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(57) ABSTRACT 

Amethod and System for producing digital orthophotoS from 
imagery acquired as full or sparse Stereo. The orthophotos 
can be produced in a variety of map coordinate Systems 
without the need to convert or recompute DEM or photo 
grammetric Solution data. In one embodiment, a two-dimen 
Sional, planimetric free-network Solution, utilizing arbitrary 
datum definition constraints, is used to provide a transitory 
coordinate System that is used to facilitate the image mea 
Surement process. It is utilized as a preliminary Step to refine 
apriori block layout information to facilitate point picking 
and to provide general quality control capabilities before 
undertaking a rigorous 3D photogrammetric adjustment. In 
place of a general map conversion transformation, an iden 
tity transformation can be used, So that map coordinates and 
World coordinates are identical. With this process, given 
DEM data and photogrammetric Solution data in a particular 
coordinate System, the Orthophoto image data can be pro 
duced in any map coordinate System. In one embodiment, all 
geometric coordinate transformations are performed prior to 
performing the image intensity interpolation operation. 
Thus, only one image intensity interpolation operation is 
performed, using the geometric coordinate data. In another 
embodiment, a network constraint is introduced to the block 
adjustment process that assumes an average vertical direc 
tion in order to Support the process of Self rectification. 
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METHOD AND APPARATUS FOR PRODUCING 
DIGITAL ORTHOPHOTOS USING SPARSE 

STEREO CONFIGURATIONS AND EXTERNAL 
MODELS 

CROSS REFERENCE TO RELATED 
APPLICATION 

0001. This application is a continuation of application 
Ser. No. 09/679,726, filed on Oct. 4, 2000. 

BACKGROUND OF THE INVENTION 

0002 Field of the Invention 
0003. The present invention relates generally to methods 
and Systems for processing digital imagery from a variety of 
optical imagery Systems, and more particularly, to a method 
and System for producing digital orthophotos using sparse 
Stereo photogrammetric configurations with or without 
externally DEMs and new photogrammetric Software tools. 
0004. In traditional digital orthophoto processes, digital 
imagery data typically are acquired by Scanning a Series of 
frames of aerial photographs which provide coverage of a 
geographically extended project area. Alternatively, the digi 
tal imagery data can be derived from Satellite data and other 
Sources. Then, the image data are processed on a frame by 
frame basis for each picture element, or pixel, using rigorous 
photogrammetric equations on a computer. Locations on the 
ground with known coordinates or direct measurement of 
camera position are used to establish a coordinate reference 
frame in which the calculations are performed. 
0005. During conventional orthophoto production pro 
cesses, a DEM, or digital elevation model (DEM), is derived 
from the same digital imagery used in Subsequent orthorec 
tification, and this DEM has to be stored in one and the same 
computer file. 
0006 Then, the imagery data for each frame is orthorec 
tified using elevation data obtained from the DEM to remove 
image displacements caused by the topography (“relief 
displacements'). For many conventional processes, the Steps 
of measurement are performed with the imagery data for 
each frame or for a pair of two frames having a 60% forward 
overlap. In traditional image processing Systems, the mea 
Surement process is carried out primarily on the digital 
imagery accessed in pairs of overlapping frames known as 
a “stereomodel’. Subsequent photogrammetric calculations 
often are carried out on the digital imagery on a Stereomodel 
basis. Orthorectification is carried out on the digital imagery 
on a frame by frame basis. These processes are time con 
Suming and costly. For example, using traditional methods 
with high proceSS overhead and logistical complexity, it can 
take days to process a custom digital orthophoto once the 
imagery has been collected. 
0007. After orthorectification of the individual frames, 
the Orthorectified images are combined into a single com 
posite image during a mosaicking step. 

SUMMARY OF THE INVENTION 

0008. The disadvantages and limitations of the back 
ground art discussed above are overcome by the present 
invention which provides a method for producing a digital 
orthophoto from a block of overlapping images of a project 
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area, including acquiring imagery data for the project area 
and performing all geometric coordinate transformations are 
performed prior to performing the image intensity interpo 
lation operation. Thus, only one image intensity interpola 
tion operation is performed, using the geometric coordinate 
data. This one-step resampling proceSS avoids the situation 
in which multiple image resampling operations unnecessar 
ily degrade the color content of the resulting imagery. In one 
embodiment, digital elevation model data is derived from 
the imagery data and an orthorectification operation is 
performed using the derived digital elevation model data. 
Then, the geoimage is transformed to a map coordinate 
System. 

0009. In accordance with another aspect of the present 
invention, orthophotos can be created in a variety of map 
coordinate Systems without the need to convert or recompute 
DEM or photogrammetric Solution data. Alternatively, an 
identity transformation can be used So that map coordinates 
and World coordinates are identical. With this process, given 
DEM data and photogrammetric Solution data in a particular 
coordinate System, the Orthophoto image data can be pro 
duced in any map coordinate System. 
0010. In accordance with a further aspect of the inven 
tion, there is provided a method for producing a digital 
orthophoto from a block of overlapping imageS for a project 
area. The method comprises acquiring digital imagery data 
representing the block of Overlapping images of the project 
area and obtaining measurement data for tie and control 
points. A network constraint is introduced to a block bundle 
adjustment that assumes an average vertical direction for the 
imagery to Support the process of Self-rectification. 
0011 Further in accordance with the invention, there is 
provided a method for producing a digital orthophoto from 
a block of overlapping images for a project area. The method 
comprises acquiring digital imagery data representing the 
block of overlapping images of the project area, obtaining 
measurement data for a plurality of tie and a plurality of 
control points, performing photogrammetric interpolation 
adjustment using a block bundle adjustment process to 
obtain an elevation interpolation model including three 
dimension ground points, fitting the elevation interpolation 
model between ground points, and interpolating digital 
elevation model elevation at arbitrary ones of the three 
dimension ground points to Support rectification in World 
coordinates. 

0012 Further in accordance with the invention, a method 
for improving the quality of tie points and control points 
measured in producing a digital orthophoto from a set of 
Overlapping images of a project area comprises measuring a 
plurality of points within a block of images of the project 
area; performing a two-dimension, free network adjustment 
using the points measured within the block of images to 
Simultaneously compute a two-dimension orientation trans 
formation for each image in the block of images, performing 
a three-dimension, free-network adjustment using the results 
of the two-dimension, free-network adjustment, assessing 
the quality of the points for the block of images using the 
results of the three-dimension, free-network adjustment; 
refining the measurement of at least one of the points, and 
performing at least a further three-dimension, free-network 
adjustment. 
0013 Further in accordance with the invention, there is 
provided a method for measuring tie points and control 
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points in producing a digital orthophoto from a block of 
overlapping images of a project area. The method comprises 
the Steps of displaying the overlapping images in pairs, and 
measuring corner points in each image pair to obtain point 
data. Then a two-dimension, free network adjustment is 
performed, using the point data obtained by measuring 
points within the block of images to Simultaneously compute 
a two-dimension orientation transformation for each image 
in the block. A plurality of additional tie points are measured 
within the block of images of the project area. The two 
dimension, free-network adjustment is performed prior to 
measuring the additional points. 
0.014. The invention further provides a method for pro 
Viding digital elevation model data for use in producing a 
digital orthophoto of a project area. The method comprises 
acquiring digital elevation model data from at least first and 
Second Sources, prioritizing the digital elevation model data 
acquired from the first and Second Sources; Storing the 
digital elevation model data for at least the first and Second 
digital elevation models in a memory in a predetermined 
order to produce a digital elevation multimodel. The digital 
elevation model data having the highest priority is accessed 
to provide elevation data for use in performing a first 
geometric transformation. Then the digital elevation model 
data having the next priority is accessed to provide elevation 
data for use in performing a Second geometric transforma 
tion. 

