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INTRODUCTION 
 

The main product of photogrammetry is a digital image of the object in a three-

dimensional (3D) space. There are a lot of digital photogrammetric workstations (DPW) (also called 

softcopy workstation (WS)) designed for this result to be achieved (Schenk 1999). All kinds of 

images, like a taken from the air (from airplanes or satellites) or taken from the surface of the earth 

(close-range photogrammetry) can be processed by using digital photogrammetric workstations. 

The requirements of different photogrammetric systems can differ depending on algorithms, used 

for photogrammetric processing (Atkinson 2001). Therefore it is important to test capabilities and 

accuracy of data using more than one digital photogrammetric system.  

In this Master thesis the images of the research object were taken using the digital camera 

Canon EOS 1D Mark III from the surface of the earth. These close-range digital images were 

processed – the triangulation procedure was done by using digital photogrammetric systems 

(PhotoMod and Inpho) which are suitable for above-mentioned images processing. Triangulation 

procedure was also performed by using the bundle triangulation program BLUH. The accuracy of 

triangulation influences the accuracy of 3D data (Sužiedelytė-Visockienė, Bručas 2009). Thus, the 

aims of Master thesis are: 

 To test if the above mentioned digital photogrammetric systems for aerial 

photogrammetry are suitable for close-range photogrammetric applications; 

 Based on the performed analysis to estimate the accuracy requirements of images 

processing by using different photogrammetric systems; 

 To evaluate the results of 50 mm objective-lens of the digital camera Canon EOS 1D 

Mark III calibration related to the type of images of the object.  

 To reach the aims of the Master thesis, the followed tasks should be performed: 

 The digital close-range images should be processed by using digital 

photogrammetric softwares PhotoMod and Inpho; 

 The bundle block adjustment of the digital close-range images by using for this 

purpose developed system BLUH should be performed;  

 The camera calibration procedure should be performed. 

Novelty of the science:  

 According to performed processing of the digital close-range images and the analysis 

of the results, the suitability of explored digital photogrammetric systems for aerial photogrammetry 

was stated; 



Processing of the digital images using photogrammetry systems 
 

 

13 
 

 The optical calibration parameters of the digital camera Canon EOS 1D Mark III 

were specified. 

Practical importance: 

 After the close-range digital images processing by using digital photogrametric 

systems, which are designed for satellite images and aerial photographs processing and after 

processing of those same images with BLUH system, which are designed for close-range images 

triangulation, it was found that PhotoMod and Inpho softwares can be used for processing of 

close-range digital images. Thus, the analysis that was carried out allows the user to choose one 

software to perform tasks with aerial photographs, satellite images and close-range 

photogrammetry; 

 The digital camera Canon EOS 1D Mark III is used for photogrammetrical fixation 

of heritage objects in scientific and manufacturing enterprise company Cad and F Projektservisas. 

Therefore, the qualified optical parameters of the digital camera and the analysis which was 

performed during research work will be useful in the further close-range photogrammetry works. 
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1. DIGITAL PHOTOGRAMMETRIC WORKSTATIONS 

 
At the heart of digital images processing side is a DPWs. Thus, DPWs are the single most 

significant product of digital photogrammetry.  

This chapter consist of a brief history of the development of DPW, discussion of digital 

images processing work stages and accuracy of the images processing.  

 

1.1. Development of digital photogrammetric workstations 
 

According to the International Society for Photogrammetry and Remote Sensing (ISPRS), 

a digital photogrammetric system is defined as: hardware and software designed to derive 

photogrammetric products from digital imagery using manual and automated techniques (Available 

from internet: http://www.gim-international.com)  

The photogrammetrist Gülch splits the development of the digital photogrammetric 

workstations into three phases. The first phase began in 1955 and ended in 1981 (Schenk 1999). 

Perhaps the most important development in this period was the invention of the analytical stereo 

plotter by Helava in 1957. The analytical stereo plotter is essentially an instrument with a built-in 

digital computer as its main component, which handles the physical and mathematical relationship 

between object (ground) space and image space (Madani 2001). Shortly after the invention of the 

analytical plotter, its inventor, Helava, mentioned the possibility of replacing the human operator by 

an automatic correlator – a typical consideration of digital photogrammetry (Schenk 1999). 

The first reasonably detailed concept of a DPW was described by photogrammetrist 

Sarjakoski in 1981. Referred to as a fully digital stereoplotter, the functionality strongly resembles 

that of an analytical plotter, the major difference being the fact that the photographs are replaced by 

digital images. Sarjakoski proposed building the digital stereplotter using image processing systems 

and analytical plotter software as a basis. The other photogrammetrist Case in 1982 provided 

another fundamental concept of a digital image exploitation system. Again, the proposed system 

had the functionality of an analytical plotter with the potential of automating photogrammetric task 

such as DEM generation (Schenk 1999).  

These two design concepts paved the way for the development of DPWs from 1982 – 

1988, which photogrammetrist Gülch considers the second phase in the rather short history of  

DPWs. Additional concepts were presented and experiments began with prototypes in different 

research institutions. Finally, two digital photogrammetric workstations were introduced during the 

XVIth ISPRS Congress in Kyoto, 1988 (Madani 2001). Major efforts were directed towards 

implementing hardware components and developing low-level system software. The application 
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software was “borrowed” from analytical plotters. The systems of that period were very much 

characterized by minimal functionality and performance; it is not surprising that the 

photogrammetric community met these first softcopy workstations with a healthy dose of 

skepticism. No first generation system survived (Schenk 1999).  

Finally, in 1990 the third phase of DPW development began with increased activities by 

researchers, developers and photogrammetric societies. For example, an ISPRS working group was 

charged with the task of defining the functionality and performance of digital photogrammetric 

systems, including a critical evaluation of existing systems. The working group provided the 

following broad definition: “A digital photogrammetric system is defined as hardware and software 

to derive photogrammetric products from digital imagery using manual and automated techniques” 

(Schenk 1999). 

 From the past two decades till nowadays great strides the powerful image processing 

workstations has appeared. This development of DPWs is related to (Madani 2001): 

• Availability of ever increasing quantities of digital images from satellite sensors, charge-

coupled device (CCD) cameras and scanners;  

• Availability of fast and powerful workstations/computers with many innovative and 

reliable hightech peripherals, such as storage devices, true color monitors, fast data transfer, and 

compression/decompression techniques;  

• Integration of all types of data in a unified and comprehensive information system such 

as geographic information systems (GIS);  

• Real-time applications such a quality control and robotics;  

• Computer aided design (CAD) and industrial applications;  

• Lack of trained and experienced photogrammetric operators and high cost of 

photogrammetric instruments. 

Because of these key technological advances - cost, labor, and new areas of applications 

GIS and CAD - digital photogrammetric systems have been and are still developed. The main idea 

is the use of digital images for the data capture within the model area with a 3D “floating mark” 

with sub-pixel accuracy.  Then use a digital workstation to compile the required features to form an 

intelligent description for an information system such as GIS and CAD systems (Madani 2001).  

Close range photogrammetry has significant links with aspects of graphics and 

photographic science, for example computer graphics and computer vision, digital image 

processing, CAD, GIS and cartography (Luhmann et al. 2006).  

The DPW looks much like an ordinary graphics workstation with some additional features, 

such as stereo display, 3D cursor, and, most likely, increased storage capacity to hold all the digital 

images of the entire project (Schenk 1999). 
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The important advantage of digital photogrammetry is the possibility of automation of 

photogrammetric task that human operators perform with great ease, thereby making use of our 

most impressive sense, namely “seeing” (Jacobsen 2001;  Schenk 1999). 

The difference between the first digital processing systems and today’s digital processing 

systems is noticeable in orientation procedures: typically, the parameters of the exterior orientation 

are determined by two steps orientation in the previous DPW and the third phase - the parameters of 

the exterior orientation are determined in the two separate steps of the relative orientation and the 

absolute orientation. In nowadays digital photogrammetric software the exterior orientation 

parameters are determined during the fully automatic aerial triangulation procedure. The aerial 

triangulation is the basic procedure, on which the final result of image processing (orthophoto) 

depends. Nowadays nearly all block triangulation is done using the bundle method (Luhmann et al. 

2006). 

A more comprehensive description about today’s digital photogrammetric systems 

PhotoMod and Inpho will be written in the further chapters. Also, in the further chapters will be 

written about the bundle block adjustment system BLUH and photogrammetric analyzing software 

AICON 3D Studio.  

 

1.2. Images processing work stages 
 

Digital image processing is concerned with acquiring, transmiting, processing and 

representing images (Schenk 1999). The principal procedures in close range photogrammetry is 

shown in figure 1.1 (Luhmann et al. 2006):  
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Fig. 1.1. Images processing  

 

1. Recording 

a) Targeting: target selection and attachment to object features to improve automation and 

increase the accuracy of target measurement in the image. 

b) Determination of control points or scaling lengths: creation of a global object coordinate 

system by definition of reference (control) points and/or reference lengths (scales). 

c) Image recording: analogue or digital image recording of the object with a 

photogrammetric system. 

2. Pre-processing 

a) Computation: calculation of reference point coordinates and/or distance from survey 

observations (e.g. using network adjustment). 

b) Development and printing: photographic laboratory work (developing film, making 

photographic prints). 

c) Digitising: conversion of analogue photographs into digital images (scanning). 

d) Numbering and archiving: assigning photo numbers to identify individual images and 

archiving or storing the images. 
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3. Orientation 

a) Measurement of image points: identification and measurement of reference and scale 

points; identification and measurement of tie points (points observed into two or more images 

simply to strengthen the network). 

b) Approximation: calculation of approximate (starting) values for unknown quantities to 

be calculated by the bundle adjustment). 

c) Bundle adjustment: adjustment program which simultaneously calculates parameters of 

the both interior and exterior orientation as well as the object point coordinates which are required 

for subsequent analysis. 

d) Removal of outliers: detection and removal of gross errors which mainly arise during 

(manual) measurements of image points. 

4. Measurement and analysis 

a) Single point measurement: creation of three dimensional object point coordinates for 

further numerical processing. 

b) Graphic plotting: production of scales maps or plans in analogue or digital form (e.g. 

hard copies for maps and electronics files for CAD model or GIS). 

c) Rectification / Orthophoto: generation of transformed images or image mosaics which 

remove the effects of tilt relative to a reference plane (rectification) and/or remove the effects of 

perspective (orthophoto). 

This sequence can, to a large extent, be automated (connections in red in Fig. 1.1). 

Provided that the object features are suitably marked and identified using coded targets, initial 

values can be calculated and measurement outliers (gross errors) removed by robust estimation 

methods (Luhmann et al. 2006).  

   

1.3. Digital images processing accuracy control 
 

Triangulation is the basic procedure, on which the final result (orthophoto) of image 

processing depends. Thus, the quality of triangulation is highly important (Sužiedelytė-Visockienė, 

Bručas 2009). In order to analyse the quality of the bundle adjustment, it is posible to calculate 

image coordinate residuals (corrections), standard deviations of object points and orientations data, 

correlations between parameters and reliability numbers for the detection of gross errors (Luhmann 

et al. 2006).  

Image measurement accuracy depends on various factors: the performance of the camera 

(stability and calibration), the accuracy of the image processing system (image quality, 
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measurement algorithm, instrumental precision) and the positioning capability (identification of 

features) (Luhmann et al. 2006).  

Figure 1.2 illustrates schematically the accuracy potential of typical imaging and 

processing systems as well as common and optimal system combinations (Luhmann et al. 2006).  

 

 
Fig. 1.2. Accuracy potential of imaging and analysis systems 

a) with self-calibration and b) without self-calibration 

 

If all above mentioned factors have a minimal influence, the digital imaging systems can 

reach image measurement accuracies of 0,2 – 1 µm (see fig. 1.2).  

The accuracy result of triangulation is defined by standard deviation of unit weight (ߪ଴) 

(Luhmann et al. 2006): 

 

଴ߪ = ට[୴౐୔౬]
୬ି୳

 ,          (1.1) 

 

where: v୘P୴ – vectors residuals of observations; n – number of observations; u -  number 

of unknowns. 
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 However, in many cases adjustment results are reported as root mean square errors (RMS) 

of the control points instead of the above defined standard deviation of unit weight. The RMS value 

is the square root of the mean squared difference between n given nominal values ܺ௡௢௠ and 

corresponding adjusted observations ܺ௢௕௦ (Luhmann et al. 2006; Kersten 1999): 

 

RMS = ට∑(ଡ଼౤౥ౣିଡ଼౥ౘ౩)మ

୬
 ,  (1.2) 

             

According analysed treatises during literature review, the value of standard deviation of 

unit weight (ߪ଴) can be achieved, for example from 1/3 pixel size to 1/5 pixel size. 

More about accuracy control at various stages of photogrammetric processing and 

triangulation results by using different photogrammetric systems will be written in followed 

sections during images processing procedure. 

 

 



Processing of the digital images using photogrammetry systems 
 

 

21 
 

2. DIGITAL PHOTOGRAMMETRIC SYSTEM PHOTOMOD 
 

PhotoMod is a digital modular system providing full photogrammetric production line 

from the aerial triangulation to the output of digital terrain models, digital maps and orthomosaics. 

PhotoMod system contains tools for processing aerial photos and scanner satellite images from 

different sensors. Due to the system modular structure the user can choose the necessary 

configuration when purchasing the software. Network system version opens wide opportunities of 

working with a project simultaneously from several workplaces.  

PhotoMod system is produced by Racurs Co. (Moscow, Russia) and has been dynamically 

developed since the version 1.1 in 1994. PhotoMod's growing user base includes organizations 

throughout more than 45 countries worldwide. The main fields of application include: 

photogrammetric production, cadastral mapping, cartography and remote sensing, academic 

photogrammetry, mining, architecture and construction (Available from internet: 

http://www2.racurs.ru). 

The shutter / anaglyph glasses for stereo visualisation and hardware key is included in the 

PhotoMod system (Available from internet: http://www.infomap-rs.net). 

Further in this chapter will be written about the modules of photogrammetric system 

PhotoMod, basic theory of images processing, accuracy control of photogrammetric measurements 

data and processing of the digital images.  

 

2.1. The modules of digital photogrammetric system PhotoMod 
 

PhotoMod is a modular system and each module of this system performs specific 

operations during a certain stage of processing. Consequently, there is no need to have all 

PhotoMod modules if they are not necessary for particular workflow. 

Each module has a unique place in the overall workflow, making it possible to construct 

consistent project processing sequences. The fundamental concept of PhotoMod is to enable project 

work through a series of well-defined steps (data preparation, block adjustment, processing) and 

provide the support of a flexible set of tools at every stage.  

