1$
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The RMSE values for each GCP configuration are within 4 centimeters of the baseline 

scenario, which was created using 24 GCP’s.  This indicates that even though the 

individual shape points vary the overall positional accuracy of the tested vectors can still 

be determined using the proposed method.  Furthermore, the results confirm that 3 GCP’s 

with varying locational configurations can be used to successfully determine the 

positional accuracy of the tested vectors.  It is interesting that the 3 GCP’s in the 

Southwest corner outperform the baseline scenario using 24 GCP’s, however this is most 

likely due to the 3 GCP’s fitting together better, in a spatial sense, when considering 

image coordinates (mensuration error) and ground coordinate accuracies (a priori 

standard deviations in x, y, and z).  Analyzing the average CE90 for the different 

adjustments suggests that the RMSE values in Table 21 may be more similar than one is 

led to believe by looking at the differences alone.  This is because the accuracy of the 

shape points is larger than the differences seen between the different scenarios. 
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This is a desirable outcome for two reasons (1) given that GCP’s are expensive and 

require a fair amount of resources to establish, needing only 3 GCP’s (seen in each 

image) to achieve accurate results makes using the proposed method for industry 

applications more practical, and (2) The placement of GCP’s on the ground with respect 

to the tested vectors can be somewhat flexible while still producing accurate results.  This 

is important because some areas that require testing might not be accessible or practical 

to access, e.g. hostile areas or rugged terrain, and will demand GCP’s be placed where 

practically appropriate.  

 

5.4 Feature Level Attributes 

Implementing the proposed approach provides an adjusted road vector that is close to 

truth, as indicated from the scenario analysis above.  The truth vector represents a 

location that is spatially accurate, in an absolute sense, in relationship to the actual 

features on the ground because it was derived by high-order geodetic surveying 

techniques (RTK GPS from a CORS) by a licensed professional surveyor.  Therefore, 

since the adjusted position of the road vector is close to the truth vector, it can be 

considered to be “positionally accurate”.  Following, having computed this valuable 

information it makes sense to store it at the feature level going forward so a user can 

easily access and exploit the information to help them make more informed decisions 

about the data they are working with.   
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A feature level attribute refers to saving information about an individual geometric 

feature in a geographic database, e.g. recording the shape point adjustment residuals, 

which describes it’s positional accuracy, as an attribute attached to that point.  Another 

example would be to store a RMS value, which describes a features positional accuracy, 

as an attribute for a road centerline feature.  Example attributes based on the adjusted 

information resulting from implementing the proposed approached are summarized in the 

following tables. 

 

Table 22. Adjusted shape point attributes 
 

Attribute Value (Meters) 
Type Shape Point 
%&$ @A,9)6$

3$ ;*<`)<9#*<$

4$ 7`7=;`8)<#=*$

Vx -2.20 
"$! !&'()!
Adj. X! 506,960.86!
Adj. Y 4,475,298.74 
Adj. Z 189.17 
CE90 0.13 
LE90 0.20 

 

Table 23. Adjusted polyline (road centerline) attributes 
 

Attribute Value (Meters) 
Type Polyline 
%&$ @A,7$

WF/0.$3$ ;*<`)<8#6;$

WF/0.$4$ 7`7=;`6>9#<<$

Last X 506,961.63 
2B0.$4$ 7`7=;`76*#8)8$

RMSE! 2.30 (Image Base XX) (Date)!
Length 227.17 
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Storing this information at the feature level would provide an improved analysis 

capability by the user.  For example, the adjusted position was derived to be positionally 

accurate with respect to the real world ground reference system and a certain image 

product.  The imagery could represent more updated or higher resolution products in 

which a user would like to discover the relationship to an unknown vector database.  The 

adjusted elevation adds a vertical component to natively two-dimensional data.  This 

information could be very valuable for military planners who wish to understand the 

vertical profile of the roadway or engineers who wish to study the drainage patterns along 

a road.   