0.015. A method for producing a digital orthophoto for a 
project area, the method comprising the Steps of using an 
uncalibrated camera to obtain a Series of aerial photographs 
of the project area for providing digital imagery representing 
a block of Overlapping images of the project area; introduc 
ing at least one perspective camera model parameter into a 
bundle block adjustment program as an unknown parameter 
pertaining to the taking camera; performing a bundle block 
adjustment operation using the digital imagery data to 
calculate the unknown parameter, Supplying the calibrated 
parameter data and bundle adjustment result data to an 
orthorectification process, and performing an orthorectifica 
tion operation using the calibrated parameter data and the 
bundle adjustment data. 
0016. The invention further provides a method for cre 
ating orthophoto images from imagery without Stereo over 
lap and without availability of an external digital elevation 
model. The method comprises performing a photogrammet 
ric adjustment using tie points and control points for the 
sparse Stereo geometry to provide a three dimensional 
coordinate value for a plurality of ground points, the ground 
points corresponding to all points which have been mea 
Sured in two or more images, and the ground points form a 
sparse Sampling of the ground digital elevation model with 
each ground point having a known elevation value expressed 
in World Space and a planimetric location expressed in World 
Space. A digital elevation model is interpolated between the 
ground points for use in producing a digital orthophoto for 
a project area. 
0.017. With this invention, there is provided a method and 
System for producing digital orthophotos from Sparse Stereo 
configurations which consist of photographic block geom 
etries exhibiting an overlap much smaller than 60%, 
together with a method and system which uses various DEM 
files allowing an automated Selection based on geographic 
location. 
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DESCRIPTION OF THE DRAWINGS 

0018. These and other advantages of the present inven 
tion are best understood with reference to the drawings, in 
which: 

0019 FIG. 1 is a process flow chart for a digital ortho 
photo production proceSS in accordance with the invention; 
0020 FIG. 2 is a screen shot of a sample of two images 
before adjustment; 
0021 FIG. 3 is a screen shot of a sample of two images 
after adjustment, rectification, and mosaicking in accor 
dance with the invention; 
0022 FIG. 4 is a representation of a computer system for 
use in carrying out the process of FIG. 1; 
0023 FIG. 5 is a representation of the memory of the 
computer system of FIG. 4; 
0024 FIG. 6 is a sample directory structure of the 
computer system of FIG. 4; 
0025 FIG. 7 is a simplified representation of a block of 
frames of an image showing the overlap of adjacent frames 
for full stereo; 
0026 FIG. 8 is an enlarged fragmentary view of a 
portion of FIG. 7 showing points selected in the Von Gruber 
pattern; 

0027 FIG. 9 is a simplified representation of a block of 
frames of an image showing the overlap of adjacent frames 
for sparse Stereo; 
0028 FIG. 10 is a screen shot of a sample block of 
images with Sparse overlaps in accordance with the inven 
tion; 
0029 FIG. 11 shows the same screen shot as in FIG.10, 
after the frame footprints have been added in accordance 
with the invention; 
0030 FIG. 12 shows the same screen shot as in FIG.10, 
without the image information, showing the frame footprints 
only, in accordance with the invention; 
0031 FIG. 13 is a process flow chart for a point picking 
program of the digital orthophoto production process of 
FIG. 1; 
0032 FIG. 14 is a process flow chart for a main display 
process of the point picking program of FIG. 13; 
0033 FIG. 15 is a screen shot that shows the two pop-up 
windows that are used for Simple overlap point picking, in 
accordance with the invention; 
0034 FIG. 16 is a screen shot that shows the four pop-up 
windows that are used for quadruple overlap point picking, 
in accordance with the invention; 
0035 FIG. 17 is a screen showing a plurality of frames 
of raw image data; 
0036 FIG. 18 is a screen showing footprints of the 
frames of FIG. 17; 
0037 FIG. 19 is an enlarged view showing a pair of 
overlapping frames, 
0038 FIG. 20 is view similar to that of FIG. 18 with a 
pair of control points Selected on the two frames, 
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0.039 FIG. 21 is a screen showing the image adjusted 
after point picking has been completed, producing a groSS 
mosaic; 
0040 FIG. 22 is a process flow chart for a point picking 
process of the point picking program of FIG. 13; 
0041 FIG. 23 is a simplified representation of a screen 
display and a DEM, in three dimensions, used in describing 
transforming from pixel to World coordinates, 
0.042 FIG. 24 is a process flow chart for a planimetric 
adjustment process of the point picking program of FIG. 13; 

0.043 FIG. 25 is process flow chart for a two-dimension, 
free-network adjustment process of the planimetric adjust 
ment program of FIG. 13; 
0044 FIG. 26 is a simplified representation of the layout 
of memory storage for a Multi-DEM in accordance with the 
invention; 

004.5 FIG. 27 is a process flow chart for a Multi-DEM 
program in accordance with the invention; 
0.046 FIG. 28 is a process flow chart for a photogram 
metric program of the digital orthophoto production proceSS 
of FIG. 1; 

0047 FIG. 29 is process flow chart for a three-dimen 
Sion, free-network adjustment process of the photogrammet 
ric program of FIG. 28; 
0048 FIG. 30 is a screen shot of a block of image 
footprints, showing a group of points that is out of position 
with the block, prior to adjustment; 

0049 FIG.31 is a screen shot of the same block of image 
footprints as FIG. 30, but showing the position of the points 
after adjustment; 

0050 FIG. 32 is a screen shot of a window containing the 
point residuals for one Specific image after block adjust 
ment, 

0051 FIG.33 illustrates a table of control points with a 
high residual control point picked for editing, 
0.052 FIG. 34 is a view of pop-up windows showing the 
locations of the control point picked in FIG. 33; 
0053 FIG. 35 is a view similar to that of FIG. 34 and 
showing Selection of a different control point; 
0054 FIG. 36 is a screen shot of a block of frame 
footprints after conformal transformation was done, Show 
ing Some bad points in white, in accordance with the 
invention; 

0055 FIG. 37 is a process flow chart for the orthorecti 
fication program of the digital orthophoto production pro 
cess of FIG. 1; 

0056 FIG. 38 is a process flow chart for a footprint 
generating program of the orthorectification program of 
FIG. 37; 

0057 FIG. 39 is a process flow chart for a resampling 
grid program of the orthorectification program of FIG. 37; 
0.058 FIG. 40 is a process flow chart for a image 
reSampling program of the orthorectification program of 
FIG. 37; 
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0059 FIG. 41 is process flow chart for a program pro 
Viding one-step resampling in accordance with the inven 
tion; 
0060 FIG. 42 is process flow chart for a program which 
provides rectification with independent map/Surface coordi 
nate Systems; 

0061 FIG. 43 is process flow chart for a map footprint 
generating process of the program of FIG. 42, 
0062 FIG. 44 is a simplified representation of image and 
background pixels of an image footprint; 

0063 FIG. 45 is process flow chart for a three-dimension 
World Sampling grid generating process of the program of 
FIG. 42; 
0064 FIG. 46 is process flow chart for a pixel displace 
ment grid generating process of the program of FIG. 42, 
0065 FIG. 47 is process flow chart for a program which 
uses vertical assumption for relative Self-rectification in 
accordance with the invention; 
0066 FIG. 48 is a simplified representation of a plurality 
of overlapping frames for which a plurality of ground points 
have been measured; 
0067 FIG. 49 is an example of the results of a Delaunay 
triangulation based upon planimetric coordinates, 
0068 FIG. 50 is a view similar to that of FIG. 49 and 
with the ground points removed; and 
0069 FIG. 51 is a representation of three dimension 
coordinates of a ground point. 
0070 FIG. 52 is process flow chart for using sparse 
Stereo for rectification with a sparse DEM in accordance 
with the invention; 
0071 FIG. 53 is a screen showing the total image for the 
project area after orthorectification; 
0072 FIG. 54 is a screen showing the total image for the 
project area after color balancing, 
0073 FIG. 55 is a screen shot containing a portion of a 
mosaic before radiometric corrections are done; 

0074 FIG. 56 is a screen shot containing the same 
mosaic portion as FIG.55, but after radiometric corrections 
were done; 
0075 FIG. 57 is a screen showing an enlarged portion of 
the total image for the project area of FIG. 54, representing 
the appearance of the final product. 

DEFINITIONS OF TECHNICAL TERMS 

0076. The following are definitions of some of the tech 
nical terms used in the detailed description of the preferred 
embodiments. 