The newest version of PhotoMod includes its main operating shell whose name is 

PhotoMod Core (in the old system - Montage Desktop) and 11 other modules (Fig. 2.1) (Available 

from internet: http://www.racurs.ru).  
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Fig. 2.1. Structure of the digital photogrammetric system PhotoMod 

 

PhotoMod Core (Montage Desktop) functionality. PhotoMod Core, the main shell of the 

PhotoMod system, initiates and manages an array of modules that guide the processing of 

photogrammetric project through every step. Also, PhotoMod Core is equipped with a wide range 

of auxiliary functions which are designed to simplify and optimize the project processing. The basic 

capabilities of PhotoMod Core is given in table 2.1 (Available from internet: http://www.racurs.ru): 
 

Table 2.1. The basic capabilities of PhotoMod Core 
Capabilities Description 

Project 

creation 

Type selection of the new project: central projection, satellite scanner 

imagery or Airborne Digital Sensor (ADS 40). 

Selection of coordinate system: database supplied coordinate system, edition 

of existing coordinate systems or creation new coordinate systems.  

Project 

management 

Edition of the project properties; Projects duplication/deletion; 

backup/restore function; project location by using new “virtual folder” 

technology; importation of the projects from older PhotoMod versions 

(PhotoMod 4.x)  
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Table 2.1. continuation 
Capabilities Description 

Block 

formation  

Images preparation for the project: transformation of non-photogrammetric 

scanner images (PhotoMod ScanCorrect); radiometric image correction 

(most commonly used for 16-bit rasters); rasters convert to internal format; 

optional image compression; batch conversion processing. 

Images loading and block formation: load images to strips; rotate and 

replace images; the same images (without copying those) could be usable for 

multiple projects; block could be automatically spitted into strips; image 

could be corrected with Image Wizard.  

Input of 

camera 

parameter for 

“Central 

projection” 

projects  

Camera passport data introduction: type of the camera (digital or film) 

introduction; coordinates of principal point introduction; focal length 

introduction; coordinates of fiducial mark introduction (for film cameras); 

distortion coefficients introduction. 

Cameras duplication, renaming, or deleting; assignition to project images; 

importation/exportation.  

Basic project 

operations  

Interior orientation; importation/exportation of triangulation points; 

importation of exterior orientation parameters from different formats (can be 

used for direct georeferencing or precise block layout); importation of 

interior and exterior orientation parameters from Ultra Cam metadata; block 

layout creation from different data sources; reports generation of interior and 

relative orientation; importation/exportation and mono-edition of vector 

objects; importation/exportation of DEM, TIN and contour lines; window for 

viewing 3D objects from different angles; distributed processing.  

Auxiliary 

utilities:  
Explorer; Control Panel; Raster Converter; Image Wizard; GeoCalculator. 

 

PhotoMod AT functionality. This module is used to recognize and measure ground 

control points and tie points on the images. Ground control points (GCP) coordinates can be 

imported from a text file or entered directly by using keyboard. After coordinates are entered, the 

points are measured on the images in semi-automatic or stereo mode. In addition, to fully automatic 

aerial triangulation, PhotoMod AT includes tools for interior orientation, as well as GCP search and 

measurement. Collected data is passed to PhotoMod SolverA or PhotoMod SolverS  for block 

adjustment and computing exterior orientation parameters (Available from internet: 

http://www.racurs.ru). 



Processing of the digital images using photogrammetry systems 
 

 

24 
 

PhotoMod SolverA and SolverS functionality. The modules PhotoMod SolverA and 

SolverS was named PhotoMod Solver before. The main difference between older module (Solver) 

and the newest modules (SolverA and SolverS) is that the newest modules are used for block 

adjustment of central projection (SolverA) and scanner satellite images (SolverS) individually. 

Sophisticated adjustment and error detection algorithms ensure successful aerial triangulation and 

highly accurate of Digital Terrain Model (DTM), orthomosaic and vector map output. PhotoMod 

SolverA and SolverS is capable to import/export aerial triangulation results which is get by using the 

software for block adjustment PATB (Available from internet: http://www.racurs.ru ; 

http://www.k2-photogrammetry.de/products/patb.html). 

PhotoMod DTM functionality. The PhotoMod DTM module creates and edits the digital 

terrain model (DTM). The module supports any type of digital terrain model: pickets, breaklines, 

Triangulated Irregular Network (TIN), DEM, contour lines, ect. DTMs may be edited in either 

mono or stereo mode. A special 3D window is used to view and analyze DTMs from different 

angles (Available from internet: http://www.racurs.ru).  

PhotoMod DTM has a powerful set of tools for creating, editing, filtering and checking 

vector objects. External vector data can also be imported for use.  

PhotoMod StereoDraw functionality. PhotoMod StereoDraw is a module for 3D vector 

objects drawing and editing in stereo mode. 3D vectors can be used for digital map creation and for 

digital elevation model generation in PhotoMod  DTM as relief model elements. Besides 3D vectors 

creation in PhotoMod StereoDraw, vector objects can be imported from popular formats. PhotoMod  

StereoDraw has a full tool set for editing 3D vectors, topological reconciliation, dividing into 

thematic layers, attaching to classifier records. Like other modules - StereoDraw supports page-

flipping and anaglyph stereomodels.  

StereoDraw includes a 3D-Mode program for 3D modelling and exporting specially 

prepared 3D objects to DXF format.  

Main features of the module of StereoDraw is given in table 2.2 (Available from internet: 

http://www.racurs.ru):  

 
Table 2.2. The main features of PhotoMod StereoDraw  
Capabilities  Description  

 Marker control 

3D marker could be: moved by mouse or keyboard; switched to 

“Marker - mouse” mode; Automated to “Snap to ground” mode. 

Adjust form, color and size of marker; 2D and 3D snapping mode 

during vectorization. 
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Table 2.2. continuation: 
Capabilities Description 

Vector objects 

drawing 

Supports point, line, and polygon object types; Create objects by 

code using classifier; Classifier editing; Create table of attributes 

linked to a classifier record, or unique for some objects; Supports 

thematic layers; Supports of topological links during vector object 

creating; 90-degree turns during polyline or polygon drawing; 

Measures of lengths, area and angle. 

Editing of vector 

objects 

Select objects, groups of objects, objects by layer, objects by code; 

Insert, delete or move of vertices and reversing point numeration; 

Edit topology links; Change object types; Check and correct 

topology; Create 2D and 3D buffer zones; Group operations with 

vertices — deletion, plane movement, move to chosen Z-position 

or step along Z-axis; Group operations with objects — deletion, 

move to chosen Z-position or step along Z-axis; Draws 

Tuning and 

additional interface 

capabilities 

Parallax tuning for better stereo effect; Undo with predefined 

history length; Correlator parameter tuning; Tune visualization 

parameters, etc. 

Import/export of 

vector objects 

Supported formats (ASCII, ASCII-A, MIF/MID, DXF, DGN and 

etc.); Export Classifier and attributes to DBF file, linked to the 

vector objects file. 

 

PhotoMod Mosaic functionality. PhotoMod Mosaic module performs orthotransformation 

and mosaic creation in a single inseparable process. All geometric and photometric distortions are 

corrected during the orthomosaic creation process. The result of mosaic can be represented in a 

given cartographic projection both as a single image and as a set of sheets of specified size. 

Any image which is available for PhotoMod software can be input for mosaic creation.  

Created mosaics can be stored in the following files formats: TIFF, Windows BMP, Vector 

RSW, GeoTIFF, ERDAS Imagine, NITF, JPEG and PNG.  

Formats for saving georeferencing data could be saved into these separate files: PhotoMod 

Geo, ArcWorld TFW, ArcWorld BPW, MapInfo TAB.  

If a mosaic is cut into a number of sheets, raster and georeferencing files are created 

separately for each sheet (Available from internet: http://www.racurs.ru).  

 PhotoMod Vector functionality. PhotoMod Vector module is designed to create and edit 

digital vector maps.  
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Main features of PhotoMod  Vector is given in table 2.3 (Available from internet: 

http://www.racurs.ru):  

 
Table 2.3. The main features of PhotoMod Vector 

Capabilities Description 

Digital map 

creation 

Full support of topographic, geographic and navigation maps nomenclature; 

Maps creation with specified parameters; Map generalization; Special map 

symbology editor; Merge or split maps sheets; Maps transformation to/from 

different coordinate systems and cartographic projections; Maps printing 

with full marginalia and coordinate grid; Map updating. 

Vector editor 

Powerful tools for digitizing and editing; Topological operations (buffer 

zones, spatial joining and intersection of objects, variety of snapping 

functions, object creation using existing objects, and more); Map object 

measurements; Objects selection through queries; Group operations 

performing with objects; Smoothing of vector objects; Place inscriptions 

along curves; Inscription placement by selected attributes; Vector objects 

creation by coordinates from file or user input; Semiautomatic vectorization 

of linear objects. 

Working with 

raster files 

Georeferencing to digital maps; Mosaics creation; Adjustment of 

brightness/contrast; Adjustment of color palette; Digitization of over raster 

image. 

Working with 

digital terrain 

models 

Creation of DTM from 3D vector objects; Importation of DTMs from 

PhotoMod DTM module; Shed models creation of view; Profiles creation; 

Contour lines creation; Conversion of 2D objects to 3D objects. 

Import/export DXF; MIF-MID; GRD; BMP; TIFF. 

 

PhotoMod StereoVector functionality. PhotoMod StereoVector module is designed to 

allow parallel work with a digital map in PhotoMod Vector format. The PhotoMod Vector stereo 

window is identical to that of PhotoMod StereoDraw. In the mono window, maps are displayed in 

accordance with the selected map symbol library. This module is especially useful for updating 

existing maps.  

Editing is simultaneously implemented in both windows. All changes performed in the 

stereo window are automatically displayed directly in the mono window, without any need of 

additional import/export operations.  
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In its functionality and user interface, StereoVector is generally similar to the StereoDraw 

module. However, there are two main differences:  

 Vector module uses the map classifier, instead of the user-defined PhotoMod 

classifier;  

 Created (edited) vector objects are stored in Vector map format, not as PhotoMod 

resources.  

It is reasonable to use PhotoMod StereoVector, if further map work is to be continued in 

the Vector module or Karta 2008 software. If created vector objects are expected to be used in other 

systems, it is preferable to use StereoDraw (Available from internet: http://www.racurs.ru).  

PhotoMod StereoACAD functionality. PhotoMod StereoACAD - is intended for 3D 

vectorization of stereopairs in AutoCAD 2007/2008. 3D objects created in PhotoMod StereoACAD 

are saved in AutoCAD format DWG/DXF. They are available for viewing and editing with using 

standard tools of AutoCAD instruments. PhotoMod StereoACAD works in page-flipping stereomode 

in following AutoCAD OS: MS Windows 2000 and MS Windows XP.  

PhotoMod StereoACAD provides the following image visualization functions:  

 Page-flipping stereoscopic view;  

 Real-time roam with fixed stereo cursor;  

 Dynamic zoom;  

 Two modes of marker moving – pixel and geodetic coordinates;  

 2D-3D snapping modes.  

PhotoMod StereoACAD advantages:  

 Easy to learn, easy to work;  

 Capability to use sophisticated command set of AutoCAD graphic engine;  

 Quality and fast stereo visualization;  

 No special equipment to control stereo cursor.  

PhotoMod StereoLink functionality. PhotoMod StereoLink is a simple way to convert 

standard Intel-based PC with Windows NT (or later version) into quality stereo plotter. StereoLink 

provides effective stereo feature collection including such DTM features as break lines, height 

points, etc.  

It allows stereoscopic view of stereo pairs, stereo pair images contrast and brightness 

adjustment, 3D coordinates measurements, stereoscopic feature collection, and creation of user 

feature tables. Stereo feature collection can be done with or without user tables.  

PhotoMod StereoLink works within MicroStation 95/SE/J environment as an MDL-

application and provides the following image visualization functions:  

 Page-flipping stereoscopic view;  
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 Real-time roam with fixed stereo cursor;  

 Dynamic zoom.  

PhotoMod StereoLink advantages:  

 Capability to use sophisticated command set of MicroStation graphic engine;  

 Support of user’s cell libraries and line styles;  

 Quality and fast stereo visualization;  

 No special equipment to control stereo cursor;  

 Support of industry data formats;  

 Support of hierarchical feature tables.  

PhotoMod ScanCorrect functionality. PhotoMod ScanCorrect program is designed for 

correction of metric errors caused by scanning of graphical data on the DeskTop Publishing (DTP) 

scanners. 

Transformation of raster image according to the scanner distortion field is used for errors 

compensation. Scanner distortion field is computed from raster data obtained by scanning calibrated 

material (regular grid or a set of crosses).  

The basic principles of working with PhotoMod ScanCorrect are the following:  

 Inclusion of calibrated material into sequence of scanning of graphic material to 

obtain distortion field;  

 Formation of the distortion field using raster data from the scanned calibrated 

material;  

 Transformation of all raster data according to the distortion field.  

Analysis of precision characteristics of DTP scanners shows that scanner distortion field is 

caused mainly by systematic scanner errors. Thus it is possible to apply the distortion field created 

from one image when transforming another.  

If original graphic material (for example photo image) has calibrated crosses on it, the 

technique remains the same, but distortion field is formed from the same raster that is used in 

transformation. There is an option to input and reckon with the table containing coordinates of the 

crosses.  

Input and output data of the program is 1, 4, 8, and 24-bit files in Windows BMP or TIFF 

formats. Auxiliary data (distortion field) is saved in ETM files.  

The program allows fast converting of raster data (Available from internet: 

http://www.racurs.ru):  

 From Windows BMP format to TIFF format; 

 From TIFF format to Windows BMP format.  
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2.2. Images processing by using photogrammetric software  
 

Images processing of object by photogrammetry method include of the following work 

steps (Sužiedelytė-Visockienė et al. 2011): 

 Images interior orientation; 

 Images relative orientation; 

 Calculation of  Bundle adjustment (triangulation); 

 Draw the structural line of object; 

 Creating Triangulated Irregular Network (TIN) of object surfaces; 

 Creation of orthophoto map. 

Interior orientation. The orientation procedure consists of the reconstruction of the 

interior orientation, which describes the geometry of the ray bundle in the camera, and the exterior 

orientation. The interior orientation specifies the functional dependencies between the principal 

point and the point, where the light ray intersects the image plain. The position of this intersection 

point is described by image coordinates (Wiedemann 2005). The image coordinate system defines a 

2D image-based reference system of rectangular Cartesian coordinates. Its physical relationship to 

the camera is defined by reference points, either fiducial marks or a reseau, which are projected 

onto the acquired image. For a digital imaging system, the sensor matrix defines the image 

coordinate system. Usually the origin of the image or frame coordinates is located at the image 

centre (Luhmann et al. 2006). Thus, the purpose of interior orientation is to create the geometry of 

the projected rays that formed the image.  

If the camera with the known camera calibration parameters is used, the transformation of 

image to the geodesy coordinate system is calculated according to the equation (Sužiedelytė-

Visockienė, Bručas 2009): 

 

                 x = xୡᇱ + k୶(xୡ cosφ − yୡ sinφ),    (2.1) 

                y = yୡᇱ + k୷(xୡ sinφ+ yୡ cosφ),                              (2.2) 

 

where x, y – coordinates of a point in the geodesy coordinate system; xc, yc – coordinates 

of the points in digital image coordinate system; xc' yc' – origin of the digital image coordinate 

system in the geodesy coordinate system; φ – the rotation angle of the image coordinate system in 

the geodesy coordinate system; kx, ky – the coefficients describing an image deformations along the 

x, y axes.  