 

The shape point residuals, Vx and Vy, provide a measure of where the point in the 

database should move to become more positionally accurate, with respect to the real 

world.  Additionally, the accuracies of the adjusted shape points themselves, CE90 and 

LE90, provide a user with confidence in the coordinate information because they were 

derived by implementing the proposed approach based on proven rigorous 

photogrammetric positioning principles.  Furthermore, this information could be instantly 

attainable by a user just by clicking on the feature of interest in a GIS.  Storing this 

information at the feature level allows for road vectors that were once “positionally 

challenged” to become more geospatially enabled and usable by their primary 

stakeholders in the database. 
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5.5 Head-to-Head Accuracy Assessments of OSM, TNM, and TIGER Roads 

The head-to-head accuracy assessment of OSM, the USGS National Map (TNM), and 

TIGER 07 roads is meant to demonstrate a practical application of the proposed vector 

adjustment model.  There are many applications that could benefit from knowing the 

positional accuracy of shape points and vectors in a geographical database, e.g. GPS 

navigation, vector-to-vector conflation problems, operational planning, and an improved 

decision making capability just to name a few.  In this example, vector road centerlines 

and shape points were extracted from each database for the same location used in the city 

streets scenario above.  Care was taken to ensure the datasets were referenced to the same 

horizontal and vertical datum, WGS84 and NAVD88 respectively.  Each dataset was 

adjusted independently using the same 24 GCP’s with the same a priori standard 

deviations (5-centimeters in x/y and 8-centimeters in elevation) and same image 

coordinates for the shape points.  The a priori standard deviations for the ground location 

of the shape points in each dataset were varied according to an estimate of the positional 

accuracy.  The following figure depicts each dataset referenced to an accurately 

georeferenced base image.   
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Figure 5.13. OSM, TNM, and TIGER 07 road centerlines (bar scale is 30m) 

 

Where, the OSM vectors are in green, TNM vectors in yellow, and the TIGER 07 vectors 

in blue.  From visual inspection, the TIGER 07 lines appear to be shifted more than the 

OSM or TNM.  However, keep in mind that a general user may not have base imagery or 

be comfortable with the accuracy of the georeferencing to make this judgment without 

the vector adjustment.  The horizontal adjustment residuals for each dataset are 

summarized in the following table. 
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Table 24. Adjustment residuals for OSM, TNM, and TIGER 07 
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Analyzing the numbers suggests that TNM roads have the best positional accuracy, as 

indicated by the smallest RMSE estimate of 2.89 meters, compared to OSM at 4.35 

meters and TIGER 07 at 19.17 meters.  This is also confirmed by comparing the shape 

point adjustment residuals, which shows that the TNM points moved less than the OSM 

and TIGER 07 roads.  Note the RMSE value for OSM is slightly different than in the 

analysis above because two points were removed so an accurate comparison could be 

made between the three datasets.  The TIGER 07 roads have the largest displacement, as 

suggested by visual inspection, with two of the shape points moving over 20 meters in the 

west direction.  Overall, the TIGER 07 roads appear to have a bias in the South and East 

directions, as indicated by the negative x-residuals and positive y-residuals.  It is also 
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helpful to look at the velocity plots, as depicted in the following figure, showing the 

direction and relative magnitude the shape points moved after adjustment.   

 

 

Figure 5.14. OSM, TNM, and TIGER 07 shape point velocities 

 

Where, plot (A) represents the OSM, (B) TNM, and (C) TIGER 07 shape point velocities.  

The quiver plots confirm the RMSE results in that the TNM arrows are smaller than the 

OSM and TIGER 07, suggesting that the shape points moved less as a result of the 
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adjustment and indicates a better positional accuracy.  Plot (C) clearly shows the bias in 

the Southeast direction of the TIGER 07 shape points.  Overall, implementing the 

proposed approach is successful in determining the positional accuracy of the vectors 

being tested.  Furthermore, the head-to-head test shows that this approach can be applied 

to real geographic databases to determine which vectors are more positionally accurate.   
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CHAPTER 6  

CONCLUSIONS & FUTURE WORK 

 