0077 Bundle adjustment-A process for determining 
“optimum values for mathematical parameters within a 
photogrammetric model which represents the imaging pro 
ceSS as the recording of a bundle of optical rayS. Conven 
tionally, the bundle block adjustment provides a Simulta 
neous Solution of a System of mathematical equations. The 
Solution conventionally represents the Solution in which 
measurement residual magnitude values are a least Squares 
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minimum. In addition to measurement values, the bundle 
adjustment conventionally includes various unknown 
parameters, constant values and constraint equations. 

0078 Camera coordinates-Used to identify the location 
of an image point at the time of exposure. Specifically, this 
represents the location of an image point with respect to the 
camera optical System conventionally with respect to the 
nodal point as an origin and aligned with a measured, 
assumed or computed camera System “body axis. 

0079 Cartesian coordinate system-This is typically 
used either explicitly or implicitly) as the coordinate System 
in which the bundle adjustment computations are performed 
and with respect to which exterior orientation parameters are 
computed. 

0080 Digital Elevation Model (DEM)—A blanket of 
points in 3D Space representing a portion of the topography 
of the earth's surface. Each point has X, Y, and Z coordi 
nateS. 

0081 Digital Terrain Model (DTM)—A blanket of lines 
joining points in a DEM. Used as “wire frame' to drape 
image information over it. Used as the foundation for 3D 
and perspective renditions of the topography of the earth's 
Surface. 

0082) Exterior orientation-The process of determining 
values for location and orientation of the camera at the time 
of exposure. Conventionally, this includes the location (three 
coordinate values) of the front nodal point of the camera 
optical System, and the attitude (three values) of the camera 
System with respect to the World coordinate System. 

0.083 Free-network The use, during a photogrammetric 
bundle adjustment, of relative constraint equations to pro 
vide a relative and unambiguous, but arbitrary first order 
datum definition. Conventionally, providing a definition of 
the adjustment coordinate System origin (three values in 
three-dimensions) orientation (three values in three-dimen 
Sions), and Scale (one value). 
0084 Interior orientation-The process of determining 
values for the photogrammetric Sensor calibration param 
eters. For example, for a central perspective frame camera, 
the interior parameters conventionally include the calibra 
tion constant vector (three values consisting of the principal 
point, two values, and the principal distance, one value), 
optical distortion model coefficients, and optional film defor 
mation model coefficients. Interior orientation is generally 
performed either during an independent calibration proce 
dure (typically for aerial metric cameras) or via determina 
tion of “best fit” parameter values during bundle adjustment 
with self calibration. 

0085 Map coordinates-A cartographic coordinate sys 
tem in which the final orthophoto (georeferenced image) 
will be expressed. Examples of map coordinates common in 
United States applications include Universal Transverse 
Mercator (UTM) and State Plane Coordinate Systems 
(SPCS). “World coordinate” system denotes a three-dimen 
Sional, homogeneous, isotropic Cartesian coordinate System. 
This is typically used (either explicitly or implicitly) as the 
coordinate System in which the bundle adjustment compu 
tations are performed and with respect to which exterior 
orientation parameters are computed. 
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0086 Orthophoto-An image in which features are 
aligned to a map coordinate System. 
0087 Perspective image-An image generated by a 
physical process which is modeled by a mathematical pro 
jective transformation, i.e., one which collapses three-di 
mension coordinates into two-dimension coordinates. 

0088 Pixel coordinates-Used to identify a location 
within a digital image by specifying an individual pixel (or 
fraction thereof). Conventionally, represented in column/ 
row or line/sample formats with various conventions for 
Selection of the origin and positive directions. 
0089 Rectification. The process of producing an ortho 
photo by removing relief displacement. 
0090 Relief Displacement-An error in an image due to 
perspective and topography. It consists of important object 
shifts in the image that are caused by the fact that the aerial 
camera Sees most objects not from the top, but from a lateral 
Vantage point, and due to elevation differences of the 
objects. For example, a Straight highway running over a 
mountaintop will be shown as curved on the image. 
Orthorectification (or rectification herein) is the process of 
removing relief displacement from images. 

0091 Transformation-A mathematical operation which 
converts coordinate values expressed with respect to one 
coordinate System into values expressed with respect to 
another coordinate system. This can take place in 2D or 3D 
space. By the arts definition, this involves one shift for each 
coordinate axis, one rotation around each coordinate axis, 
and one Scale factor. This type of transformation is called 
“conformal', assuming that the coordinate axes are perpen 
dicular to each other, and that they hold the same Scale. If 
this is not the case, another transformation is implemented, 
called “affine”. Affine transformations have more complex 
math models and take into account coordinate System defi 
ciencies. 

0092 Vertical photography-Common to the mapping 
industry. A vertical photograph is conventionally taken from 
an aircraft with the distinguishing characteristic that the 
optical axis is oriented near the vertical direction, i.e., 
looking down. 

0093 World coordinates-A three-dimensional, homo 
geneous, isotropic Cartesian coordinate System. This is 
typically used (either explicitly or implicitly) as the coordi 
nate System in which bundle adjustment computations are 
performed and with respect to which exterior orientation 
parameters are computed. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

0094) Referring to FIG. 1 of the drawings, there is shown 
a flowchart for the digital orthophoto production process 
provided by the present invention. In accordance with the 
invention, digital orthophotos are produced using a new 
method that increaseS production Speed, provides more 
powerful alternatives to production, and eliminates Some 
Severe limitations of conventional production methods. For 
purposes of illustration, the invention is described with 
reference to an application for generating orthophotos which 
relate to established cartographic mapping and geographic 
information System applications. However the digital ortho 



US 2005/0031197 A1 

photo production proceSS provided by the present invention 
can be used in other applications. 
0.095 The method provided by the invention includes a 
general database of project images, and resulting orthopho 
tos, together with Space model data and project planning 
detail, in one and the same database. With reference to the 
process flow chart shown in FIG. 1, planning is carried out 
in block 12. Planning can include determining the type of 
film to be used for taking the aerial photographs, the Scale 
of the photography, the geographic area to be covered, the 
number of exposures to be taken, the amount of overlap 
between exposures in the same flightline and inventory and 
Selection of various alternative data Sources. 

0.096 FIG.2 shows a screen shot of a small set of images 
11, 13, 15 and 17 prior to being subjected to the process of 
this invention. The context of the four images 11, 13, 15 and 
17 is illustrated in FIGS. 10-12, for example. Note the 
misalignment of image detail, Such as for highway portions 
19a and 19b. FIG. 3 shows the same geographic area 
depicted on a composite of the images in FIG. 2, but 
processed as presented herein. Note the correct alignment of 
the image detail, Such as for highway 19. 
0097. The present invention can utilize two different 
primary coverage patterns, known as full Stereo (60% over 
lap) and sparse Stereo (about 20% overlap) as shown in 
FIGS. 7 and 9, respectively. One aspect of the invention 
relates to the use of Sparse Stereo images. However, in 
accordance with the invention, the method can also handle 
the conventional full Stereo patterns. 
0098. Then, in block 14, new digital input imagery is 
acquired. At the same time, existing control can be acquired 
and/or independently collected DEM data can be acquired. 
In preferred embodiments, the digital imagery data for either 
full Stereo or Sparse Stereo can be derived from a Series of 
aerial photographs taken of the project area. 
0099 Each aerial photograph of the series of aerial 
photographs is commonly referred to as a frame-the full 
Stereo pattern is established as the overlap area of two 
consecutive aerial images (frames). The frames are arranged 
So that considered together, the block of frames covers the 
geographic extent of the project area for which the digital 
orthophoto images are being produced. Using a Sparse 
model pattern with 10% overlap, as opposed to using a 
full-stereo pattern with 60% overlap, 50% fewer images are 
necessary to complete a project, and processing times are 
reduced accordingly. 
0100 If a film camera is used to take the aerial photo 
graphs, the digital imagery data can be obtained by digitally 
Scanning the aerial photographs or using any other image 
digitizing process. Alternatively, the photographs can be 
taken using a digital camera which provides digital imagery 
data directly. While preferred embodiments employ vertical 
aerial photography as the Source of imagery data, other 
optical Sensing technology and various Sensor platforms can 
be used as a Source of imagery, including for example, 
Satellite, oblique aerial, and elevated terrestrial photography 
of the project area. The invention provides for a process of 
calibrating cameras during block adjustment, called Self 
calibration. Thus a variety of cameras can be used in the 
method, including non-calibrated cameras (cameras for 
which interior orientation parameters are unknown, Such as 
focal length). 
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0101 The existing control can include ground control 
points for the project area. Alternatively, the location of the 
camera during exposure can be measured directly by aircraft 
navigation Systems. 