If the used camera is calibrated, the interior image orientation may be done by 

transforming the measured coordinates into a calibration system, defined by the fiducial marks or 
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the réseau crosses (Sužiedelytė-Visockienė, Bručas 2009).  

If a non-calibrated camera has been used, an independent set of parameters of the interior 

orientation is necessary for each image. In frame cameras independent parameters of the interior 

orientation are only required if the zoom factor or the focus of the camera has been changed during 

the image acquisition (Sužiedelytė-Visockienė, Bručas 2009). 

The procedure of the interior orientation using the photogrammetric system PhotoMod 

depends on the type of the camera with which the images were taken of: 

 In images from an analog camera the fiducial marks on the margins of images should 

be measured. In this case the errors of interior orientation are calculated along both axes (Kiseleva 

2002).  The procedure used for the interior orientation is dependent upon the fiducial mark data and 

can be performed in manual, semiautomatic or fully automatic mode, as determined by the camera 

type (Available from internet: http://www.racurs.ru); 

 For images from digital cameras, the interior orientation is performed in an 

automatic mode. It is only needed to enter the parameters of the interior orientation from the camera 

protocol and the axis orientation (Kiseleva 2002; Available from internet: http://www.racurs.ru). 

The parameters of the interior orientation (coordinates of the principal point, the focal length and 

the radial symmetric lens distortion coefficients) from the camera should be input in the same units 

– either pixels or millimetres (Racurs 2009).  

The interior orientation should be done for each image which will be used for the data 

processing. 

Relative orientation.  The relative orientation recovers the position between the two ray 

bundles, creating a 3D stereo model (Ruzgienė 2008). The process of the relative orientation 

computes the relative orientation parameters to define the relative position of the pair of images 

(Racurs 2009).  

The process of the relative orientation is as follows (Kiseleva 2002): 

 measuring of the tie points in the stereo pairs in the overlapping areas and triplet 

zones (if we have three images); 

 measuring of the tie points between adjacent strips; 

 input and measurements of ground control points.  

The following tie points position/number is considered as an optimum: tie points are 

grouped in the special standard zones in the images overlap, at least 2-3 points in each group 

(Fig.2.2) (Kiseleva 2002).  
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Fig. 2.2. Grouping of tie points in the images overlap 

 

This way provides the most accurate and reliable determination of relative orientation 

parameters with possibility of localization of blunders. It is recommended that points in the triple 

overlap area were, if possible, placed uniformly in this zone (Kiseleva 2002). 

Inter-strip tie points should be located in the side lap areas symmetrically relatively to its 

midline approximately as shown on Fig.2.3 (Racurs 2009).  

 

 
Fig. 2.3. Grouping of inter-strip tie points in the images side lap areas 

 

It should be noticeable, that after entering a tie point in the inter-strip overlap area the 

results of the relative orientation procedure for the images containing this point are rejected. Thus, 

in this case, it should be entered such points before making orientation of stereo pairs in strips. 

Also, inter-strip tie points must be transferred to at least one adjacent image in each strip. Otherwise 

they will not be taken into account in the block adjustment by independent models method (Racurs 

2009).  

The measurement of a set tie points on overlapping images is needed to perform 

phototriangulation (Racurs 2009). 
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Tie points are used to create models from pairs of adjacent images and to create from these 

models the model of the whole strip or block in the block adjustment procedure (Racurs 2009).  

Measuring points means their stereoscopic measuring on both stereo pair images (Racurs 

2009).  

Stereoscopic measuring can be fulfilled in three following ways (Racurs 2009):  

 By manual positioning of the marker on each of two images;  

 By manual positioning of the marker on one image and transferring the marked point 

to another image with correlation;  

 By manual positioning of the marker in stereo mode.  

 Tie points can be measured in full automatic mode on both stereo pair images using 

correlation procedure (Racurs 2009).  

The measurement of ground control points in photogrammetry is an essential part of 

producing accurate exterior orientation, DEMs and orthophotos (Available from internet: 

http://www.pvts.net). Coordinates of GCP could be entered in the software by importing the catalog 

of GPC (in text file) or entering values of GCP coordinates from keyboard (Racurs 2009). If the 

coordinates of the images projection centers is known – those could be used for block adjustment. 

In this case, the names of projection centers should be equal to the names of corresponding images. 

For the processing of single image in central projection the minimum number of control points is 3 

(3 GCPs or 2 GCPs and the projection center). It is should be known that the GCP coordinates are 

given in the coordinate system selected, during project creation in PhotoMod Montage Desktop 

module (Racurs 2009). 

After GCPs coordinates are inputed – the ground control points should be recognized and 

measured on the images. Ground control points must be identified and measured on one of the strip 

images only. If a point is imaged on more than one image it can be measured (transferred) to these 

images at steps 3 (Strip ties) and 4 (Tie points measurements) (Racurs 2009).  

The measuring of ground control points on the images is follows (Racurs 2009):  

 Selection of the point name in the list in the lower left part of the window; 

 The marker positioning exactly on the ground control point on the image; 

 The measurement appliance by pushing the button which is need to record the value 

of GCP.  

When two new points are measured, selecting the third and following points in the list 

leads to the automatic positioning of the marker of the surrounding of selected point (Racurs 2009). 

Also, after coordinate values are input, points are measured on the images in semi-automatic or 

stereo mode (Available from internet: http://www.racurs.ru). 

The more control and tie points are available, the better the results of the orientation 
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process in terms of accuracy and reliability can be obtained (Wiedemann 2005). 

Bundle adjustment. During the bundle adjustment procedure the block adjustments of the 

strips and the image blocks takes place. The GCPs and tie points are used for the block adjustment 

(Racurs 2009).  

PhotoMod Solver provides three algorithms to be used for the block adjustment procedure 

(Racurs 2009):  

• Independent strips. This method is used to check out the gross errors, such as wrong 

coordinate values of control points, incorrect tie point's measurements, etc. The accuracy of this 

method in case of long strips (more than 10 images) may be a dozen times worse than the 

adjustment accuracy achieved by the other two methods.  

• Independent stereo pairs. This method is usable for increasing the accuracy and 

detection of more delicate errors.  

• Bundle adjustment is used for the final block adjustment.  

In most cases, it is practical to perform adjustment alternately by method of independent 

stereopairs and bundle adjustment for searching and correction of delicate errors (Racurs 2009).  

The break lines of object. In this part of processing of the digital images the break lines of 

the object are drawing (the 3D vector object is creating). Vectorization of objects could be done 

(Racurs 2009): 

 by stereomodes (by using anaglyphic or shutter glasses); 

 by mono mode. 

Stereomode. Objects vectorization by stereo mode is performing by using anaglyphic or 

shutter glasses.  

Anaglyphic glasses. Anaglyph stereoimage is formed by visualization of the left and right 

images of the stereopair “beyond” red and blue filters. To view such a picture you should use 

special anaglyph spectacles with red and blue glasses. Anaglyph stereomode requires no special 

equipment but it is not completely good for working with color images. Another disadvantage is 

that the picture gets a bit darker when viewing through filters (Racurs 2009). 

Shutter glasses. Shutter glasses are liquid crystal glasses synchronized with the vertical 

refresh rate of the monitor. PhotoMod  system supports two modes of working with shutter glasses 

(Racurs 2009):  

 Interlace stereo;  

 Page-flipping stereo. 

Interlace stereo. Interlace (“line by line”) display mode divides the display frame into two 

semi-frames. The first one contains odd lines and the second one contains even lines. The right and 

left images of the stereopair are displayed one by one in ”odd” and “even” frames. The shutter 
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glasses are synchronized with the monitor vertical refresh rate and allow you to see them 

“simultaneously” and make stereo measurements. The interlace mode may be applied only for the 

whole screen, so it introduces some inconvenience when working with menus. Another 

disadvantage is sampling picture and, thus, reducing its resolution because of using semi-frames. 

The comfortable vertical refresh rate of your monitor should be at least 75 Hz “for each eye” (150 

Hz for interlace mode) (Racurs 2009). 

Page-flipping stereo. The page flipping (“frame by frame”) display mode provides the 

highest quality stereo picture because it uses full frames instead of semi-frames. The left and right 

images of the stereopair are displayed one by one synchronously with the frames switching. The 

shutter glasses are synchronized with the monitor vertical refresh rate and allows to see them 

“simultaneously” and make stereo measurements. For working in page-flipping mode - should be 

used a monitor with a good enough vertical refresh rate (at least 120 Hz) and an appropriate video 

adapter (Racurs 2009). 

Mono mode. Monomode displays the left epipolar image of the stereopair and the left 

component of the stereomarker. All created in such a way vectors should be checked manually in 

stereomode to avoid possible correlator errors (Racurs 2009). 

Triangulated Irregular Network (TIN). A triangulated irregular network (TIN) is a 

digital data structure used in a geographic information system (GIS) for the representation of 

a surface. A TIN is a vector based representation of the physical terrain surface, made up of 

irregularly distributed nodes and lines with three dimensional coordinates (x, y, and z) that are 

arranged in a network of non-overlapping triangles (Available from internet: 

http://en.wikipedia.org). 

PhotoMod software provides several different strategies (algorithms) of TIN creation 

(Racurs 2009): 

 Regular TIN; 

 Adaptive TIN; 

 Smooth TIN; 

 TIN from vector objects; 

 TIN from regions; 

 TIN from pickets; 

 Convex TIN from pickets. 

Regular TIN. In case of regular model the program calculates Z values of all grid nodes 

using correlation algorithm. If the program fails to compute Z coordinate of a node in automatic 

mode the value of the third coordinate is calculated by interpolation between the adjacent nodes 

with automatically computed coordinates. The errors of automatic computations of the model can 
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be corrected later during the manual model editing. The final TIN is triangulated from grid nodes by 

modified Delaunay algorithm. It is recommended to build regular TIN when working with very 

heterogeneous images that can be characterized by the small-granular texture or high degree of 

details (Racurs 2009). 

Adaptive TIN. The adaptive model  is the most frequently used type of TIN. It is 

recommended to process images having big homogeneous or smooth parts. This method is also 

good for close-range photogrammetry (Racurs 2009). 

The program calculates 3D coordinates using most distinctive point of image in the 

neighborhood of each inner grid node (the area size is 1/3 from grid step), if the option Fixed nodes 

is off. In nodes of grid boundaries the points are calculated exactly in node location. If it is 

impossible to calculate 3D coordinates for some node, it is skipped (except grid boundary nodes if 

the Rectangular boundary option is on, in this case such nodes are marked as "uncertain" and their 

height is calculated by interpolation of adjacent vertices) (Racurs 2009). 

The final TIN is triangulated from grid nodes by modified Delaunay algorithm (Racurs 

2009). 

Smooth TIN. This option is suitable for smooth relief that has relatively small number of 

characteristic points. In the case of smooth models the polynomial interpolation function describing 

the surface is calculated based on 3D vector points (pickets) (Racurs 2009).  

An additional parameter used for smooth model building is Max. number of pickets to 

calculate node. The total range of values is 3 – 1000. When number of pickets is not very big (500 – 

1000) you should use all pickets that allow you to use all pickets and to eliminate time for searching 

of the closest to every node pickets whose number is equal to selected parameter value (Racurs 

2009). 

Smooth TIN is useful when working with smooth surfaces since it does not require editing 

operations related to the correlator errors (Racurs 2009). 

This type of model is used for building TIN and computing contour lines for urban areas. 

In this case you should locate pickets on the “ground surface” to “remove” buildings, fences, trees, 

etc from TIN. For example you can create 3D vector lines along the town streets and use them as 

sets of pickets for smooth model creation. However you should keep in mind that the interpolation 

function may cause some residuals between real and calculated surfaces because of the smoothing 

(Racurs 2009). 

TIN from vector objects. In this case TIN is created by triangulation of currently existing 

vector objects. Vector points become TIN nodes and vector lines and polygons are linked to the 

TIN as breaklines. 



Processing of the digital images using photogrammetry systems 
 

 

36 
 

This method is very useful when you have big enough number of 3D vector objects, which 

completely describe the surface since it does not require editing operations related to correlator 

errors. As in case of smooth model you can use TIN from vectors algorithm to clean “noisy” 

elements as buildings, trees, etc. from the model just because they are not vectorized. Creating TIN 

from vector objects is more precise operation in comparison with smooth modelling, as it does not 

use the interpolation function (Racurs 2009). 

TIN from regions. The area of the stereopair may be divided into separate regions (local 

regions) in order to use different strategies for building TIN in each region. So you can “bound” a 

village area by the local region and create TIN from vectors inside this region and Adaptive TIN 

outside this region. Prior to building TIN from regions you should create local regions and set up 

the parameters for each of them (Racurs 2009). 

TIN from pickets. You may create a TIN by direct triangulation of pickets. Prior to TIN 

creation you can collect data (as 3D points – pickets) about terrain relief using different methods. 

PhotoMod DTM uses the same algorithms to build TIN and pickets. The difference is just that the 

pickets are not triangulated to the net of triangles and are string just as a set of XYZ points. To 

improve the relief model you can load the breaklines additionally to pickets (Racurs 2009). 

You should start automatic pickets' extraction using regular, adaptive and smooth 

algorithms with rectangular grid creation (Racurs 2009). 

You can also add pickets manually by positioning the marker on the place you need on 

stereo model (Racurs 2009). 

Convex TIN from pickets. TIN is created by direct triangulation of pickets. The operation 

is similar to TIN creation using point vector objects, but in this case they are pickets (Racurs 2009). 

The operation results in creation of TIN with convex border. It is useful if the initial 

pickets are distributed in such a way that they do not cover some part of a model – for instance, if 

there are vast water bodies (rivers and lakes) on large scale images (Racurs 2009). 

Creation of orthophoto map. Orthophoto could be produced by using one image or 

several neighboring overlap images. Several neighboring overlap images generation into 

ortophotographic view is calling mosaicking (Shariat et al. 2008).  

Types of terrain models used in orthorectification by using PhotoMod software could be 

provided by that several different strategies: (Available from internet: http://www.racurs.ru):  

 User-defined constant height level;  

 Ground control and tie points measured in the aerial triangulation step;  

 DEM. 
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It is necessary to control the data quality in all the above-mentioned work stages, 

particularly the results of the triangulation. Thus, in the next section will be described accuracy of 

photogrammetric measurements data. 
 

2.3. Accuracy control of photogrammetric work stages 
 

The accurate measurements of ground control points and tie points in the digital images 

leads to the accurate results of triangulation (bundle adjustment). Thus, the measurements quality 

should be observed at every work step.  