The proposed approach and vector adjustment model was developed to assess the 

positional accuracy of geographical vector data, such as road centerlines.  The OSM 

database provides a unique dynamic environment to use as the test subject for this 

research because its underlining purpose of providing open source mapping to the people, 

by the people, exemplifies the importance of knowing how good the data is.  For 

example, OSM contributors are mostly voluntary, non-professionals, who have an 

interest in mapping a local area they are familiar with.  In addition, there is no 

cartographic or data quality standards in place to ensure contributors “map” in a similar 

fashion or adhere to any specific equipment requirements (GPS), field collection 

procedures, image mensuration standards, or map accuracy standards.  However, the 

general assumption is that contributors themselves will correct inaccurate measurements 

over time.   

 

The need for this research topic was recognized after a comprehensive literature review 

was conducted related to quantifying the positional accuracy of geographical databases.  

Most of the current methods are based on comparing test vectors to a reference/truth 
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dataset that is known to have a better positional accuracy.  However, these methods are 

not rigorous in nature (thoroughly modeling and propagating error in the system) and 

require extensive resources to create such truth datasets.  For example, Haklay (2010) 

compares OSM roads to the Ordnance Survey of Great Britain (OS) roads, where OS is 

considered truth and to be more spatially accurate than OSM.  In this case, the OS 

database was created over many years by mapping professionals who are governed by 

mapping standards.   

 

To address this issue, the vector adjustment model presented here is based on applying 

rigorous photogrammetric positioning principles to determine the positional accuracy of 

vector shape points.  Aerial imagery was used to build an analytical stereo model, with 

GCP’s and vector shape points, to enforce the collinearity equations with a bundle 

adjustment.  Post adjustment the vector shape points are transformed to their “true” real 

world ground locations and the adjustment residuals describe the positional accuracy of 

the shape point.  Furthermore, accuracy estimates (CE90 and LE90) are computed for the 

adjusted shape points, which afford a user confidence in the information coming out of 

the adjustment.  

 

6.1 Conclusions 

The hypothesis of this research was confirmed.  By implementing the proposed approach 

and vector adjustment model the positional accuracy of OSM road vectors was 

determined with a high degree of confidence.  Scenario testing was conducted to 
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demonstrate the proof-of-concept for three different types of road centerlines found in the 

OSM database.  First, a residential subdivision road was tested where the horizontal 

adjustment residuals indicated a positional accuracy of 3.57 meters (RMSE), compared to 

3.37 meters computed by comparing the OSM road centerline to surveyed ground truth.  

This equates to a 94% accuracy rate for recovering, or estimating, the actual (true) 

positional accuracy of the road vector by implementing the proposed approach.  

Furthermore 93% of the shape points moved closer to their real world ground truthed 

location, while the remaining points had a difference within the expected limits when 

considering the CE90 of the adjusted shape points and the accuracy of the ground truth 

survey.   

 

The city streets scenario was designed to test OSM roads in urban areas where the roads 

are laid out in a gridded fashion and spaced at regular intervals to create blocks.  In this 

scenario the average accuracy of the post adjusted shape point locations were found to be 

12 cm (CE90) and 20 cm (LE90), which affords a user confidence in the adjusted shape 

point positions.  The results show the vector adjustment to have a 94% success rate of 

predicting the actual positional displacement found in the road centerlines, as indicated 

by comparing the RMSE value of the adjustment residuals (4.91 meters) to the RMSE 

value determined from the ground truth survey (4.63 meters).  Furthermore, the buffering 

method can be used to describe the positional relationship of a tested vector against a 

truth vector by computing a percentage of the tested vector that falls inside a buffered 
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truth vector.  The results show that only 36% of the OSM road centerline was within a 1-

meter buffer of the ground truthed centerlines, as compared to 98% post adjustment. 

 

The OSM shifted intersection scenario was designed to test whether or not the vector 

adjustment could recover the positional displacement of road centerlines that have a 

positional bias, or shift in their locations.  In this example two roads making up an 

intersection were shifted 15 meters North and 15 East (21 meters Northeast) from their 

original OSM locations.  The results show that the adjustment recovered a positional 

displacement of 22.41 meters (RMSE) compared to the truth-derived estimate at 22.52 

meters, a 99% success rate.  Furthermore, 100% of the post adjusted road vectors fall 

within a 1-meter buffer of the truth-determined centerlines.   