0102) In block 16, DEM data are acquired. In one 
embodiment, the DEM data are obtained from an external 
Source. However, the DEM data can be derived from the 
imagery data if an external Source of DEM data is not 
available. By external or existing DEM data it is meant data 
which are not derived from the newly acquired imagery, but 
which are obtained from one or more pre-existing or inde 
pendently acquired DEMs. 

0103) The DEM provides elevation or topographical data 
Specifying the topography of the terrain Surface. Moreover, 
the DEM data can be obtained using laser technology 
(LIDAR), radar measurements, or any other Suitable Source, 
including other photogrammetric processes, as long as the 
terrain data relate to the same geographic extend of the 
acquired digital imagery. 

0104. If the topography has changed significantly in the 
time between acquisition of the imagery and acquisition of 
the external DEM data, localized DEM information can be 
used to supplement the overall DEM data to allow the new 
digital orthophoto to reflect these local changes. For 
example, by using laser technology (LIDAR), new terrain 
data can be created to replace poor or outdated data or to fill 
in the missing information in old DEMs. Thus, Multi-DEMs 
can be used, and data Selection can be accomplished by a 
prioritization process whereby the high priority data are used 
in order of preference in producing the updated digital 
orthophoto. Preferences can be based on accuracy, currency, 
or other criteria deemed appropriate to a particular project. 
To provide this, the invention allows the automated replace 
ment or insertion of a group of DEMs into a group of 
existing DEMS, and the use of the entire group during 
orthorectification. 

0105. In block 18, an a-priori solution is created from 
basic assumptions or can be provided as a component of the 
Source data. This information can be obtained from the 
planning Stage, or can be provided by flight navigation. 
These data provide a “nominal estimate” of where the taking 
camera was located at the time the aerial photographs were 
exposed. This allows nominal location of the imagery data 
with respect to a Standard reference coordinate System. This 
estimate can be done manually or using computer-aided 
techniques, or obtained using data from the navigation 
System of the airplane. In accordance with the invention, if 
this information is of Sufficiently high quality, it can be used 
as control in block adjustment obviating the need for using 
ground control points. 

0106. In block 20, the digital imagery data or pixel data 
are processed to Select or pick points which identify corre 
sponding features in overlapping frames. Block measure 
ment is carried out to determine tie point correspondence. In 
one embodiment, the points are Selected manually using a 
computer aided point picking process as will be described. 

0107. In contrast to the conventional techniques of indi 
vidual manual image and pair-wise (Stereo model) measure 
ment, this invention allows point picking on a block-wide 
basis. That is, all of the images of the block are displayed, 
allowing point picking over the entire block. Zooming and 
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panning of the display can be used to facilitate point picking. 
Also, when point picking is complete, the data identifying 
the Selected points for the entire block are Stored all at once. 
This process significantly increases the efficiency of point 
picking by opening the files for all of the images in one 
operation to display the entire block of images, carrying out 
point picking over the entire block, and then Saving all of the 
modified image files at once. In contrast, conventional 
techniques typically require opening individual image files 
or specifying individual Stereomodels, modifying the data in 
that file by point picking, closing the file, and then looping 
back for the next image or Stereomodel, while the operator 
tries to remember which points he or she picked. This can be 
a long and tedious operation, particularly when the block is 
formed from hundreds of image files. 
0108) As will be described, in the point picking process, 
the operator interacts with measurement Software in a two 
dimensional “world-space” which contains the ensemble of 
two-dimensional footprints of frames within the block. The 
world space is viewed “from above” on the computer 
display and the image footprints and pixel data display can 
be enabled/disabled by the operator to customize the display. 
Even if this view “from above' is encountered in most 
mapping projects, the Software described herein can handle 
certain "oblique' cases if Some additional information is 
known. However, for the purposes of this invention, a near 
Verticality in the images is assumed. The operator interacts 
with the display by pointing at a Screen location (e.g. using 
computer mouse). The display program transforms the 
Screen location into an associated world location based on 
current display pan/Zoom Settings. The measurement Soft 
ware converts the World location information into image 
Selection and approximate image locations which are then 
displayed to the operator for making Subsequent measure 
mentS. 

0109 The point picking process also incorporates a two 
dimensional geometric adjustment (a photogrammetric pro 
cess known as a planimetric block adjustment), or block 
wide two-dimensional relative orientation, to rearrange 
images on a computer Screen in order to facilitate point 
picking. This capability is available on demand by the 
operator from within the point picking program for a block 
of images. 

0110. In accordance with the invention, the point picking 
process, block 20, can use external two-dimensional control 
Sources, from digitized map data, raster images, or other 
Sources. Alternatively, it can utilize two-dimensional control 
in combination with one-dimensional (elevation) informa 
tion from the DEM to derive fully coordinated, three dimen 
Sional control points for use in the photogrammetric Solu 
tions. Moreover, the point picking program can calculate the 
planimetric adjustment on a free-network basis when exter 
nal control is not available. 

0111. The geometric adjustment program, block 22 com 
prises the photogrammetric process which computes exte 
rior orientation and, optionally, interior orientation. Exterior 
orientation includes the location and attitude of the taking 
camera at the time the photographic images are recorded on 
film or by a digital Sensor. Interior orientation includes 
information pertaining to the taking camera. One embodi 
ment uses an uncalibrated camera (camera for which cali 
bration parameters are not available) to obtain the new 
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imagery. In this situation, the photogrammetric process 
calculates parameter values related to the optical imaging 
characteristics of the camera. These parameter values 
include the three-dimensional location and angular orienta 
tion of the camera as well as various parameter values which 
characterize the camera System projective geometry and 
optical characteristics (camera calibration data). 
0112 Block adjustment is accomplished using a least 
Squares bundle block adjustment program which uses the 
various measurement data to calculate Statistically meaning 
ful estimates of camera position, attitude and optional cali 
bration parameter values for use in Subsequent calculations. 
For example, the photogrammetric process can use the 
image measurement data to calculate parameterS Such as the 
effective focal length of the camera, and parameters indica 
tive of the attitude, location and altitude of a camera for each 
of the image frames at the time the photographs were taken. 
0113. In accordance with the invention, camera self 
calibration techniques known from “non-topographic' or 
“close-range' photogrammetric processes are applied to 
Vertical aerial imagery with sparse Stereo geometries. The 
Self-calibration techniques are incorporated into the photo 
grammetic bundle adjustment program. The basic concept is 
to introduce the Standard perspective camera model param 
eters into a Standard bundle block adjustment program 
whereby the camera calibration parameters are represented 
as unknown adjustment parameters. In one embodiment, for 
refraction, the process according to the invention adapts to 
accommodate Specific local atmospheric conditions, rather 
than using Standardized global average models. Also, for 
optical distortion and image deformation, the proceSS deter 
mines individual or composite effects of optical System 
and/or film/scanning deformations. In addition, with respect 
to the principal point, the process calculates these param 
eters without the need for fidicial measurements. With 
respect to the principal distance (focal length), the process 
calculates this parameter in cases where Sufficient additional 
control data are provided or the ground terrain Surface 
exhibits Sufficient elevation variation. 

0114 Block 22 accepts image measurement data along 
with various optional control data values. The measurement 
and control data are used to perform a photogrammetrically 
rigorous geometric bundle block adjustment. Control data 
can include ground control point coordinates and/or camera 
position measurements and/or elevation data from a DEM, 
such as those expressed in a Digital Elevation Model (the 
DEM). These optional reference data can be introduced to 
block 22, optionally, as represented by the dashed line 25, 
and/or can be introduced in block 20 during the point 
picking process. 

0.115. In accordance with the invention, the geometric 
block adjustment program can use external two-dimensional 
planimetric control Sources, from digitized map data, raster 
images, or other Sources, in combination with one-dimen 
Sional vertical control information from the DEM to derive 
fully coordinated control points for use in the photogram 
metric Solutions. The geometric block adjustment program 
can calculate the block adjustment on a free-network basis 
when external control is not available. 