The measurement quality of tie and ground control points by using this photogrammetric 

software can be checked by the following ways (Sužiedelytė-Visockienė et al. 2011): 

1) Accuracy control using correlation coefficient (if points are added by correlator). The 

acceptable value of the correlation coefficient can be determined from images quality. For contrast 

and high quality images the threshold is 0.9–0.95, for unclear images the threshold can be 0.8 at 

well recognized points. 

2) Accuracy control using vertical parallax residual. After measuring 5 points on the 

stereopair, the relative orientation parameters of images pairs are calculated and then recomputed 

more exactly by software while points being added. The program calculates the maximum error 

(E୫ୟ୶) of vertical paralallax residuals and the root mean squared error (RMS) (Sužiedelytė-

Visockienė et al. 2011): 

  

 E୫ୟ୶ = 2 × E୫ୣୟ୬ ,    (2.3) 

 

                RMS = √2 × E୫ୣୟ୬ ,                   (2.4) 

 

where E୫ୣୟ୬ − mean error of measurement points in the model. This error should not be 

greater than half of the scanning pixel size for analog camera and half of matrix pixel size for digital 

camera. 

Measurement units are pixels or millimetres depending on camera units.  

The images of the object were taken by using the digital camera Canon EOS 1D Mark III 

with the matrix pixel size of 6.4 µm. Thus, the mean value should not be more than 3.2 µm 

(Sužiedelytė-Visockienė et al. 2011). The maximum error and the root mean squared error of 

measured tie and ground control points should not exceed the values given in table 2.4.  
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Table 2.4. Calculated maximum error and root mean squared error to the digital camera Canon EOS 1D 
Mark III 

Emax, µm RMS, µm 

6.4 4.5 

 

3) Accuracy control by adjacent models (in overlapping or triplets). After measuring the tie 

and ground control points on stereo pairs (models) they should be transferred to the geodetic 

coordinate system. The relative orientation accuracy can be checked by comparing the 

discrepancies of the points measurements on the adjacent models (in triplets). Triplet errors: 

Eଡ଼, Eଢ଼, E୞ in their X, Y, Z coordinates were calculated on two adjacent models. Mean triplet errors 

in XY plane and Z coordinates are calculated by following formulas (Sužiedelytė-Visockienė et al. 

2011): 
 

E୫ୣୟ୬ଡ଼ଢ଼ = √2 ∗ 0,5 ×   (2.5)     ,݈ݔ݌

 

E୫ୣୟ୬୞ = ௖
௕ೣ

E୫ୣୟ୬ଡ଼ଢ଼  ,              (2.6) 

 

where pxl – is the matrix pixel size for a digital camera (6.4 microns); c – is the focal 

length of a camera (Table 2.5, 2.6), ܾ௫ − is base in the image scale. 

Approximate base in the image scale (ܾ௫) was calculated by using the following formula 

(Kiseleva 2002) : 

 

b୶ = l୶ × (100%− p୶) × m/100% , (2.7) 

 

where: b୶ - survey basis (13.2 mm); l୶ - image size along the X axis (35.9 mm); p୶ - size 

of the overlapping zone (60 %); m –scale denominator of the image (0.92).  

The discrepancies of  ܧ௠௘௔௡
௑௒   and ܧ௠௘௔௡

௓  should not exceed the values given in table 2.5 

(Sužiedelytė-Visockienė et al. 2011). 

 
Table 2.5. Quality of measurements of GCP and tie points  

Point 
௠௘௔௡ܧ
௑௒ , 

µm 

௠௘௔௡ܧ
௓ , 

µm 

GCP,Tie 4.5 17.3 
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After relative orientation and triplet accuracy control the next stage – bundle adjustment 

can be performed. According software manufacturers, acceptable errors on bundle adjustment are 

dependent on different products: topographic maps or orthophoto creation (Kiseleva 2002).  

Accuracy control of bundle adjustment for topographic maps creation. Accuracy 

control for topographic maps creation on ground controls points (GCP) after adjustment should not 

be greater than 0.2 mm in XY plane (in output map (plane) scale) and 0.15 × ℎ௜௡௧ by Z, where  

ℎ௜௡௧  – contours interval of the output map (Kiseleva 2002).  

Acceptable mean residuals on tie points – 0.3 mm in the output map scale. Also acceptable 

mean residuals on tie points by Z (Kiseleva 2002): 

 0.2ℎ௜௡௧ – for contour interval of 1 m and also for scale 1:1000, 1:500 with the 

contour interval of 0.5 m; 

 0.25ℎ௜௡௧ –  for contour interval of 2.5 m and also scale – 1:2000 and 1:500 with the 

contour interval of 0.5 m; 

 0.35ℎ௜௡௧– for contour interval of 5 m and 10 m. 

Accuracy control of bundle adjustment for orthophoto creation. Accuracy of 

adjustment for orthophoto creation is actual for architecture objects or orthophoto maps creation. In 

the PhotoMod software acceptable mean residuals of GCP in XY plane are 0.2 mm in output map 

scale and in Z – 1/3∆ℎ஽்ெ, where  ∆ℎ஽்ெ is mean residuals of Digital Terrain model (DTM). 

Calculation formula of ∆ℎ஽்ெ is (Kiseleva 2002): 

 

      ∆ℎ஽்ெ = 0.3݉݉ × ܿ × ெ
௥

  , (2.8)    

 

where M – output map (plane) scale; r – maximum distance from the image point to the 

nadir point (mm), which equals to the half of diagonal of “working area”.  

As it is seen from above by software manufacturers given information about bundle 

adjustment accuracy results - the program does not calculate ߪ଴ value for final evaluation of 

triangulation. In this case, the accuracy result of bundle adjustment should be calculated by using 

1.1 or 1.2 formulas, given in section 1.3. 

Further in next section will be described the images processing procedure and the results of 

images processing. Also the brief discussion about the processing results will be given. 
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2.4. Processing of the images by using digital photogrammetric software PhotoMod 
 

The object of analysis is the North wall of the Vilnius University yard in the Vilnius old 

town (Fig. 2.4) (Sužiedelytė-Visockienė et al. 2011).  

 
Fig. 2.4. Three overlapping images (P915-P912-P918) 

 

The images were taken by using the Canon EOS 1D Mark III digital photo-camera. The 

characteristics are listed in Table 2.6 (Sužiedelytė-Visockienė et al. 2011). 

 
Table 2.6. Characteristics of digital camera Canon EOS 1D Mark III 

 

 

Characteristics Value 

Focal lengths (mm) 50 

Resolution (pixel) 21 mln. 

Pixel size, pxl (µm)  6.46.4 

Image size (mm) 35.923.9 

Image size (pixel) 56163744 

 

This camera is calibrated (its optics distortions determined and evaluated) by using Tcc 

software at the Institute of Photogrammetry of University of Bonn (Germany) in 2008 (Sužiedelytė-

Visockienė, Bručas 2009). The camera parameters are given in Table 2.7 (Sužiedelytė-Visockienė, 

et al. 2011). 
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Table 2.7. Result of camera Canon EOS 1D Mark III calibration (2008) 
Parameter Result  

Focal length (mm) 

c 50.7583 

Scale of image (constant) 

ܵ௫௬  0.99 

The base point corrections of the photo-camera (mm) 

 ଴ -0,0495ݔ

 ଴ -0,2559ݕ

Radial-symmetrical distortion of the photo-camera 

 ଵ –1.789E-09ܣ

Radial-asymmetrical distortion of the photo-camera 

 ଵ 1.017E-8ܤ

 ଶ –1.655E-8ܤ

 

The images of the object were corrected for the digital camera objective distortions by 

using the special software Tcc Distortion Correct made in Germany. In the figure 2.4 were correct 

three overlapping images.  

The calculated accuracy results of the prime step of images processing (relative 

orientation) is already known (see section 2.3). In this case the images processing could be started. 

The accuracy results of images processing are always observing with already known 

measurement discrepancies during the images processing procedure. 

The first step of the processing of scanned images is the interior orientation. Because of the 

images were taken with digital camera, the first step of images processing was performed by 

software in automatic mode. The coordinates of principal point are known from camera definition 

where the parameters of sensor geometry during new project creation were entered. The coordinates 

of principal point are x’ = 2808 and y’ = 1872 given in the unit pixels (Sužiedelytė-Visockienė, 

Bručas 2009). 

The next step of images processing was the relative orientation. During this procedure, first 

of all, the 8 tie points were placed uniformly in the triple overlap area and measured. Further, values 

of 10 ground control points coordinates were entered and ground control points were measured in 

stereo mode. The coordinates of ground control points are in the relative coordinate system of the 

building. The tie and ground control points were measured manually. 
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We had the three images and made two models P915-P912 and P912-P918 (triplets) during 

procedure of relative orientation. In this case the accuracy control of relative orientation by using 

digital photogrammetric software PhotoMod can be checked in followed ways: 

 separately in each model (according formulas 2.3 and 2.4). In this case the accuracy 

control of the final result of relative orientation is computed;    

 in all models together (according formulas 2.5 and 2.6). In this case the accuracy 

control could be observed separately for tie and ground control points in triplets after transference 

to the relative coordinate system of the building.  

The final result of relative orientation was evaluated for two model separately according 

given formulas 2.3 and 2.4 (see section 2.4). Accuracy control result present in the table 2.8. 

 
Table 2.8. Relative orientation result  

Model ࢞ࢇ࢓ࡱ, µm RMS, µm 

P915-P912 3.5 1.7 

P912-P918 3.3 1.9 

Average 3.4 1.8 

 

This step of accuracy control using by manufacturer given formulas was successful: the 

average of maximum vertical parallax error (ܧ௠௔௫) and root mean squre error (RMS) for both 

model does not exceed computed values in table 2.4.  

Also, this step of images processing was evaluated according given formulas 2.5 and 2.6 in 

triplets for tie and ground control points separately. The accuracy result of tie and GCP in triplet of 

relative orientation (mean triplet errors in XY plane and Z coordinates) is shown in table 2.9. 
 

Table 2.9. Quality of triplets  
Point ࢔ࢇࢋ࢓ࡱ

࢟࢞ , µm ࢠ࢔ࢇࢋ࢓ࡱ , µm 

GCP 3.0 8.0 

Tie 4.0 16.0 

Average 3.5 12.0 

 

The second step of accuracy control using by manufacturer given formulas was also 

successful: the average of mean triplet errors in XY plane and Z coordinates do not exceed values 

which were computed according 2.4 and 2.5 formulas.  

In order, to control accuracy results independent of software manufacturers given 

formulas, the results of this step of images processing were observed by looking for residuals of 
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each points and computing standard deviation. The displacement of the projection of the adjusted 

ground coordinate into the image compared to the measured image coordinate is given in table 2.10: 

 
Table 2.10. Residuals between adjusted coordinates and between measured coordinates in the images  

Point 

ID 

Point 

type 

Number of 

images the 

point was 

measured in 

Image 

ID 

Residuals 

x, µm 

Residuals 

y, µm 

102 GCP 2 
P915 -0,1 -0,1 

P912 0,0 1,0 

105 GCP 3 

P918 0,1 0,8 

P915 -0,6 -0,6 

P912 0,8 0,8 

106 GCP 3 

P915 -0,1 -0,1 

P912 0,0 0,4 

P918 -0,1 0,7 

107 GCP 2 
P912 0,1 0,0 

P918 -0,2 0,3 

109 GCP 3 

P915 0,3 0,9 

P918 0,2 0,0 

P912 0,0 -0,7 

110 GCP 2 
P915 -0,4 -0,1 

P912 -0,1 -2,5 

111 GCP 3 

P918 -0,1 -5,1 

P915 0,0 0,6 

P912 0,0 -0,1 

600 GCP 2 
P912 0,1 -1,2 

P915 0,3 -0,2 

602 GCP 3 

P912 0,0 -1,2 

P918 -1,4 -1,5 

P915 -1,5 1,5 

603 GCP 2 
P918 0,3 0,0 

P912 -0,2 0,0 
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Table 2.10. continuation:  

Point 

ID 

Point 

type 

Number of 

images the 

point was 

measured in 

Image 

ID 

Residuals 

x, µm 

Residuals 

y, µm 

901 TP 2 
P918 -0,5 -0,5 

P912 0,2 0,1 

902 TP 2 
P912 0,0 1,0 

P915 -0,2 -0,2 

903 TP 3 

P915 -0,6 -0,8 

P918 -0,6 0,3 

P912 0,0 1,0 

904 TP 3 

P918 0,4 0,3 

P915 0,4 -0,3 

P912 0,0 0,6 

905 TP 2 
P912 -0,2 0,1 

P918 0,3 0,2 

906 TP 2 
P912 -0,1 0,0 

P918 0,2 0,4 

907 TP 2 
P912 0,0 0,0 

P918 -0,1 -0,4 

908 TP 2 
P912 0,0 1,1 

P915 -0,1 0,2 

Standard deviation 0,4 1,1 

 

 

As it is seen from table 2.10, the standard deviation is:  x = 0,4 and y = 1,1 given in the 

units micron. This step of images processing was successful and results are great. 

As was written in previous section - the program does not calculate ߪ଴ value for final 

evaluation of triangulation. In this case, for computation of triangulation result, the residuals of 

measured the image points of the ground control points (X, Y and Z) is shown in table 2.11:   
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Table 2.11. Residuals of measured the image points of the ground control point 

Point 

ID 

Number of 

images the point 

was measured in 

Residuals 

X, m 

Residuals 

Y, m 

Residuals 

Z, m 

102 2 -0,003 -0,002 -0,004 

105 3 0,001 0,000 0,007 

106 3 0,001 -0,001 0,004 

107 2 0,001 -0,001 -0,007 

109 3 0,001 0,007 0,007 

110 2 0,002 -0,002 -0,005 

111 3 -0,002 -0,002 0,004 

600 2 0,001 0,002 0,004 

602 3 -0,002 -0,004 -0,019 

603 2 0,000 0,003 0,010 

RMS 0,002 0,003 0,008 

 

As can be see from previous table, the residuals of measured the image points of the 

ground control points are very trifling. The values of RMS shows the final result of aerial 

triangulation (see section 1.3). The final result of aerotriangulation is great. The triangulation report 

is given in appendix 1. 

After the bundle adjustment the TIN data of an object is available for compiling break lines 

and orthophoto map. The accuracy of all these results is determined by the received accuracy of the 

aerial triangulation (Table 2.11) (Sužiedelytė-Visockienė et al. 2011). 

 The created break lines of the object were drawn in stereomode by using shutter glasses 

(Fig. 2.5).  

 

 
Fig. 2.5. Break lines of the object 
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The TIN of the object was created by using these strategies of the TIN creation: 

 Regular TIN. By using this algorithm the smallest step of the grid was selected (0.5 

mm). The result has obtained of a cloud of 341 550 points; 

 Adaptive TIN. The result has obtained of cloud of 131 830 points by using this 

algorithm. 

 Smooth TIN. Creating TIN of the object by using this algorithm the photo 

triangulation and break lines data was used. Also, the maximum number of pickets was carried out. 

Pickets are needed for the calculation of nodes highs. The result has obtained of 334 756 nodes. 