 

The proposed approach requires accurately known and heavily weighted ground control 

points (GCP’s) to be used as absolute control in the vector adjustment model.  Since 

GCP’s can be expensive to establish and in some cases require resources on the ground to 

survey the points, it is desirable to know the minimum amount of GCP’s needed to 

achieve accurate results.  Adjustment runs using the city streets scenario roads were 

conducted using 24, 12, 6, and 3 GCP’s to compute the positional displacement in the 

OSM database roads.  The adjusted shape points for each run were compared to their 

corresponding ground truthed locations and represented as an RMSE value.  The results 

show that an adjustment performed with 3 GCP’s produced an RMSE value of 1.04 

meters while an adjustment using 24 GCP’s was 1.03 meters.   



 

152 

 

Similarly, the location of the GCP’s in relationship to the tested vectors was investigated 

to determine if there was an optimal GCP location that resulted in a more accurate 

adjustment of the vectors.  For this test, 3 different adjustment runs were conducted using 

3 GCP’s in varying locations about the tested vectors.  The adjusted shape points for each 

run were compared to the ground truthed values and indicate that varying the locations of 

the GCP’s does in fact affect the positional accuracy coming out of the adjustment.  The 

results of the computed RMSE values ranged from 1.07 meters on the high end to 1.00 

meters on the low end.  However, when taking into consideration the average CE90 of 

the adjusted shape points in each scenario the results are most likely closer than this 

difference suggests.   

 

The GCP testing in this work is meant to provide some basic insights into the number and 

distribution of GCP’s needed to produce accurate results for this project, i.e. the proposed 

approach, area of interest, and imaging system.  It is important to keep in mind that 

different topography (mountainous or hilly terrain) and larger areas on the ground might 

require the use of more GCP’s, along with a strategic distribution, to accurately formulate 

the model-to-ground relationship.  Over the years, GCP testing has been the focus of 

many studies in photogrammetry (Ackermann, 1966; Hou, 1972; Malhotra, 1992; Krauss, 

2007; Ziobro, 2012) and LIDAR (James, et al. 2006; ASPRS, 2004; USGS, 2010); 

therefore the reader is referred to these studies for additional information. 
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To demonstrate a practical application of this research, a head-to-head accuracy 

assessment between OSM, TNM, and TIGER 07 road vectors was conducted, using the 

proposed vector adjustment model, to determine which database is more positionally 

accurate for the given test location.  The same coordinate values for the GCP’s, image 

coordinates, and associated a priori standard deviations were used for each adjustment.  

The only variable was the shape point coordinates from the respective database and their 

associated a priori accuracies.  The results show that the RMSE of the adjustment 

residuals were found to be 2.89 meters for the TNM, 4.35 for the OSM, and 19.17 meters 

fort he TIGER 07.  This demonstrates the proposed approach and vector adjustment 

model can (1) be used to compute the positional accuracy of vector shape points, and (2) 

be used to compare the positional accuracies of roads in different geographical databases.  

However, one should note that the computed accuracies are only valid for the vectors 

being tested and since geographical databases are known to contain spatial correlations at 

the local level, it is recommended to test vectors in varying geographic locations to 

substantiate the claims. 

 

6.2 Future Work & Recommendations  

Understanding the positional accuracy of road vector data can be very useful for many 

applications in Geospatial Science.  One application might be to use the adjusted shape 

point residuals output from the vector adjustment model as input for a “smart conflation” 

procedure.  For example, this scenario might include two road networks with varying 

attributes and geometries that could benefit from being integrated into one conflated 
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product.  Traditionally, the user specifies one of the datasets to be held as the reference to 

control the geometry (for matched features) that prevails in the conflated product.  This 

decision is usually based on the users overall knowledge and experience with the data and 

is made at the database or layer level.  However, implementing the proposed vector 

adjustment model could provide positional accuracy information at the feature level, i.e. 

individual road centerlines.  This information could then be used in a conflation solution 

where the matched features are compared and the one with the smallest positional 

displacement prevails as the reference and is used to control the conflated product.   