0.116) Points having high residuals, i.e., large discrepan 
cies between measured and best estimate values, can be used 
to identify potentially poor measurements. The measure 
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ment can then be redone, as desired, in order to correct bad 
measurements and improve the quality of the photogram 
metric solution. This is represented by the feedback loop 23 
from the geometric block adjustment, block 22, to the point 
picking process, block 20. 
0117 The results of the final calculations provide a 
geometric Solution Suitable for use in orthorectification. AS 
an option, reference data obtained from the external DEM 
can be utilized to contribute an elevational coordinate which 
can be utilized as a control value on tie points computed in 
the photogrammetric proceSS prior to orthorectification. 
0118. In block 24, the imagery data are orthorectified on 
a frame by frame basis to remove topographic relief induced 
image displacements. In one embodiment, the rectification 
process utilizes Multi-DEMs organized in a priority order, 
often in the order of accuracy. In contrast, conventional 
rectification processes rectify images onto a Single DEM. 
0119) An important aspect of image processing is that any 
processing operation can only degrade the information con 
tent of imagery or at best leave it unchanged. Because of 
this, Successive application of multiple resampling opera 
tions causes unnecessary degradation of image quality. It is 
not uncommon in conventional image processing Systems 
that the image is first resampled for rectification to the 
Surface as expressed in one map projection and then resa 
mpled Subsequently to transform into another map projec 
tion. The process according to the invention includes the 
map projection and all other transformations into a single 
transformation that is implemented during a single, one-step 
reSampling operation. 
0120 Block 26 performs a radiometric block adjustment 
Solution which provides intensity and color balancing within 
each Single image and also relative adjustment to match 
intensity and color between adjacent images. 
0121. In block 28, the radiometrically adjusted orthorec 
tified imagery data are used to produce a mosaic represent 
ing the total geo-referenced image over the project area. In 
accordance with the invention, in one production process, 
pixels from hundreds of Scanned photographs of a project 
area being imaged are tied together and then corrected to one 
another as a SeamleSS image in computer Space. 
0122) The resultant product is a new digital orthophoto 
that has been produced with all new digital imagery, or 
pixels. The new digital orthophoto fulfills all the mapping 
characteristics of an orthophoto image product. Additional 
post processing can include partitioning the image product 
into individual tiles and file formats according to customer 
Specifications. Then, in Step 29, the final orthophoto data are 
formatted for packaging in a media Suitable for the intended 
application for the digital orthophoto. 
0123. In accordance with one aspect of the invention, the 
Setup Step process is performed using data associated with 
an inexpensive uncalibrated camera can be used to acquire 
photographic imagery. The photogrammetric process, block 
24, includes a Self-calibration procedure wherein the current 
imagery data, the existing DEM and mathematical proceSS 
ing are used in calculating parameterS Such as the location 
and the attitude of the camera and optical System parameters 
including calibration information about the camera. 
0.124 Interior orientation is computed based on imagery 
data rather than being based on camera reference markS. 
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This obviates the need for carrying out a fiducial measure 
ment process to register the image to the camera coordinate 
System. Therefore, fiducial marks are not required. Instead, 
additional calibration parameters are used to determine 
interior orientation directly. Therefore, the digital ortho 
photo production process in accordance with the present 
invention does not require the use of fiducials nor measure 
ment of the corners of the image. Moreover, in accordance 
with one embodiment of the invention, this processing can 
be carried out on digital imagery data acquired using vertical 
aerial photographs including vertical aerial photographs 
taken with Sparse Stereo configuration. 
0.125. In accordance with another aspect of the invention, 
two types of free-network adjustment are used to improve 
the quality of tie point measurements during and/or after 
point picking activity. A two-dimensional, free-network 
adjustment is used as an incremental Solution performed 
within the image display and measurement process Step to 
facilitate point picking. A three-dimensional, free-network 
adjustment is performed within the geometric block adjust 
ment Step as a quality control Step to assess the quality of the 
point measurements. Moreover, the free-network adjustment 
can be used to define a viable coordinate System in Situations 
where control data are not available. 

0.126 The photogrammetric adjustment solution can be 
computed using a free-network adjustment or on a con 
trolled adjustment basis. If none of the tie points is associ 
ated with a control point, the Solution can be computed on 
a free-network basis. This involves computing a complete 
three-dimensional photogrammetric Solution in three-di 
mensional Space, effectively producing a block-wide pho 
togrammetric relative orientation. However, if Seven or 
more tie point or exposure Station world coordinate values 
are available as control measurements, the Solution can be 
computed on a controlled basis. 
0127. In accordance with another aspect of the invention, 
an approximate utilitarian Orthophotoimage can be produced 
entirely without control by utilizing a free-network adjust 
ment and including an approximately true assumption about 
photographic configuration. A typical instance of this pro 
ceSS is to employ an assumption which is valid for most 
Vertical aerial photographic configurations, viz., that the 
image exposure locations are approximately coplanar and/or 
that, on average, the look direction of images in the block is 
approximately aligned with the vertical. Introducing this 
assumption as the Starting point for a free-network adjust 
ment provides a photogrammetric Solution that is, to a 
reasonable degree of approximation, aligned with the true 
Vertical. These adjustment results are then used to produce 
image products which are orthorectified (to within a reason 
able degree of approximation) but with unspecified geo 
graphic location and Scale. The unspecified parameters can 
be established outside of the invention processes e.g., using 
image registration tools and techniques common within the 
GIS industry. 
0128 Computer System 
0.129 Referring to FIG. 4, the digital orthophoto produc 
tion process according to the present invention can be 
carried out using a computer System 30. The computer 
system 30 includes a processor 32 and memory 34. The 
memory 34 can include read only memory (ROM) and 
random access memory (RAM). The processor is connected 
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through Suitable input/output interfaces 36 to input devices, 
such as a keyboard 38 and a mouse 40 and to output devices, 
Such as a display device 42 having a display Screen 44. The 
processor 32, the memory 34 and the input/output interfaces 
36 can be interconnected by bus lines 47. 
0130. In one embodiment, the memory 34 includes input 
files 34a, output files 34b and imagery files 34c. The newly 
acquired digital imagery or pixel data 48 for the Sequences 
of frames 51-62 of images is stored on disc in the memory 
34. The pixels encode the measured light intensity and color 
values representative of the photographed Scene. Digital 
data representing the DEM can be stored in the memory 34 
in a file DEM 34d, FIG. 5. Memory 34 also can include 
ROM and RAM for read only or temporary data storage. 

0131 FIG. 6 illustrates a sample directory structure used 
in the digital orthophoto process. Folder “bc' contains the 
bundle adjustment information. Folder “dems” is the work 
space for the DEMs. Folder “dems.dems' contains format 
ted DEM and Multi-DEM files. Folder “dems.raw' contains 
raw DEM data, which can include XYZ, ASCII files, USGS 
CDO format and USGS SDTS format, for example. Folder 
“dem.tifs' contains the tifs created from formatted DEMs. 
Folder “dems.tif view' contains individual TIF files for 
viewing. Folder “images' contains preprocessed tile TIFF 
images. Folder "imageS.prepme” contains un-prepped TIFF 
images. Folder “mea' contains the measurements files for 
data obtained from point picking. Folder “rectify” is the 
work space for rectification. Folder “rectify.temp” contains 
temporary files created during orthorectification. Folder 
“reference” contains the image reference files. Folder “ref 
erence.originals' contains the reference image files if they 
need to be adjusted before final incorporation into produc 
tion. Folder “reference.prepme' contains reference images 
that need to be converted to tiled TIFFs. Folder “tiles' 
contains the output tiles from the mosaicking process. 
Folder “tiles.meta’ contains the metadata generated and 
utilized by the OrthoVista program. 

0132) The image data files include all of the image data. 
These files are created by Scanning film images or are 
provided directly from a digital Sensor System. 

0133. The “*.mea” point files contains image coordinate 
location data about every measured tie point and control 
point. This file is created by the export to bundle program in 
the point picking program. 

0134) The “bc.opc' file contains information and world 
coordinate data for control points. A flag can be set for each 
record to indicate if coordinate values for the associated 
point should be used as a control measurement and if So, 
which coordinate or combination of coordinate values. 