The orthophoto of the object was created by using one image P912 (Fig. 2.4). The view of 

the object is captured from front on it. The image P912 was rectified with reference to ground 

control points and tie points. The smallest cell size of the ortophotographic view was set to 1 mm. 

The orthophoto was created for the statue on the left side (Fig.2.6).  

 

 
Fig. 2.6 Orthophoto of the object 

 

The orthophoto has a reference to a geodetic coordinate system and looks like a picture. In 

the orthophoto it is possible to measure the position and dimensions of the object. 
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3. DIGITAL PHOTOGRAMMETRIC SYSTEM INPHO 
 

Inpho is a digital photogrammetric system which was founded in 1980 by Friedrich 

Ackermann, the retired head of the Institute of Photogrammetry of Stuttgart University. Inpho is 

designed for processing a wide range of digital imagery: scanned aerial film frames, images from 

digital aerial cameras as well as images from various satellite sensors for all standard tasks in a 

digital photogrammetric project, including geo-referencing, DTM generation, orthophoto 

production and 3D feature collection (Lothhammer 2005 ; Available from internet: 

http://www.inpho.de).  

The main advantages of Inpho’s system are its rigorous mathematical modeling for top 

accuracy, and its smooth workflow and high degree of automation for supreme productivity 

(Available from internet: http://www.inpho.de). 

The digital photogrammetric system Inpho as well as the digital photogrammetric system 

PhotoMod (see section 2.1) consist of several modules. The brief description about the main 

functions of each component will be given in further section. 

 

3.1. The components of digital photogrammetric system Inpho 
 

Inpho’s digital photogrammetric workflow components are given in figure 3.1. 

 

 
Fig. 3.1. Inpho’s modules 
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The components of a digital photogrammetric workflow (see fig. 3.1) guarantee a high 

degree of automation (Lothhammer 2005). 

ApplicationsMaster. The ApplicationsMaster is the core component of Inpho’s 

photogrammetric system which integrates project generation and handling tools as well as 

application programs (inBLOCK, MATCH-AT, MATCH-T DSM, DT-Master and OrthoMaster) into 

one working environment (Inpho 2010).  

The ApplicationsMaster provides by using tools to setup and edit a project, to generate 

image pyramids, to determine interior orientation parameters and to import and export exterior 

orientations and image coordinates from and into various formats. Furthermore, conversion 

modules allow translating 3rd party project files (e.g. BAE SocetSet projects) into Inpho files as 

well as converting TIFF-images into another format (e.g. scanline TIFF into tiled TIFF). Finally, 

single points/files or whole projects can be transformed into a different coordinate system using the 

transform tool just as digital elevation models can be tiled, filtered, interpolated, merged or 

converted into different formats utilizing the DTMToolkit (Inpho 2010). 

MATCH-AT. By using this module of Inpho’s digital photogrammetric software the full 

aerial triangulation for geo-referencing of any frame imagery from digital or analogue cameras in 

one automatic process, including point selection, point transfer and block adjustment could be done 

(Sigle, Heuchel 2001.; Available from internet: http://www.inpho.de).  

MATCH-T (also named MATCH-T DSM). This module of Inpho is usable for an 

automated terrain and surface extraction providing highly precise digital terrain models and digital 

surface models derived from aerial or satellite imagery. The high dense of point clouds in urban and 

forest areas by using MATCH-T could be achieved. This module is designed for processing the most 

demanding photogrammetric projects with block sizes of 20000 images and even more (Available 

from internet: http://www.inpho.de). 

DTMaster. DTMaster is designed for fast and precise DTM editing. DTMaster is available 

stand-alone, or as part of complete solutions for DTM generation by photogrammetry or LIDAR 

(Available from internet: http://www.inpho.de): 

  DTM Box combines DTMaster Stereo with MATCH-T, Inpho's product for 

automatic DTM generation from aerial or satellite imagery; 

  LIDAR Box combines DTMaster with SCOP++ Kernel and SCOP++ LIDAR, 

Inpho's products for advanced DTM processing and robust filtering of LIDAR data. 

OrthoMaster. By using this module of Inpho’s digital photogrammetric software the high 

quality orthophotos could be generated. The orthophoto could be generated from single image or 

blocks of images. In combination with OrthoVista, OrthoMaster is able to generate true orthophotos 

and true orthomosaics, in which all man-made 3D objects (e.g. buildings and bridges) are presented 
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in their true locations, without disturbing relief displacements (Available from internet: 

http://www.inpho.de). 

OrthoVista. This module of Inpho is usable for automatic compensation of image intensity 

and color variations originated from the imaging process. OrthoVista computes radiometric 

adjustments that compensate for visual effects within individual images, such as hot spots, lens 

vignetting and color variations. Further, OrthoVista performs a blockwide color balancing by 

adjusting adjacent images to match in color and brightness. Multiple orthophotos are combined into 

one seamless, color balanced and geometrically perfect orthomosaic (Available from internet: 

http://www.inpho.de). 

Summit Evolution. This module of Inpho is a digital photogrammetric stereo workstation 

and usable for vector data collection. Vector data could be collected directly into ArcGIS, AutoCAD 

or MicroStation softwares which are integral parts of Summit Evolution (Available from internet: 

http://www.inpho.de).  

 

3.2. Accuracy control of photogrammetric work stages 
 

The resolution of digital images has a direct influence on the accuracy of photogrammetric 

processes. In this case, all accuracy check thresholds are dependent on image resolution. 

In general, the higher the resolution, the better the image quality and the better the results 

of photogrammetric processes.  

As was mentioned before, the digital photogrammetric system is designed for aerial and 

satellite images processing. In this case, the following formulas of accuracy control are usable for 

aerial images (for satellite images the processing of those formulas is not advisable).  

The accuracy control of measured tie points and ground control points in the image. 

The residuals of the measurements in the images shows the displacement of the projection 

of the adjusted ground coordinates into the image compared to the measured image coordinate. The 

residuals of the image measurement on manual mode should correspond to the standard deviation 

(SDx,y) (Inpho 2010):  

 

SD୶,୷ = 1/3 × pixel ,  (3.1) 

 

where: pixel – pixel size of the camera (6.4 in units micron).  

Accuracy control of ground control points measurements. The accuracy control of 

ground control points is based on calculation of residuals from given ground control points in 

terrain units (m) and from the adjusted ground control points.  
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In digital aerial triangulations (for processing aerial images), the achievable accuracy 

between adjusted ground control points planimetric coordinates and given ground control points 

coordinates can be calculated by followed formula (Inpho 2010): 

 

OBJECT(X,Y) = 1/3 × pixel × image scale, ( 3.2)  

 

The accuracy in height could be computed according to the base/height ratio as a factor of 

the planimetry (Inpho 2010): 

 

HEIGHT ACCURACY = OBJECT(X,Y)× h/b,   (3.3)  

 

where: h = focal length of the camera (mm); b = survey basis (mm). 

Also the program calculate Root Mean Square (RMS) error with taking into account the 

residuals of adjusted ground control points and ground control points with given coordinates (see 

section 1.3). 

Accuracy control of triangulation. The value of the standard deviation of unit weight 

 shows the final result of aerial triangulation (see section 1.3) by making images processing (଴ߪ)

with Inpho software. Standard deviation of unit weight at least should correspond to 1/3 pixel 

(Inpho 2010). 

As is seen, the main formulas of accuracy control (3.1, 3.2 and 3.3) are based on image 

resolution. 

The resolution of digital images (taken directly from digital camera) is much higher then 

the analogue images. As a result, the object surface (e.g. building facade) is represented by too 

many pixels. The tests have shown, that the in consequence of this, the matching of points could be 

failed and the accuracy results are not improved and might be made less by using this software. In 

this case, the accuracy control of using high resolution digital images could be less by changing the 

pixel identification accuracy in formulas 3.1 and 3.2. To made this, there is always need to keep a 

close watch on results during images processing for finding the best accuracy result of processed 

images.  

Further in next section will be described the images processing procedure and the results of 

images processing. Also the brief discussion about the processing results will be given. 
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3.3. Processing of the images by using digital photogrammetric software Inpho 
 

The digital images processing by using digital photogrammetric software Inpho was 

performed with that same images of the object, which were used for processing by digital 

photogrammetric software PhotoMod (see section 2.4) and with original images of that same object 

using new camera calibration parameters obtained with using scale bars after the camera calibration 

procedure (see section 6.4).  

As we already know – the first step of the processing of scanned images is the interior 

orientation. Using Inpho photogrammetric software the determination of interior orientation is only 

required for digitized analogue images. While using digital images, the principal point coordinates 

are given directly from digital camera. The object images were taken by a digital camera and thus 

no interior orientation was necessary. The same applied to the PhotoMod photogrammetric 

software.  

The coordinates of principal point are known from camera definition where the parameters 

of sensor geometry during new project creation were entered. The images which were used for 

processing were taken with that same digital camera Canon EOS 1D Mark III. In this case, the 

principal point coordinates are the same in both cases for corrected from the camera objective 

distortions images and for original images. The coordinates of principal point are x’ = 2807.50 and 

y’ = 1871.50 given in the unit pixels. The results of interior orientation is stored and can be seen 

only in project files (*.prj). 

In the next step of the images processing the image points of the ground control points and 

tie points were measured (but not in stereo mode like it was done by using PhotoMod software) in 

corrected from the camera objective distortions images and in the original images. In order to reach 

an equivalent comparison of the results, the same 10 ground control points and the 8 tie points were 

measured in manual mode like it was done by using PhotoMod software.  

After the points were measured the computations of the aerial triangulation were made. In 

the first step of the aerial triangulation the a-priori accuracy of the image and the object point was 

set according to the above mentioned formulas provided by the system manufacturer (see 3.2 

section) in both cases for corrected from camera objective distortions images and for original 

images. In this case, the results still indicated a slightly unbalanced weight of the involved 

observation types, image and object point measurements.  

The images were taken with a 21MPixel camera. This high number of pixels leads to a far 

too high resolution of the object and does not correspond to the lower definition accuracy of points 

on the rough surface of the building’s facade. As a consequence details on the facade are never 

better defined then within a few pixel and thus the formula given in section 3.2 does not hold.  
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In order to analyse the quality of the bundle adjustment, it is possible to calculate image 

coordinate residuals (corrections), standard deviations of object points and orientation data, 

correlations between parameters and reliability numbers for the detection of gross errors and also 

for results observing (Luhmann et al. 2006). In the followed tables the accuracy results of basic 

images processing steps for corrected from camera objective distortions images and for original 

images are given. These results lead to final result of the aerial triangulation. The accuracy of the 

image and the object point was set irrespective of the formulas given in section 3.2. 

The displacement of the projection of the adjusted ground coordinate into the image 

compared to the measured image coordinate for corrected from camera objective distortions images 

and for original images is given in table 3.1. 

 
Table 3.1. Residuals between adjusted coordinates and between measured coordinates in the images  

General information 

Results 

Before camera 

calibration 

After camera 

calibration 

Point 

ID 

Point 

type 

Number of 

images the point 

was measured in 

Image 

ID 

Residuals 

x, µm 

Residuals 

y, µm 

Residuals 

x, µm 

Residuals 

y, µm 

102 GCP 2 
P915 0,2 0,0 -0,8 -1,8 

P912 -0,5 -0,2 0,4 1,8 

105 GCP 3 

P918 0,4 0,8 -0,5 0,9 

P915 0,3 0,0 -0,2 -0,5 

P912 -0,8 -0,9 0,5 -0,3 

106 GCP 3 

P915 0,4 -0,5 0,5 -1,2 

P912 -0,1 -0,2 -0,6 -0,2 

P918 -0,2 0,7 0,2 1,6 

107 GCP 2 
P912 -3,7 -1,3 -0,9 0,3 

P918 3,9 1,7 1,1 0,4 

109 GCP 3 

P915 -1,8 -2,1 -0,1 1,0 

P918 -0,1 -0,1 -0,7 -2,1 

P912 3,2 0,8 1,8 -0,5 

110 GCP 2 
P915 0,3 1,7 -0,5 1,0 

P912 -0,6 -1,3 -1,2 0,8 
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Table 3.1. continuation: 

General information 

Results 

Before camera 

calibration 

After camera 

calibration 

Point 

ID 

Point 

type 

Number of 

images the point 

was measured in 

Image 

ID 

Residuals 

x, µm 

Residuals 

y, µm 

Residuals 

x, µm 

Residuals 

y, µm 

111 GCP 3 

P918 -2,9 -1,8 -1,1 -1,0 

P915 0,5 1,4 -0,5 0,8 

P912 2,1 0,9 1,2 0,3 

600 GCP 2 
P912 0,2 -2,0 0,0 0,1 

P915 -0,1 2,0 -0,1 0,1 

602 GCP 3 

P912 -0,5 1,6 -0,5 -0,8 

P918 0,1 -1,9 0,1 0,4 

P915 0,1 0,5 0,4 0,5 

603 GCP 2 
P918 -1,3 0,4 0,8 2,1 

P912 1,0 -0,3 -0,7 -2,2 

901 TP 2 
P915 0,0 -0,8 0,0 -0,7 

P912 0,0 0,8 0,0 0,7 

902 TP 3 

P918 1,7 1,4 0,9 1,0 

P915 -0,1 -1,0 0,9 0,3 

P912 0,3 -0,4 -1,7 -1,3 

903 TP 3 

P915 0,0 0,2 -1,0 -1,1 

P918 -0,1 0,2 -1,1 -3,0 

P912 0,1 -0,5 2,0 1,9 

904 TP 2 
P918 0,0 0,4 0,0 -1,3 

P912 0,0 -0,4 0,0 1,3 

905 TP 3 

P915 1,1 0,4 -0,2 0,3 

P918 1,1 -2,2 -0,2 -1,2 

P912 -2,3 1,8 0,3 0,9 

906 TP 3 

P912 1,7 1,5 1,2 -0,2 

P915 -0,9 -1,5 -0,6 0,8 

P918 -0,8 0,0 -0,6 -0,8 
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Table 3.1. continuation (1): 

General information 

Results 

Before camera 

calibration 

After camera 

calibration 

Point 

ID 

Point 

type 

Number of 

images the point 

was measured in 

Image 

ID 

Residuals 

x, µm 

Residuals 

y, µm 

Residuals 

x, µm 

Residuals 

y, µm 

908 TP 2 
P912 0,0 0,0 0,0 0,8 

P915 0,0 0,0 0,0 0,7 

909 TP 3 

P915 0,0 -0,5 0,9 -1,6 

P912 0,0 0,4 -1,8 -0,7 

P918 0,0 0,2 0,9 1,0 

Standard deviation 1,3 1,1 0,8 1,2 

 

As it is seen from table 3.1, the maximum residuals (the worst points) of measured in 

corrected from camera objective distortions images are: x = 3,9 and y = -2,2 given in the units 

micron. These residuals are in points 107 and 905 (in images P918) respectively. Nevertheless of 

those maximum residuals in previous mentioned points, the standard deviation of all residuals is 

acceptable. The result of standard deviation of all measured points in corrected from the camera 

objective distortions images is:  x = 1,3 and y = 1,1 given in the units micron. It could be stated that 

this step of images processing was successful and results are great. 