 

This research project utilized aerial frame imagery that covered an area of less than 1 

square-kilometer of area on the ground.  Although, it was useful for demonstrating this 

proof-of-concept, it would be beneficial to extend this work to satellite imaging 

technology.  For example, commercial satellites such as Quickbird are known to capture 

imagery having 10 square-kilometers, or more, of ground coverage.  This would allow a 

much larger piece of a vector database to be tested.  The positioning model for the 

imagery would be a bit different because satellites use scanning systems to acquire lines 

of imagery over time, which requires the use of sensor modeling to determine accurate 

image and ground coordinates.  Nevertheless, the sensor model could be obtained from 

the satellite image provider or approximated using a replacement sensor model (Iiyama et 

al., 2006).   
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The proposed approach is somewhat manual at this point, requiring an individual to 

mensurate the imagery to identify image coordinates for the shape point locations.  

However, this process could be automated by performing a vector-to-image registration 

between the vector road network and the corresponding roads in the imagery.  Road 

intersections serve as an ideal candidate to establish correspondence between each dataset 

for two reasons, (1) the linear road vectors usually intersect at a node whose coordinate 

represents the center of the intersection, and (2) intersections usually perform well for 

Automated Feature Extraction (AFE) algorithms, which are needed to identify the 

intersection in the imagery.  The vector adjustment could then be automated based on 

input files for the image coordinates, object point coordinates (vector database), GCP’s, 

initial approximations for the EO parameters, their associated positional uncertainties, 

etc. 

 

As mentioned above, the imagery used in this project covered a small area on the ground, 

therefore, the positional displacements computed from the shape points are believed to be 

correlated with one another, i.e. the vectors may display local similarities based on image 

georeferenceing, image scale, and various mapping/extraction techniques (automated vs. 

manual).  It is anticipated that the proposed approach, once automated and extended to 

satellite imaging, could serve as a valuable tool to assess spatial correlation within 

geographic databases.  For example, understanding the magnitude and direction of 

positional displacements of vector shape points could be used to build uncertainty maps 
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for a given database and region of interest, which could then be analyzed and compared 

to yield insights on the topic.   

 

Another area of research to be investigated that would be an extension of the concepts 

presented here would be to use the OSM roads as control to determine/improve the 

location of a sensor (position and attitude) that collects imagery.  This is essentially the 

reverse of what is being done here and could prove useful for geopositioning applications 

of non-traditional sensing systems, such as Unmanned Aerial Vehicle (UAV) platforms.  

Traditional airplanes used for precise photogrammetric mapping applications are large 

and outfitted with equipment necessary to facilitate high accuracy mapping, e.g. IMU, 

expensive camera, GPS, stabilizers, etc.  However, some UAV’s are much smaller and 

lighter and may not be able to carrying all of this equipment.  In addition, the lighter 

UAV’s are subject to higher wind turbulences that can result in geopositioning 

challenges.  However, using OSM road vectors to control the imagery could provide 

pseudo-GCP’s throughout the scene and be used with a bundle adjustment or Kalman 

filter to compute the location of the sensor when it took the image.  This information 

could then be considered along with the sensor position that was actually recorded in the 

field to better understand the relationship between the aircraft’s navigational system 

components (GPS, IMU, sensor, etc.).   

 

Lastly, since the proposed approach relies on GCP’s to provide the absolute frame of 

reference, the concept of the crowd measuring these points when locating the roadways in 



 

157 

the field should be investigated.  For example, when a contributor measures the 

intersection of two roadways, they might locate the corner intersection of two sidewalks 

on one of the quadrants in passing.  The description of the GCP could then be stored as 

an attribute and recorded in the OSM database, thereby establishing an unambiguous 

fiducial in the dataset.  Ultimately, this would facilitate a more robust investigation for 

users, researchers, and scientists who work with the database and rely on anchor points 

for computational analysis.  
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