0135 The “bc.img file contains apriori image station 
and attitude data. If a flag is Set in a Specific image record, 
then the Station location values are treated as Station control 
measurements (in addition to being used as a-priori initial 
value estimates) in the bundle adjustment process. 

0.136 The “bc.cam camera data file contains data per 
taining to camera calibration parameters. These values are 
treated either as known values to be held fixed or as crude 
initial estimates to be replaced during Self calibration com 
putations. The interpretation depends on the Settings in the 
“bc.cal file. 
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0.137 The “bc.cal camera setting file contains data per 
taining to camera Settings. This file contains a set of data 
flags, which control the, if any, camera Settings, will be 
computed during Self-calibration processes. 

0138 A “DEM data” file in memory 34 stores the DEM 
data. 

0139 Output files 34b stored in memory 34 include a 
“bundle adjustment output file and a “rectified imagery 
data file. The “bundle adjustment output file is a text 
output file into which the bundle results are written. The 
"bundle adjustment output file contains all the camera 
interior and exterior orientation information necessary to 
orthorectify the imagery in the project. 

0140 Computerized processes also are stored in memory 
34 as instructions of Software programs. These Software 
programs include programs 34e for managing data files and 
computing various initial value estimates, programs 34f for 
the point picking process, including the main display, point 
picking and planimetric adjustment, programs 34g for the 
geometric block adjustment process, including controlled 
Solution program and a free-network Solution program; 
programs 34h for the orthorectification process including a 
generate footprint program, a generate resample program, 
and a perform image Sampling program; a program 34i for 
radiometric block adjustment; a program 34i for mosaic 
composition; and a program 34k for packaging the digital 
orthophoto that has been produced. The Software programs 
operate under the control of an operating System 34m. 

0.141. The alignment of the images for the plurality of 
frames and the additional processing to remove Seams can 
be accomplished automatically, using the computer System 
30, allowing the image alignment and combination to be 
computer aided. The operator can use the mouse to manually 
Select points on the processed images and cause those 
images to be aligned under computer control. 

0142. Detailed Description 
0.143 Considering the sparse model digital orthophoto 
production process in more detail, for purposes of illustra 
tion of the proceSS according to the invention, it is assumed 
that a Series of aerial photographs has been taken using a 
frame camera. 

0144 AS is Stated above, a standard metric mapping 
camera or an uncalibrated camera can be used to take the 
aerial photographs. To optimize the imagery that will be 
obtained, the type of film to be used is predetermined prior 
to taking the aerial photographs, along with the number of 
exposures to be taken, and the amount of Overlap between 
frames. The number of can be determined using nominal 
image ground footprint sizes Such that the project area plus 
a Safety margin is Sufficiently covered by planned exposures. 

0145 AS to overlap, a typical geometry for sparse Stereo 
includes 10-20% in each direction (side and forward over 
lap). Conventional Stereo geometry requires greater than 
50% overlap in one direction and typically includes 20-30% 
in the other direction. Higher overlaps can be used in Special 
Situations, Such as 80%. The percent overlap is Specified in 
the forward and Side directions between adjacent images, 
and the imageS can be acquired using either sparse Stereo or 
full stereo. 
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0146 When camera calibration data are available, the 
camera calibration data are Stored in a computer file. Camera 
calibration data typically are provided as part of a USGS 
Camera Calibration Certificate, or equivalent information, 
Specifying the fiducial mark locations, principal point, prin 
cipal distance and radial distortion values. When camera 
calibration data are not available, any camera parameters 
required for the digital orthophoto production process are 
derived from image measurement data, according to the 
invention, as long as Sufficient ground elevation data are 
available. Derived parameters are functionally equivalent to 
those provided in a typical camera calibration report. 
0147 The camera calibration constants include the pho 
tographic principal point, principal distance and optical 
distortion parameter values. 
0148 Imagery obtained from a series of aerial photo 
graphs is Scanned to produce the new digital imagery. The 
aerial photoS can be Scanned at any convenient pixel Size or 
resolution. Typically, the Scanning pixels size is within the 
range of about 500-3,000 dots per inch (dpi), but more 
commonly, in the range of about 1000-2000 dpi. When 
scanning a full 9"x9" frame (nominal size) of aerial pho 
tography, at 1,000 dpi, the number of pixels in each row (and 
also in each column) of the image is approximately 9000 
pixels. 
0149. In preferred embodiments, the image data for either 
full Stereo or sparse Stereo can be derived from aerial 
photographs. 

0150 Reference is now made to FIG. 17 which is a 
Sample Screen showing a plurality of frameS 51-62 of raw 
imagery derived from a plurality of Scanned photographs (or 
taken with a digital camera). The digital imagery data for 
producing the raw imagery illustrated in FIG. 17 is stored in 
memory 34. The program causes the frames 51-62 to be 
displayed on the display Screen 44, arranged to form a block 
50 of frames prior to electronic processing of the digital 
imagery data. The digital imagery data is electronically 
processed to align the imageS as will be described. The point 
picking program displays the frames 51-62 of raw imagery 
in locations based on the a-priori location values obtained 
from the coordinate System with the correct units. 
0151. For purposes of illustration, the block 50 is shown 
to be composed of only twelve frames 51-62 arranged in a 
matrix having four columns and three rows. However, it will 
be understood that producing digital orthophotos typically 
would involve the use of a very large number of frames, and 
can include hundreds of Scanned photographs. 
0152 Referring to FIGS. 7 and 9, which are simplified 
representations of a block of frames, the type of image data 
that is used can be full stereo, illustrated in FIG. 7, or sparse 
stereo, illustrated in FIG. 9. 
0153. In FIG. 7, by way of example, eight frames F1-F8 
are arranged in the block for full Stereo. AS illustrated in 
FIG. 7, in full stereo, the overlap between adjacent photos 
or frames is greater than 50% in at least one direction, as 
indicated generally by reference numeral 64. Typically, for 
full Stereo, the amount of Overlap between adjacent photos 
or frames is on the order of about 60%. Moreover, the picked 
points, Such as points 65, are located within a Stereo overlap 
portion of the project area. For conventional Stereo flight 
configurations, the points can be selected in the well known 
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Von Gruber pattern, shown best in FIG. 8, where only two 
of the frames F1 and F2 are illustrated for simplicity. 
0154 According to the invention, in sparse stereo, the 
overlap between adjacent photos or frames typically is on 
the order of about 10% to 20% in each direction, as 
represented by regions 121-123, for example. In Sparse 
stereo, all of the picked points, such as points 147 and 149, 
are located within a Small portion of the project area. 
0155 More specifically, with reference to FIG.9, by way 
of example, twelve frames F1-FI2 are arranged in a block of 
sparse stereo. Each of the frames F1-F12 overlaps with 
adjacent frames. For example, frame pairs F1, F2, F2, F3 and 
F3-F4 define “vertical” overlapping regions 121-123 (as 
viewed in FIG. 9), respectively. Similarly, frame pairs 
F5,F6; F6.F7 and F7F8 define “vertical” overlapping 
regions 124-126, respectively. Frame pairs F9F10; F10.F11 
and F11, F12 define “vertical” overlapping regions 127-129, 
respectively. Moreover, frame pairs F1, F5 and F5,F9 define 
“horizontal” overlapping regions 131, 132 (as viewed in 
FIG. 9); and frame pairs F2, F6 and F6, F10 define a “hori 
Zontal” overlapping regions 133, 134. Frame pairs F3,F7 
and F7F11 define “horizontal” overlapping regions 135, 
136 and frame pairs F4F8 and F8F12 define “horizontal” 
overlapping regions 137, 138, respectively. 
0156 Note that portions of regions 124-126, for example, 
also overlap portions of regions 121-123 and 127-129. 
O157 Also note that portions of regions 131 and 132, for 
example, also overlap portions of regions 133 and 134, 
respectively. 

0158. The overlapping of four frames, such as frames F1, 
F2, F5 and F6, defines a four-way corner, such as corner 141. 
Further corners are indicated by reference numerals 142 
146. 