The maximum residuals between adjusted and in the image space measured points in the 

original images which were used after camera calibration procedure are: x = 2,0 and y = -3,0 given 

in the units micron. These residuals are in point 903 (in the image P912 and P918) respectively. 

Despite the fact that residuals of those points are slighty higher from the other points - the result of 

standard deviation of all measured points in corrected from camera distortions images is:  x = 0,8 

and y = 1,2 given in the units micron. It could be stated that this step of images processing was 

successful and results are great. 

The table 3.2 shows the residuals of measured the image points of the ground control 

points (X, Y, and Z) also for corrected from camera objective distortions images and also for 

original images. 
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Table 3.2. Residuals of measured the image points of the ground control point 

General information 
Results 

Before camera calibration After camera calibration 

Point 

ID 

Number of 

images the point 

was measured 

in 

Residuals 

X, m 

Residuals 

Y, m 

Residuals 

Z, m 

Residuals 

X, m 

Residuals 

Y, m 

Residuals 

Z, m 

102 2 -0,004 -0,002 0,002 -0,007 0,001 0,000 

105 3 -0,002 -0,002 0,000 -0,004 0,002 0,002 

106 3 0,001 -0,001 0,002 0,002 0,002 0,001 

107 2 0,002 0,010 -0,010 0,005 0,011 0,000 

109 3 0,016 -0,021 -0,017 0,016 -0,025 0,011 

110 2 -0,004 0,007 0,006 -0,004 0,001 0,005 

111 3 -0,002 0,007 0,014 -0,004 0,002 0,003 

600 2 0,003 0,000 -0,002 -0,003 0,004 0,001 

602 3 -0,004 0,003 0,000 -0,001 0,002 0,001 

603 2 -0,005 0,001 0,005 0,001 -0,001 0,003 

RMS 0,006 0,008 0,008 0,006 0,009 0,004 

 

From previous table, the biggest discrepancy between adjusted ground control points 

planimetric coordinates and between given ground control points coordinates in the 109 point is 

seen. The biggest discrepancy in height accuracy is seen in the 109 point also. This high 

discrepancy in X, Y and Z coordinates in 109 point is in corrected from camera objective distortions 

images and in the original images. In consequence of the high discrepancies in the 109 point the 

values of RMS are higher. But the residuals calculated in the adjustment should not be used directly 

for the detection of outliers (Luhmann et al. 2006).  In this case and in order to reach an equivalent 

comparison of the results, the 109 point was not eliminated from adjustments.  

Despite the fact that the 109 point was not eliminated from adjustments, the value of the 

standard deviation (ߪ଴) which shows the final result of aerial triangulation is 0.5 in units micron 

(0.1 pixel size) for corrected from camera objective distortions images (before camera calibration) 

and in the original images (after camera calibration). The final result of aerial triangulation is great. 

The triangulation statistics and report of corrected from camera objective distortions images are 

given in appendix 2 and 3 respectively. The triangulation statistics and report of the original images 

are given in appendix 4 and 5 respectively. 
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4. BUNDLE BLOCK ADJUSTMENT BLUH 

 

The work with a bundle triangulation program is an optimization process that finds the 

optimum positioning of the “image-network” in relation to the control point provided. As a result of 

diverse requirements and applications there are many different bundle adjustment packages on the 

market. As examples, for aerial applications there are (Luhmann et al. 2006): 

  PAT-B (PAT-M) (University of Stuttgart, Germany) (Ackermann et. al. 1970); 

  BLUH (University of Hannover, Germany) (Jacobsen 1982); 

  ORIMA (Leica Geosystems, Switzerland) 

and for close range photogrammetry (Luhmann et al. 2006): 

  BINGO (GIP, Germany) (Kruck 1983); 

  STARS (GSI, USA) (Fraser and Brown 1986); 

  CAP (K2 Photogrammetry, Germany) (Hinsken 1989); 

  ORIENT (Technical University of Vienna, Austria) (Kager 1989); 

  PHIDIAS/BUN (PHOCAD, Germany) (Benning and Schwermann 1997); 

 AX. ORI (AXIOS 3D, Germany) (Hemken and Luhmann 2002). 

The most famous ones for aerial applications are PAT-B and BLUH (Wiedemann et al. 

2001). 

The program system BLUH is optimized for aerial triangulation but not limited to this. 

Even close range images taken from all directions (with exception of omega = 80 - 120 grads) can 

be handled. BLUH software is based on the collinearity equation. Observations are photo 

coordinates, control point coordinates and (if available) coordinates of the projection centres 

(usually determined by relative kinematic GPS positioning). Unknowns are the photo orientations, 

object coordinates and additional parameters (if self calibration with additional parameters is 

specified for the program run) (Jacobsen 2009). 

By using software package BLUH the bundle block adjustment of the images was done. 

 

4.1. Purpose of bundle block adjustment 
 

Bundle block adjustment (bundle triangulation, multi-image triangulation, multi-image 

orientation) is a method for the simultaneous numerical fit of an unlimited number of spatially 

disturbed images (bundle of rays). It makes use of photogrammetric observations (measured image 

points), survey observations and an object coordinate system. Using tie points, single images are 

merged into a global model in which the object surface can be reconstructed in three dimensions. 

The connection to a global object coordinate system can be provided by a minimum number of 



Processing of the digital images using photogrammetry systems 
 

 

57 
 

ground control points. In this case, at least three control points should be used (Atkinson 2001). 

Larger areas without ground control points can be bridged by tieing the images to a 

photogrammetric block. The corresponding (homologous) point are called tie points and represent 

image rays that should intersect in their corresponding object point with minimum inconsistency 

(Luhmann et al. 2006). 

In an over-determined system of equations, an adjustment technique estimates 3D object 

coordinates, image orientation parameters and any additional model parameters, together with 

related statistical information about accuracy and reliability. Since all observed (measured) values, 

and all unknown parameters of a photogrammetric project are taken into account within one 

simultaneous calculation, the bundle triangulation is the most powerful and accurate method of 

image orientation and point determination in photogrammetry (Luhmann et al. 2006). 

By block adjustment the exterior orientation parameters of a block of images, as well as the 

ground coordinates of tie points, are determined simultaneously (Albertz, Wiggenhagen 2009). 

The method is based on the mathematical model of perspective geometry, and uses directly 

the image coordinates as observations. For the computation the bundles of rays from the projection 

centres to the image points are established, according to the collinearity equations (Albertz, 

Wiggenhagen 2009): 

 

x୧ᇱ = c୩
ୟభభ(ଡ଼౟ିଡ଼బ)ାୟమభ(ଢ଼౟ିଢ଼బ)ାୟయభ(୞౟ି୞బ)
ୟభయ(ଡ଼౟ିଡ଼బ)ାୟమయ(ଢ଼౟ିଢ଼బ)ାୟయయ(୞౟ି୞బ)

 , (4.1) 

 

y୧ᇱ = c୩
ୟభమ(ଡ଼౟ିଡ଼బ)ାୟమమ(ଢ଼౟ିଢ଼బ)ାୟయమ(୞౟ି୞బ)
ୟభయ(ଡ଼౟ିଡ଼బ)ାୟమయ(ଢ଼౟ିଢ଼బ)ାୟయయ(୞౟ି୞బ)

, (4.2) 

   

where given are: c୩ -  focal length; X୧, Y୧, Z୧  −  coordinates of the ground control points; 

measured: x୧  , y୧ − image coordinates; 

unknowns: X଴, Y଴, Z଴,φ,ω,κ (the angles are included in the rotation matrix ܽ௜௜), X୧, Y୧, Z୧ of 

the tie points. 

υ = Aଵ × xଵ + Aଶ × xଶ − I  ,  (4.3) 

 

Adjustment with xଵ= object coordinates and xଶ= image orientation parameters. 

In the followed sections the brief discussion about bundle adjustment by using for this 

purpose suitable software will be given. 
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4.2. The modules of BLUH 
 

The program system BLUH has been written for handling in the command window 

(CMD). The program system has no dialogue and is subdivided into several program modules to 

ensure a flexible handling (Jacobsen 2009): 

 

 

Fig. 4.1. The modules of BLUH 

 

For the computation of a bundle block adjustment only the modules BLOR, BLAPP, BLIM 

and BLUH are necessary, they can be handled as one unique set or separately (in figure 4.1. they are 

marked with different colour). Even a batch handling of this group is possible or in can be included 

into a shell because the control data can be introduced not only by dialogue, it is also possible to 

introduce it by support files. The other modules can be used for special conditions, for analysis of 

the data and for other support of the data handling (Jacobsen 2009). 
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4.3. Results of the BLUH processing 
 

After the adjustment in Inpho when the corrected from camera objective distortions images 

and the original images were processed, all measured image co-ordinates of each sub-block and 

ground control points coordinates were exported in a BLUH format. The two separate files for 

exportation were created. All observations (image coordinates, original ground control points 

coordinates) were adjusted in a bundle block adjustment.  

In order to analyse the quality of the bundle block adjustment, the basic steps of computed 

results were observed (table 4.1, 4.2). The same manner the results for corrected from camera 

objective distortions images and for the original images were observed by processing images with 

digital photogrammetric softwares PhotoMod and Inpho. 

 
Table 4.1. Residuals between adjusted coordinates and between measured coordinates in the images 

General information 

Result 

Before camera 

calibration 

After camera 

calibration 

Point 

ID 

Point 

type 

Number of images 

the point was 

measured in 

Image ID 
Residuals 

x, µm 

Residuals 

y, µm 

Residuals 

x, µm 

Residuals 

y, µm 

102 GCP 2 
P915 0,0 0,2 0,0 -1,0 

P912 0,0 -0,2 0,0 1,1 

105 GCP 3 

P918 0,4 0,8 -1,3 -1,0 

P915 0,4 0,0 -1,3 -1,4 

P912 -0,8 -0,8 0,5 0,5 

106 GCP 3 

P915 0,1 -0,6 1,5 -1,2 

P912 -0,1 -0,1 -0,6 0,8 

P918 0,1 0,7 1,3 2,4 

107 GCP 2 
P912 0,0 -1,3 0,0 0,7 

P918 0,0 1,3 0,0 -0,7 

109 GCP 3 

P915 -1,2 -1,6 -0,6 1,1 

P918 -1,1 0,4 -0,7 0,4 

P912 2,3 1,2 1,3 -1,8 

110 GCP 2 
P915 0,0 1,5 -0,2 0,5 

P912 0,0 -1,6 0,2 -1,7 
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Table 4.1. continuation: 

General information 

Result 

Before camera 

calibration 

After camera 

calibration 

Point 

ID 

Point 

type 

Number of images 

the point was 

measured in 

Image ID 
Residuals 

x, µm 

Residuals 

y, µm 

Residuals 

x, µm 

Residuals 

y, µm 

111 GCP 3 

P918 -0,8 -2,0 -1,4 -1,9 

P915 -0,8 1,4 -0,8 1,1 

P912 1,6 0,5 1,4 -0,3 

600 GCP 2 
P912 -0,1 -2,0 0,0 -1,4 

P915 0,1 2,0 0,0 1,4 

602 GCP 3 

P912 -0,3 1,7 -0,6 1,5 

P918 0,1 -1,9 1,2 -1,7 

P915 0,2 0,2 1,4 -1,9 

603 GCP 2 
P918 0,0 0,1 0,0 1,3 

P912 0,0 -0,1 0,0 -1,3 

901 TP 2 
P915 0,0 -0,6 -0,1 0,9 

P912 0,0 0,7 -0,1 -0,9 

902 TP 3 

P918 -0,2 1,5 -0,4 -1,6 

P915 -0,2 -1,2 -0,4 1,2 

P912 0,5 -0,3 0,5 0,9 

903 TP 3 

P915 -0,1 -0,1 0,0 -0,9 

P918 -0,1 0,3 -0,1 -0,8 

P912 0,2 -0,2 0,0 0,4 

904 TP 2 
P918 0,0 0,2 0,0 1,2 

P912 0,0 -0,2 0,0 -1,2 

905 TP 3 

P915 1,2 0,4 1,7 -0,6 

P918 1,2 -2,3 1,6 1,3 

P912 -2,4 1,9 -2,2 1,3 

906 TP 3 

P912 1,5 1,5 1,0 -1,1 

P915 -0,8 -1,5 -0,4 -1,8 

P918 -0,7 -0,1 -0,5 0,9 
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Table 4.1. continuation (1): 

General information 

Result 

Before camera 

calibration 

After camera 

calibration 

Point 

ID 

Point 

type 

Number of images 

the point was 

measured in 

Image ID 
Residuals 

x, µm 

Residuals 

y, µm 

Residuals 

x, µm 

Residuals 

y, µm 

908 TP 2 
P912 0,0 -0,1 0,1 -1,4 

P915 0,0 0,1 -0,1 0,3 

909 TP 3 

P915 0,4 -0,7 1,6 -1,1 

P912 0,0 -0,1 -3,0 0,1 

P918 0,4 0,6 1,3 1,3 

Standard deviation 0,8 1,1 1,0 1,2 

 

As it is seen from previous table, the maximum residuals (the worst points) measured in 

corrected from camera objective distortions images are: x = -2,4 and y = -2,3 given in the units 

micron. These residuals are in the points 905 (in the images P912 and P918) respectively. 

Nevertheless of those maximum residuals in previous mentioned points, the standard deviation of 

all residuals is acceptable. The result of standard deviation of all measured points in corrected from 

camera objective distortions images is:  x = 0,8 and y = 1,1 given in the units micron. This step of 

images processing was successful and results are great. 

The maximum residuals between adjusted and in the image space measured points in the 

original images which were used after camera calibration procedure are: x = - 3,0 and y = 2,4 given 

in the units micron. These residuals are in the points 909 and 106 (in the images P912 and P918) 

respectively. The residuals in the other points are less. Nevertheless the result of standard deviation 

of all measured points in the original images is:  x = 1,0 and y = 1,2 given in the units micron. This 

step of images processing was successful and results are great. 

The table 4.2 shows the residuals of measured the image points of the ground control 

points (X, Y, and Z) for corrected from camera objective distortions images and for original images. 
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Table 4.2. Residuals of measured the image points of the ground control point 

General information 
Result 

Before camera calibration After camera calibration 

Point 

ID 

Number of 

images the 

point was 

measured in 

Residuals 

X, m 

Residuals 

 Y, m 

Residuals 

 Z, m 

Residuals 

 X, m 

Residuals 

 Y, m 

Residuals 

 Z, m 

102 2 0,004 0,002 -0,009 -0,010 0,014 0,006 

105 3 0,001 0,002 -0,001 0,007 -0,002 0,020 

106 3 -0,002 0,001 -0,003 0,002 -0,011 0,009 

107 2 0,001 -0,02 0,043 0,007 0,015 -0,009 

109 3 -0,015 0,019 0,021 0,005 -0,011 0,010 

110 2 0,004 -0,006 -0,012 -0,005 -0,012 -0,018 

111 3 0,002 -0,005 -0,016 -0,005 -0,023 -0,013 

600 2 -0,003 0,001 -0,002 -0,003 0,017 -0,021 

602 3 0,003 -0,003 -0,001 0,006 -0,006 -0,006 

603 2 0,004 -0,001 -0,011 0,015 0,006 -0,019 

RMS 0,005 0,009 0,017 0,007 0,013 0,014 

 

As can be seen from previous table, the residuals of measured the image points of the 

ground control points are very trifling for images which are corrected from camera objective 

distortions. Those same residuals for the original images are small to. The final result of bundle 

adjustment (ߪ଴) is 1.36 in units micron (0.3 pixel size) for corrected from camera objective 

distortions images (before camera calibration) and for the original images (after camera calibration). 

The bundle triangulation report of corrected from camera objective distortions images and of the 

original images are given in appendix 6 and 7 respectively.  

 

 



Processing of the digital images using photogrammetry systems 
 

 

63 
 

5. ANALYZING PHOTOGRAMMETRIC SOFTWARE AICON 3D STUDIO 
 

The analyzing software AICON 3D Studio is the one more software which was introduced 

and with which the digital camera Canon EOS 1D Mark III calibration procedure during Master 

thesis was done. Brief discussion about this system is given in followed sections. 

 

5.1. Purpose of AICON 3D Studio 
 

AICON 3D Studio is an analyzing software which is able to receive 3D data from different 

measuring systems and process them further. The AICON 3D Studio is a modular software. 

According to application range, the different modules of AICON 3D Studio are used. Due to the 

integration of different measuring modules, the AICON 3D Studio is an efficient control panel for 

different measuring instruments (Available from internet: http://www.aicon3d.de). 

 

5.2. The modules of the analyzing photogrammetric software  AICON 3D STUDIO 
 

The analyzing photogrammetric software  AICON 3D Studio consist of followed modules 

(Available from internet: http://www.aicon3d.de): 

 Digital Photogrammetric Analysis (DPA) system; 

 DPS system. 

DPA system. One of integrated measuring module into the AICON software is a Digital 

Photogrammetric Analysis (DPA) system. The AICON’s DPA system is 3D measurement system 

using for following applications (AICON 3D Systems GmbH 2009; Available from internet: 

http://www.qfp-service.it): 

3D inspection 

• Inspection of sheet metal parts and tolerance analysis; 

• Fixture inspection; 

• Comparison with CAD; 

• Roundness inspection, e.g. tunnels or tanks; 

• Measurement of large steel fabricated structures. 

3D process analysis 

• Deformation analysis in vehicle safety tests; 

• Deformation analysis of sheet metal and plastic parts, e.g. in environmental chambers or 

strain tests; 

• Motion analysis, e.g. of components under loa. 
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Measuring principle. AICON's DPA system are portable 3D measuring machine that use a 

high resolution digital camera for data collection. The part, which may be of any size, is 

photographed from a number of directions. The images could be processed and above mentioned 

tasks could be made either simultaneously with data collection (online processing) or after data 

collection (offline processing) with AICON’s software. The AICON software automatically 

calculates the 3D coordinates of all targeted points. The calculation is based on the principle of 

spatial image triangulation and is processed completely automatic. In addition to 3D coordinates, 

DPA provides statistical analysis of the results with specific accuracy information about each 

coordinate (Available from internet: http://www.qfp-service.it). 

DPS system. DPS system is the other one of integrated measuring module into the AICON 

software. Combined with the DPS system, it serves as optical 3D positioning equipment that 

controls the 3D position of the dummy relative to the vehicle during the positioning process. With 

the help of measuring points or adapters, the current dummy position is recorded in real time, and 

compared to nominal data. 

With all points on the dummy measured and displayed simultaneously in vehicle 

coordinates, the technician can quickly put the dummy into its target position. Movements of the 

vehicle that are caused by the positioning of the dummy are compensated automatically because of 

continuous monitoring of a set of targeted reference points. 

The system allows for the measurement of additional coordinates of single points, lengths 

or angles with the probe according to a predefined measuring plan. The results are shown in a 

measurement report. Further individual processing via an XML export is available (Available from 

internet: http://www.aicon3d.de). 

By using AICON’s DPA system the digital camera Canon EOS 1D Mark III calibration 

procedure was done. About camera calibration procedure is written in chapter 6. 
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6. CAMERA CALIBRATION 
 

The primary objective of photogrammetry is to generate spatial and descriptive 

information from two-dimensional imagery (Habib et al. 2005). The accuracy obtainable in digital 

images processing depends on the scale and type of image, the instruments used, the skill of the 

compiler, the density of ground control points, the amount of terrain surface, and the nature of the 

vegetative cover. These factors relate to the data taken from the images (Available from internet: 

http://www.blm.gov). Thus, the images acquisition is the first step which leads to a high accuracy of 

images processing.  

The images for photogrammetric purpose are taken by the analogue or digital photo 

cameras. In order to generate reliable and accurate information from images, photo cameras usually 

are calibrated before using them (Sužiedelytė-Visockienė, Bručas 2009). 

Next in this chapter will be discussed about the purpose of camera calibration and the 

calibration procedure of non-metric digital photo-camera Canon EOS 1D Mark III. The calibration 

results will be given in the last section.  

 

6.1. The goal of a camera calibration 
 

The purpose of camera calibration is to determine the geometric camera model described 

by the parameters of interior orientation (Luhmann et al. 2006; Schenk 2005): 

  Principal distance; 

  Focal length of the camera; 

  Image coordinates of principal points; 

  Radial distortion; 

  Tangential (asymmetric or decentring) distortion; 

  Affinity and shear of the image coordinate system; 

  Other additional parameters. 

There are 3 different camera calibration methods characterised by the reference object used 

and by the time and location of calibration (Luhmann et al. 2006; Sužiedelytė-Visockienė, Bručas 

2009): 

  Laboratory calibration. Interior orientation parameters are determined by 

goniometers, collimators or other optical alignment techniques where imaging direction or angles of 

light rays are measured through the lens of the camera. The advantage of this method is that the 

calibration takes place under laboratory conditions and hence better accuracy at defining of 
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unknown quantities is achieved. Laboratory calibration is generally only used for metric cameras 

and is using before surveying.  

 Test field calibration. This type of calibration is based on a suitable targeted field of 

object points with known coordinates and distances. The images of a test-field are taken from 

different positions and directions from several camera stations (the number of cameras stations 

depends on test field size), ensuring good ray intersection and filling the image format. The 

neighbour images should be overlapped. Measured image coordinates and approximately known 

object data are processed by bundle adjustment to give the parameters of the camera model (interior 

orientation) as well as the adjusted test field coordinates and the parameters of exterior orientation. 

Test fields can be mobile, or stationary. 

  Self-calibration. For this type of calibration the images acquired for the actual object 

measurement are used. In this case the test field is replaced by the actual object which must be 

imaged under conditions similar to those required for test field calibration itself (spatial depth, tiled 

images and suitable ray intersections). Self-calibrations do not require coordinates of known 

reference points. The parameters of interior orientation can be calculated solely by the 

photogrammetric determination of the object shape. If employed, reference points can be used to 

define a particular global coordinate system for the parameters of exterior orientation. 

The camera calibration procedure can be divided into several stages: test-field target 

images making, processing of the resulting images and estimation of the camera parameters 

(Sužiedelytė-Visockienė, Bručas 2009). 

Determining the parameters of photo cameras (cameras calibration) is absolutely necessary 

for the successful images processing (Sužiedelytė-Visockienė, Bručas 2009). 

In the next section will be written about non-metric camera Canon EOS 1D Mark III 

calibration procedure.  

 

6.2. Measurements for the digital camera calibration  
 

The non-metric camera Canon EOS 1D Mark III (see section 2.4) calibration was 

performed in the photogrammetric laboratory at Neubrandenburg University of Applied Sciences 

(Germany) using 3D test-field (fig. 6.1). 
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Fig. 6.1.Test-field for the camera calibration 

 

The field consists of retroreflective targets with known coordinates and distances and of 

two calibrated scale bars with precisely known distance between points. In order to get spatial 

information some points are arranged on a stamp at the top of the plane (Abraham 2004). 

In order to capture all types of distortions and stabilize the determination of the focal 

length (especially when using longer focal lengths) the images were taken: 

 in different orientations. At each station, the camera was rotated around its optical 

axis by 0º, 90º and −90º ; 

 in different inclinations. 

The cameras position with used different orientations and inclinations is given in figure 

6.2. 

 

 
Fig. 6.2. Photo camera position 
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All automated camera parameters (zoom, auto focus, aperture, white balance, etc.) were 

kept constant during data capture (were turned off) (Wojtas 2010; Sanz-Ablanedo et al. 2010). The 

185 images taken in that case for successful processing of calibration were used.  

 

6.3. Computation of the digital camera calibration parameters 

 
The images were processed and computations of camera calibration parameters were made 

with software AICON (see chapter 5). In order to evaluate the differences between calibration 

parameters and to estimate the necessity of using scale bars, the images were processed in two 

different ways: 

  including scale bars for the images processing; 

  not including scales bars in the images processing. 

During the adjustment procedure the software created an approximate 3D model of the 

points marked on the test-field. The coordinates are required to number the retroreflective targets 

(including the scale bars), that are detected in the image and to set up correspondences between the 

targets in different images (fig. 6.3.).  

 

 
Fig. 6.3. Numbered targets 

 

The numbers of the points are always unique, otherwise the result of the bundle adjustment 

alignment will be inadequate (Sužiedelytė-Visockienė, Bručas 2009).  

The accuracy of the result is defined by the mean value in the coordinate list for X, Y and 

Z in units mm, RMS also for X, Y and Z  in units mm and  standard deviation of the weight unit 

 shows the mean point measurement accuracy for (଴ߪ) in units micron. The standard deviation (଴ߪ)

all images of the adjustment statistics. The accuracy results of calibration are given in table 6.1. 
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Table. 6.1. Results of bundle block adjustment 

Accuracy, µm 
Calibration with using 

scale bars 

Calibration without using 

scale bars 

E୫ୣୟ୬
ଡ଼ଢ଼  4.5 3.2 

E୫ୣୟ୬
୞  2.5 2.1 

RMS xy 5.0 4.0 

RMS z 3.4 3.1 

σ0 5 5 

 

The software manufacturers have not listed the value which shows the successful 

adjustment. It is only stated, that the mean values and the RMS values should have similar sizes for 

X, Y and Z. The RMS value should be slightly higher then the mean value.  However, the final 

result of bundle adjustment of all images (with scale bars and without it) is 5 in units micron. 

According the estimated ߪ଴ value it could be stated that the results of camera calibration in both 

ways are great (AICON 3D Systems GmbH 2009).  

 

6.4. Results of the digital camera calibration  
 

The interior orientation and lens distortion parameters of the camera, i.e. principal distance 

c, principal point offset x0/y0, radial-symmetric and tangential distortion coefficients were 

calculated simultaneously with the numerical 3D reconstruction process by bundle adjustment 

(Peipe, Stephani 2003). Calibration results and precision parameters of camera are given in table 

6.2.  

 
Table. 6.2. The new calibration results of the digital camera Canon EOS 1D Mark III  

Parameters 
Results 

With using scale bars Without using scale bars 

Focal length (mm) 

c 50,7930 50,7931 

The base point corrections of the photo-camera 

x0 -0,2282 -0,2324 

y0 0,2019 0,2026 
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Table. 6.2. continuation: 

Parameters 
Results 

With using scale bars Without using scale bars 

Radial-symmetric distortion of the photo-camera 

A1 -6,4466E-05 -6,4508E-05 

A2 4,1312E-08 4,1565E-08 

A3 2,8812E-11 2,8407E-11 

Radial-asymmetric distortion of the photo-camera 

B1 -7,1262E-05 -7,2810E-06 

B2 -2,5987E-06 -2,5725E-06 

Affinity/Orthogonality 

C1 1,3696E-03 1,3715E-03 

C2 -2,5531E-05 -2,6262E-05 
 

 

As can be seen from the previous table, the values of cameras interior orientation 

parameters which are estimated using scale bars and without them are very similar: differences 

between the focal length (c) in both cases is +- 0,0001 in units mm; x0 = +- 0,0042 in units mm; y0 

= +- 0,0007 in units mm. The differences between the radial-symmetric and between the radial-

asymmetric distortions are very small: A1=+- 4,2000e-08; A2=+- 2,5300E-10; A3=+- 4,0500E-13; 

B1= +-6,3981E-05; B2= +- 2,6200E-08; C1= +- 1,9000E-06; C2= +- 7,3100E-07. The previous 

values have no dimension.  

Thus, both camera calibration parameters (see table 6.2) could be used for correction of the 

camera optical errors in images.  

However, digital cameras are not manufactured specifically for the purpose of 

photogrammetric mapping, and thus have not been built to be as stable as traditional mapping 

cameras. If a camera is stable, then the derived internal orientation parameters should not vary over 

time. The test, which were made with digital cameras showed, that the internal orientation 

parameters was stable as long as no zoom and no auto focus were used after the camera calibration  

(Habib et al. 2008; Läbe, Förstner 2004).  
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7. THE RESULTS ANALYSIS OF PROCESSED IMAGES AND THE 
DIGITAL CAMERA CALIBRATION PARAMETERS 

 

The corrected from camera objective distortions digital images and the original digital 

images after camera calibration procedure during the research work were processed. The digital 

images were processed by using digital photogrammetric softwares PhotoMod and Inpho which are 

developed for processing a wide range of digital imagery such as scanned aerial film frames, images 

from digital aerial cameras as well as images from various satellite sensors. By using those systems 

not only the bundle adjustment but also DTM, digital maps and orthophotos creation could be 

performed. The other one system by using which the bundle adjustment procedure was performed is 

BLUH. BLUH system is developed only for bundle triangulation and can be used for close range 

images taken from all directions. 

 It should be noted that the corrected from camera objective distortions digital images were 

processed by using both digital photogrammetric softwares (PhotoMod and Inpho) and the original 

images after camera calibration procedure were processed by using just digital photogrammetric 

software Inpho. The system BLUH was used for both types of the images processing.  

Further in next sections the result analysis of processed images will be performed. Also, 

the comparison between old camera calibration parameters and between new camera calibration 

parameters will be given.    

 

7.1. Aerial triangulation results analysis before camera calibration 
 

In this section the results analysis of processed digital images which were corrected from 

camera objective distortions is performed. 

The results of standard deviation between adjusted and measured points in image space 

were observed. The summerised results of calculated discrepancies (residuals) between adjusted 

points coordinates and between measuerd coordinates in image space is given in tabale 7.1. 

 
Table. 7.1. Comparison of standard deviation between adjusted and between measured points in image space 

Software Images 
Tie 

points 

Control 

points 

Standard Deviation,        

x (݉ߤ)  

Standard Deviation,       

y (݉ߤ) 

PhotoMod 3 8/8 10/10 0,4 1,1 

Inpho 3 8/8 10/10 1,3 1,1 

BLUH 3 8/8 10/10 0,8 1,1 
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As it can be seen from previous table, the results have slight differences only in x plane. 