0159 FIG. 10 shows a screen shot of a smaller block of 
sixteen unadjusted images. FIG. 11 shows the same block of 
Sixteen images with the resulting image footprints, and FIG. 
12 shows the footprints only. In FIG. 12, each image is 
identified uniquely by a legend. In the exemplary block of 
images, the legend for each image includes a project iden 
tifier “alta20, a flight identifier, such as flight “ 17” for the 
image located in the lower right hand corner of the block, 
i.e., the “sample image', and a frame number, Such as frame 
number 159 for the “sample” image. Thus, the identifier for 
the “sample” image is “alta2017. 159”. Note that the four 
imageS which are aligned vertically along the right hand Side 
of the block all have the same flight number “ 17”. A detailed 
View of a set of images having a four way overlap would be 
similar to the set of four images shown in FIG. 2, but the 
later Set of images being shown in FIG. 2 prior to adjust 
ment. 

0160 Points are picked or measured in a standard pattern. 
In one embodiment, a point is picked in each four-way 
corner, and at least three points are Selected in each two-way 
overlapping region located between corners. Each overlap 
ping region located between one corner and an outer edge of 
the block includes at least four points. Thus, for example, 
overlapping region 124 which is located between corner 141 
and corner 142 includes at least three points 147. Overlap 
ping region 121 between corner 141 and the upper edge 148 
of the block includes at least four points 149. Thus, at least 
five points are Selected or measured in common between 
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each adjacent pair of frames. While five points are Sufficient 
for carrying out a three dimensional adjustment, a minimum 
of six points are generally Selected between adjacent frame 
pairs to provide redundancy in the adjustment process. 

0.161 Referring again to FIG. 17, close examination of 
the raw imagery reveals non-aligned edges, Such as edges 
63, and a reddish hue. The outline of the original image 
footprints is shown in FIG. 18. Although these photo images 
look Somewhat aligned, inspection reveals that the images 
have mismatched edges as can be seen better in FIG. 17. 
0162 Point Picking Process 
0163 The main function of the point picking process is to 
make measurements in digital imagery So that a geometric 
Solution can be calculated based on photogrammetric rela 
tionships. These measurements are made by identifying 
corresponding features in overlapping imagery. The mea 
Surements are called tie points and the procedure is called 
point picking. 
0164. The point picking process involves displaying all 
of the imagery in the block on the display screen 44 (FIG. 
4), Zooming and panning, and the use of the mouse 40 to 
Select common points on Overlapping frames. The point 
picking process, according to the present invention, involves 
displaying at once all of the imagery in the block, which can 
consist of hundreds of imageS. In contrast, known point 
picking processes used with conventional Stereo geometries 
typically are limited to picking points in one or two frames 
at a time. 

0.165. In accordance with the invention, the point picking 
proceSS can use external two-dimensional control Sources, 
from digitized map data, raster images, or other Suitable 
SOUCCS. 

0166 There are two kinds of image measurements, 
namely, absolute or control points and relative or tie points. 
The control points are measurements of the same feature in 
images for which coordinate reference data are available. 
The reference data can include known coordinates, derived 
from the location of another georeferenced image, or be 
derived by evaluation (often involving interpolation) of a 
Surface elevation model. The tie points are common points 
on two or more adjacent imageS. The tie points are mea 
Surements of the same feature in different images without 
reference data. 

0167 Some or all of the control and all of the tie points 
are picked for all of the pairs of overlapping frames in the 
block 50 of frames 51-62. 

0168 Flow Chart for Point Picking Process 
0169. Reference is now made to FIG. 13, which is a 
process flow chart for the point picking process. The point 
picking process includes a main display program, block 72, 
a control and tie point picking program, block 74, a plani 
metric adjustment program, block 76, image file Storage, 
block 77 and an export to photogrammetric process, block 
78. 

0170 More specifically, with reference to FIGS. 4, 13 
and 17, perspective imagery is Supplied to block 72 along 
with a current “best position estimate” which is obtained 
from the “a priori' information. A further input to block 72 
is operator Supplied input produced using the mouse 40. In 
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addition, external control, Such as raster image control data, 
can be Supplied optionally to block 72. Also, external point 
control optionally can be supplied to block 76. Thus, raster 
image control can be Supplied to block 72 and point control 
can be Supplied to block 76. Alternatively, raster image 
control can be supplied to block 72 without point control 
being Supplied to block 76, or point control can be provided 
to block 76 without raster image control being Supplied to 
block 72. Moreover, neither raster image control nor point 
control can be provided. In the latter case, where no control 
is provided, a free-network Solution can be produced by the 
point picking program, as will be described. 
0171 In accordance with the invention, points are 
selected in two or more runs through blocks 72-76. Initially, 
corner points, such as corner points 141-146 (FIG. 9), are 
selected in block 74. The process flow continues through 
block 76 which calculates adjusted imagery data and the 
flow is returned to block 72, updating the current “best 
position estimate”. On the Second, and any Successive 
passes, additional points can be Selected by the process of 
block 74. 

0172 In one embodiment, after a number of new points 
are picked, the operator Selects the Software “update' com 
mand which causes the displayed frames are adjusted in 
position. 
0173 Block 72 initially causes the imagery data for the 
block of frames 51-62 to displayed on the screen 44 as raw 
image data, as shown in FIG. 17. 
0.174 Raster image control data are supplied to block 72. 
The planimetric control can include a raster image, Such as 
a previously generated (i.e., earlier generation) digital ortho 
photo of the orthophoto currently being produced, a digi 
tized map of the area for which the digital orthophoto is 
currently being produced, or any other Suitable georefer 
enced planimetric data. 
0.175. The raster control images are displayed as geo 
referenced imagery which allows the pixels to be related to 
World coordinates through a “transformation', as is known 
in the art. Typically, the georeference transformation is 
based on a Standard two-dimensional conformal transforma 
tion (4-parameter: 2-shift, 1-scale, 1-rotation) or an affine 
transformation (6-parameter: conformal plus 1-shear, 
1-stretch). The point picking program uses the geo-refer 
enced imagery to provide the same function as planimetric 
ground control points obtained by a conventional Survey. 
However, the raster imagery provides tens of thousands of 
pixels whereas a ground Survey provides only a few isolated 
points. 
0176) Main Display Program 
0177 Referring also to FIG. 14, which is a process flow 
chart for the main display program (block 72, FIG. 13), 
block 156 reads a characterization flag. The characterization 
flag is Set to a first State, or tie point State, in response to the 
operator Selecting a "pick a tie point' option from the main 
menu and is Set to a Second State, or control point State, in 
response to the operator Selecting a "pick a control point' 
option from the main menu. In one embodiment, Selecting 
the tie point option causes the cursor to be displayed as a "+” 
Sign (or a circle o) and Selecting the control point option, 
causes the cursor to be displayed as a triangle glyph “A” to 
provide a visual indication to the operator of the mode in 
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which the point picking program is operating. The operating 
mode is changed using the menu option on the main menu. 

0.178 If the flag is set to the tie point state, this indicates 
that only new imagery will be displayed So that the operator 
can identify the point location in this image. If the flag is Set 
to the control point State, this indicates that raster reference 
data will be displayed for operator point location in addition 
to the Source image data that are displayed for point location. 
The program operates the same regardless of the type of 
image data being presented to the operator for point mea 
Surement. The manner in which the data is Stored is the 
Same. The Source and reference data include image data and 
data providing a world-to-image transfer relationship for the 
asSociated image data. 
0179. Of many types of transforms which are supported, 
one embodiment utilizes the industry standard “World File” 
format popularized within the Geographic Information SyS 
tems (GIS) product “ArcInfo" by ESRI. With this conven 
tion, the image-to-world transformation, which is referred to 
herein as “tfwinfo'', is a Six parameter affine transformation 
in the form of 

0180 where (x,y) are coordinates of a map location; 
(x,y) are column/row locations in pixels; A is the X-Scale 
dimension of a pixel in a column X, B,D are rotation terms, 
E is the negative of y-Scale, pixel Y dimension; C.F are 
translation terms, and Xy the map coordinates of the center 
of the upper-left pixel. 

0181 Formulae for the elements of this file are given in 
the following relationships: 

A=cos(heading)gsd; (3) 
D=-sin(heading)*gsd; (4) 
B=-sin (heading)*gsd; (5) 
E=-cos(heading)gsd; (6) 

C=tX; (7) 
F=ty. (8) 

0182 where gsd is ground Sample size (pixel on ground); 
heading is clock-wise from North to column up; tX=east of 
center of the upper-left pixel, and ty=north of center of the 
upper-left pixel. 