The best result in image measurements was achieved with PhotoMod. Nevertheles the results 

reached with PhotoMod, Inpho and BLUH correspond accuracy requirements for measurements in 

image space: the values do not exceed 1,0 in units micron.  

In order to make comparison of bundle triangulation results the same three images for 

processing were used. Also the 10 GCP were measured in manual mode. As a priori value, the 

standard deviation of the ground control points were set as 0,02 in units meters for X, Y and Z to 

guarantee the same conditions for all adjustments. The results of bundle triangulation are 

summarised in table 7.2. 

 
Table. 7.2. Bundle triangulation results 

Software Images 
Control 

points 

 ,଴ߪ

 ݉ߤ
RMS X, m RMS Y, m RMS Z, m 

PhotoMod 3 10/10 - 0,002 0,003 0,008 

Inpho 3 10/10 0,5 0,006 0,008 0,008 

BLUH 3 10/10 1,36 0,005 0,009 0,017 

 

The PhotoMod does not show (compute) the ߪ଴ value. In this case, the comparison of 

results could be done to the RMS values which also show the triangulation result. Thus, the results 

were similar for all systems, but with slight differences in the planimetry and heights. The best 

results with respect to the RMS of the control points were achieved with PhotoMod.  

Performing comparison to ߪ଴value, best result was achieved with Inpho software (0,5 in 

units micron). The result for BLUH is slightly worse (1,36 in units micron). Nevertheles the result 

of bundle adjustment is good for both softwares, because the accuracy reaches 0,1 and 0,3 pixel size 

respectively. Also, according to the RMS values given in table 7.2, the assumption about 

dependence between RMS values and between the results of ߪ଴ could be made. In this case, the 

result of ߪ଴ with PhotoMod could be better than with Inpho and BLUH. 

 

7.2. Aerial triangulation results analysis after camera calibration 
 

In this section the results analysis of processed original digital images which were used 

after camera calibration is performed. 

The results of standard deviation between adjusted and measured points in image space 

were observed. The summerised results of calculated discrepancies (residuals) between adjusted 

coordinates and measuerd coordinates in image space is given in tabale 7.3. 
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Table. 7.3. Comparison of standard deviation between adjusted and between measured points in the image 
space after camera calibration procedure  

Software Images 
Tie 

points 

Control 

points 

Standard Deviation,     

   x (݉ߤ) 

Standard Deviation,   

     y (݉ߤ) 

Inpho 3 8/8 10/10 0,8 1,2 

BLUH 3 8/8 10/10 1,0 1,2 

 

As it can be seen from table 7.3, the results achieved with Inpho and BLUH correspond 

accuracy requirements for measurements in image space: the values do not exceed 1,0 in units 

micron.The better result is achieved with Inpho. 

In order to make comparison of bundle triangulation results using original digital images 

after camera calibration procedure the 10 GCP were measured in manual mode. As a priori value, 

the standard deviation of the ground control points were set as 0,02 in units meters for X, Y and Z 

to guarantee the same conditions for all adjustments. The results of bundle triangulation are 

summarised in table 7.4. 

 
Table. 7.4. Bundle triangulation results after the camera calibration procedure 

Software Images Control points 
 ,଴ߪ

 ݉ߤ
RMS X, m RMS Y, m RMS Z, m 

Inpho 3 10/10 0,5 0,006 0,009 0,004 

BLUH 3 10/10 1,36 0,007 0,013 0,014 
 

The final result of aerial triangulation (ߪ଴) was achieved 0.5 in units micron (0.1 pixel size) 

and 1,36 in units micron (0.3 pixel size) by using digital photogrammetric software Inpho and 

system BLUH respectively. The accuracy result reached with Inpho and BLUH meets the accuracy 

requirements. 
 

7.3. Comparison of aerial triangulation results before camera calibration and after camera 
calibration 

 

In this section the results comparison of processed digital images before camera calibration 

(by using corrected from camera objective distortions digital images) and after camera calibration 

(by using the original digital images) is given. Because of the original digital images was not 

processed by using digital photogrammetric system PhotoMod – the system in results comparison 

was not involved.  
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The results of standard deviation between adjusted and measured points in image space 

during digital images processing were observed. The summerised results of calculated discrepancies 

(residuals) between adjusted coordinates and measuerd coordinates in image space before camera 

calibration and after camera calibration is given in tabale 7.5. 
 
Table. 7.5. Comparison of standard deviation between adjusted and between measured points in image space 

before and after camera calibration 

General information 
Result 

Before camera calibration After camera calibration 

Software Images 
Tie 

points 

Control 

points 

Standard 

Deviation,      

x (݉ߤ) 

Standard 

Deviation,       

y (݉ߤ) 

Standard 

Deviation,        

x (݉ߤ) 

Standard 

Deviation,       

y (݉ߤ) 

Inpho 3 8/8 10/10 1,3 1,1 0,8 1,2 

BLUH 3 8/8 10/10 0,8 1,1 1,0 1,2 

 

As it can be seen from previous table, the results of this measurement step achieved by 

using digital photogrammetric softwares Inpho and BLUH are very similar in both cases: before 

camera calibration in corrected from camera objective distortions images and after camera 

calibration in the original images. But the better result in x and y planes is achieved by using the 

original digital images after camera calibration procedure which were processed with Inpho 

software. The result achieved with BLUH system by using the original digital images after camera 

calibration procedure is slightly higher in x plane. 

 In this step of images processing the best result was achieved with BLUH system by using 

corrected from camera objective distortions digital images before camera calibration procedure. 

The summarized bundle triangulation results by using corrected from camera objective 

distortions digital images and the original digital images are given in the table 7.6 

 
Table. 7.6. Comparison of bundle triangulation results before and after camera calibration procedure 

General information 
Result 

Before camera calibration After camera calibration 

Software Images 
Control 

points 

 ,଴ߪ

 ݉ߤ

RMS 

X, m 

RMS 

Y, m 

RMS 

Z, m 

 ,଴ߪ

 ݉ߤ

RMS 

X, m 

RMS 

Y, m 

RMS 

Z, m 

Inpho 3 10/10 0,5 0,006 0,008 0,008 0,5 0,006 0,009 0,004 

BLUH 3 10/10 1,36 0,005 0,009 0,017 1,36 0,007 0,013 0,014 
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As it is seen from table 7.6, the results of RMS achieved by using digital photogrammetric 

software Inpho are very similar in both cases: before camera calibration in corrected from camera 

objective distortions images and after camera calibration in the original images. Though, the better 

result in planimetry is achieved by using corrected from camera objective distortions digital images 

(before camera calibration procedure) and the twice better result in height is achieved by using the 

original digital images (after camera calibration procedure). The final result of bundle adjustment is 

the same before camera calibration procedure and after camera calibration procedure. 

Very similar distribution of the results of RMS and of the final adjustment result is 

achieved by using system BLUH (see table 7.6). The better result in planimetry is achieved by using 

corrected from camera objective distortions digital images (before camera calibration procedure) 

and the better result in height is achieved by using the original digital images (after camera 

calibration procedure). The final result of bundle adjustment is the same before camera calibration 

procedure and after camera calibration procedure. 

The best result of bundle adjustment was achieved with digital photogrammetric software 

Inpho after camera calibration procedure by using the original digital images. 

 

7.4. Comparison of camera calibration parameters  
 

In this section the comparison between the old digital camera Canon EOS 1D Mark III 

calibration results and between the results which were got during research work is made. 

Comparison of camera calibration parameters is given in table 7.7. 

 
Table. 7.7. Comparison of camera calibration parameters 

Parameters 

Results 

The old calibration 
Calibration performed during research work 

With using scale bars Without using scale bars 

Focal length (mm) 

c 50,7583 50,7930 50,7931 

The base point corrections of the photo-camera (mm) 

x0 -0,0495 -0,2282 -0,2324 

y0 -0,2559 0,2019 0,2026 

Radial-symmetric distortion of the photo-camera 

A1 –1.789E-09 -6,4466E-05 -6,4508E-05 

A2 - 4,1312E-08 4,1565E-08 

A3 - 2,8812E-11 2,8407E-11 
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Table. 7.7. continuation: 

Parameters 

Results 

The old calibration 
Calibration performed during research work 

With using scale bars Without using scale bars 

Radial-asymmetric distortion of the photo-camera 

B1 1,0170E-05 -7,1262E-05 -7,2810E-06 

B2 –1.655E-8 -2,5987E-06 -2,5725E-06 

Affinity/Orthogonality 

C1 - 1,3696E-03 1,3715E-03 

C2 - -2,5531E-05 -2,6262E-05 

 

The camera calibration procedure was performed at the Institute of Photogrammetry in 

Bonn University (Germany) in 2008 before (the results of this calibration are listed in column 

named “The old calibration”). As can be seen from the previous table, the values between the old 

camera calibration interior orientation parameters and between the new calibration interior 

orientation parameters are very differ. Also, the difference between amount of computed parameters 

is seen. However, the differences between the proportion of the obtained values of calibration 

parameters and between amount of computed calibration parameters in both cases (in old 

calibration and in new calibration) do not mean bad result, because the computations of parameters 

were performed by using different softwares and different technique during images taking process. 

Also, there are no standards for calibration reports of digital cameras at the moment. In this case, 

the camera calibration parameters which should be entered during project creation process 

depending on the software which is using for images processing. The camera calibration parameters 

which were need to enter in the digital photogrammetric softwares PhotoMod and Inpho during 

project creation process and the camera calibration parameters which were need to enter in system 

BLUH are given in table 7.8. 
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Table. 7.8. Camera calibration parameters in PhotoMod, Inpho and BLUH 

Software 

Camera calibration parameters 

Focal 

length 

(c) 

The base point 

corrections of 

the photo-

camera (x0, y0) 

Radial-

symmetric 

distortion of the 

photo-camera 

Radial-

asymmetric 

distortion of 

the photo-

camera 

Affinity/Orthogonality 

A1 A2 A3 B1 B2 C1 C2 

PhotoMod + + + + + - - - - 

Inpho + + + + + - - - - 

BLUH + - - - - - - - - 

 

As it is seen from previous table, the same number of introduction of camera calibration 

parameters is required for PhotoMod and  Inpho softwares.  

It should be noted when the corrected from camera distortions digital images were used – 

only calibrated focal length (c) was need to enter during project creation in PhotoMod and Inpho 

softwares. Also, because the points measurements in the images were performed with digital 

photogrammetric system, the system BLUH requires to enter only calibrated focal lenght (c).  
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CONCLUSIONS 
 

1. The digital images of the culture heritage fasade which were corrected from the digital 

camera Canon EOS 1D Mark III objective distortions were processed using digital photogrammetric 

system PhotoMod. After aerial triangulation was done, the root mean square between in images by 

stereo mode measured ground control points and between in geodetic method measured ground 

control points were detected: RMS X = 0,002 in units metres, RMS Y = 0,003 in units metres and 

RMS Z = 0,008 in units metres. Using this software in addition, the break lines of the object were 

plotted and the orthophoto was generated. 

2. The digital images of that same object which were corrected from the digital camera 

Canon EOS 1D Mark III objective distortions were processed using digital photogrammetric system 

Inpho. After aerial triangulation was done, the root mean square between in images not by stereo 

mode measured ground control points and between by geodetic method measured ground control 

points were detected: RMS X = 0,006 in units metres, RMS Y = 0,008 in units metres and RMS Z = 

0,008 in units metres. The value of  ߪ଴ is equal to 0.5 in units micron. 

3. The tie points which were measured in that same digital images of the object which were 

corrected from the digital camera Canon EOS 1D Mark III objective distortions using software 

Inpho and by geodetic method measured ground control points for further processing were 

transformed to bundle adjustment designed software BLUH. After aerial triangulation was done, the 

root mean square between in images not by stereo mode measured ground control points and 

between by geodetic method measured ground control points were detected: RMS X = 0,005 in 

units metres, RMS Y = 0,009 in units metres and RMS Z = 0,017 in units metres. The value of  ߪ଴ 

is equal to 1.36 in units micron. 

4. The calibration of the digital camera Canon EOS 1D Mark III (50 mm objective-lens) 

was performed in a specialy designed calibration laboratory at Neubrandenburg University of 

Applied Sciences in Germany. Significant differences between the old calibration parameters 

(obtained three years ago) and between the new results, obtained by the author in this master work, 

were not found. It means that the parameters which were set during camera calibration procedure 

three years ago were not changed during all the time the camera was used in this work. 

5. By using new camera calibration parameters the aerial triangulation procedure was 

repeated using digital photogrammetric system Inpho. For this purpose the original digital images 

(not corrected from the digital camera Canon EOS 1D Mark III objective distortions) of that same 

object were used. After aerial triangulation was done using software Inpho, the root mean square 

between in images not by stereo mode measured ground control points and between by geodetic 

method measured ground control points were detected: RMS X = 0,006 in units metres, RMS Y = 
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0,009 in units metres and RMS Z = 0,004 in units metres. The value of  ߪ଴ is equal to 0,5 in units 

micron. 

6. By using the new camera calibration parameters the tie points, which were measured in 

that same original digital images of the object using software Inpho and by geodetic method 

measured ground control points for further processing were transformed to bundle adjustment 

designed software BLUH. After aerial triangulation was done, the root mean square between in 

images not by stereo mode measured ground control points and between by geodetic method 

measured ground control points were detected: RMS X = 0,007 in units metres, RMS Y = 0,013 in 

units metres and RMS Z = 0,014 in units metres. The value of  ߪ଴ is equal to 1.36 in units micron. 

 7. The results of aerial triangulation which were obtained by using all examined softwares 

meet accuracy requirements. According to this, it can be stated that the digital photogrammetric 

systems PhotoMod and Inpho which are developed for processing scanned aerial film frames, 

images from various satellite sensors could be used for close-range digital images processing too.  

8. During the digital images processing procedure it was established that formulas given 

for accuracy control by software‘s manufacturers not allways hold on. Thus, there are an 

importance for operator experience and skills during digital close-range images processing 

procedure. 
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Appendix 1. PhotoMod aerial triangulation report 
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Appendix 2. Inpho aerial triangulation statistics file of the images which are corrected from the 

digital camera Canon EOS 1D Mark III objective distortions 
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Appendix 3. Inpho aerial triangulation report of the images which are corrected from the digital 

camera Canon EOS 1D Mark III objective distortions 
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Appendix 4. Inpho aerial triangulation statistics file of the original images  
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Appendix 5. Inpho aerial triangulation report of the original images  
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Appendix 6. BLUH bundle triangulation report of the images which are corrected from the digital 

camera Canon EOS 1D Mark III objective distortions 
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Appendix 7. BLUH bundle triangulation report of the original images  
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Appendix 8. The programme of Republican scientific conference “Civil Engineering and Geodesy” 
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