0183 By way of example, for an image with pixel size of 
3.0 ground units, no rotation, and CENTER of upper-left 
pixel location at 17.0 East, 23.0 North, the values for 
equations (3)-(8) are: 

0184) 3.0 

0185 0.0 

0186 0.0 

0187 -3.0 

0188 17.0 

0189 23.0 
0190. For an image with pixel size of 3.0 ground units, 
+30 of rotation (i.e., in the “up' direction of image), column 
points 30° East of North, and CENTER of upper-left pixel 
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location at 17.0 East, 23.0 North, the values for equations 
(3)-(8) are: 

0191) 298076 
0192 -1.50000 
0193 -1.50000 
0194 -2.98.076 
0195] 17.0 
0196) 23.0 

0.197 For reference data, the world-to-image transforma 
tion is exact and is held fixed. For Source data, the World 
to-image transfer relationship is approximate and can be 
modified during Subsequent Steps, e.g., during two dimen 
Sional planimetric adjustment. The approximate transforma 
tion parameters can be obtained, for example, from flight 
plan information or from a-priori assumed values. 
0198 If decision block 157 determines that the program 
is operating in the tie point mode, then Source data are 
loaded, block 158. By selecting the tie point option, the 
operator Specifies directories which contain the imagery data 
for the frames 51-62. On the other hand, if decision block 
157 determines that the program is operating in the control 
point mode, then both Source data and reference data, Such 
as raster control images, are loaded, block 159. 
0199 Block 162 opens qualifying data files, and block 
163 uses the current “best estimate” planimetric orientations 
to display the block of images on the screen 44. All of the 
image files for the block are opened at the same time and the 
entire block of images is displayed on the Screen. This 
allows point picking to be carried out on the entire block 
without opening and closing individual image files during 
point picking acroSS the block. 
0200. The footprints for source images can be displayed 
in one color and the footprints for raster control images can 
be displayed in a Second, different color, providing visual 
feedback to the operator. Point measurement data are dis 
played with appropriate Symbology and attributes. In one 
embodiment, Source images are displayed in red, reference 
images are displayed in white, tie points are displayed as 
circle glyphs, and control points are displayed as triangle 
glyphs. 
0201 In one embodiment, clicking within a footprint or 
within overlap area of multiple footprints causes the corre 
sponding images to be displayed (See FIG. 15). When the 
program is operating in the tie point picking mode, only the 
Source images are displayed. When the program is operating 
in the control point picking mode, both the Source and 
reference imagery are displayed, as Seen in FIG. 15. 
0202 Block 164 sets display attributes. The display 
attributes are used in the control and tie point picking 
process, (block 74), to provide a geographic measurement 
display that provides to the operator information about 
measurement quality. The measurement quality values, typi 
cally measurement quality metrics are conveyed graphically, 
block 165. In one embodiment, the attributes can be dis 
played as a modification in color or intensity of the pixels, 
and/or as Symbols. 
0203 During tie point picking (block 74), the program 
opens pop-up windows for each Source image predicted to 
contain the Selected tie point. During control point picking, 
the program opens a pop-up window for each Source image 
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expected to contain the Selected control point and a pop-up 
window for those reference images containing the Selected 
control point. This is based on inverse and forward trans 
formation via the parameters of the image-to-world trans 
formation “tfwinfo''. AS is stated above, the characterization 
flag Suppresses opening of reference data imageS when tie 
points are being Selected. Opening of Source data imageS for 
tie point measurement is the default condition. 
0204 Each operator selected screen location is converted 
to a “world Space location' based upon pan and Zoom 
Settings. Internally the Software uses a transformation 
equivalent to the image-to-world transformation “tfwinfo'', 
but in which “world map' is replaced by “world space” and 
“image' is replaced by "Screen” pixels. This Step converts 
the operator mouse click into an x,y coordinate pair in World 
coordinates. For each image in the block, the “world (map) 
coordinates' are transformed into image coordinates using 
the current “best estimate” world-to-image transform 
parameterS. 

0205 Referring again to FIG. 13, decision block 73 
determines whether Selection of control and tie points is to 
be carried out. ASSuming the current pass is the initial pass, 
then, block 74 allows control and/or tie points to be picked 
manually for each pair of overlapping frames by Selecting 
pairs of overlapping frames in Sequence. The points picked 
can be all control points, all tie points, or a combination of 
control points and tie points. Reference is now made also to 
FIG. 19, which illustrates image window views of two 
adjacent frames (identified, respectively, as alta2018 100 
and alta2018 102 at the tops of the frames) of the block of 
FIG. 17, prior to adjustment. The image windows have been 
Zoomed-in to enhance the depiction of the frames herein. 
FIG. 19 illustrates the predicted location for points 68 and 
69 in images 100 and 102, respectively, based upon the 
current “best estimate”. Note the significant distance 
between point 69 in image 102 and point 68 in image 100. 
0206 FIG. 20 is view similar to that of FIG. 19, and 
shows picked points 68 and 69, after remeasuring the point 
69 Such that points 68 and 69 are in corresponding locations 
in both of the images. 
0207. In one embodiment, the control and tie points are 
picked manually using the mouse 40 to click on the features 
in each pair of adjacent images of the block. Image windows 
are Selected using the mouse to click on an area in which 
footprints of two or more frames overlap frames. The mouse 
40 is used to pick common points in overlapping areas of 
adjacent frames. Points normally are picked in all areas of 
overlap. 

0208. When using raster reference imagery which has an 
abundance of control point candidates, typically two control 
points and four tie points are picked per frame in adjacent 
frames, including pairs of frames which are located either in 
Side-by-side or one-above-the-other relation Subsequently, 
the control points are referenced to ground (elevation) as 
will be shown. The image windows can be zoomed-in to 
make point picking easier. 
0209 Point Picking 
0210 More specifically, with reference to FIG. 22, the 
results are the image coordinate values measured for this 
point in each (Source & optional reference) image. Coordi 
nate values are Stored internally in data records of the form: 
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0211 Image-identifier, Point-identifier, Column-num 
ber and Row-number, where: 
0212 Image-identifier is the path/filename to image 
0213 Point-identifier is an arbitrary point number 
0214 Column-number is 
XXXXXXX 

Subpixel location 

0215 Row-number is subpixel location yyyyyyy 

0216 Block 168 provides a software “window” which 
allows the presentation of information in a two-dimensional, 
virtual world coordinate system. Block 169 displays all of 
the images in relation to this common World Space coordi 
nate System using the World-to-image transformation 
“tfwinfo' (equations 1-8) for each image. Block 170 uses the 
“current' world-image transformation parameters to trans 
form coordinate values to/from World Space and image pixel 
locations using equations 1-2. 
0217 Block 171 provides pan and Zoom capabilities 
using a world-to-Screen transformation which can be equiva 
lent to “tfwinfo' but in which “image” is replaced with 
“screen”. Pan and Zoom are effected by updating the value 
of parameters in that “world-to-Screen” transformation. 
Block 172 provides mouse tracking in world coordinates. 
Block 173 displays an outline of the original image foot 
prints, as shown in FIG. 18. Block 174, responds to the 
operator clicking on the Screen 44 within an image in which 
points are to be picked and determines the location of the 
pixel. The pixel location corresponds to a world location 
(upper-left pixel corner). Block 175 obtains the two-dimen 
Sion coordinates from the display location. 
0218 Blocks 176-177 generate a list of image candidates 
which can contain the selected point. Block 176 computes 
each possible image location using current world-image 
transforms. This relates the screen 44 to world coordinates. 
Block 177 selects images for which the transformed world 
locations are interior to the images, i.e., within the bound 
aries of the images. For example, if an image has 1234 
columns of pixels, the “X” coordinate values 0.000-1233.999 
are within the image while “X” coordinate values <0.0 or 
e1234 are outside of the image. Block 177 performs a check 
of each image to determine whether the location of the 
Selected point is interior to the image. If the Selected point 
is interior to an image being checked, that image is added to 
the list of candidate images to be displayed. If the Selected 
point is not predicted to be interior to an image being 
checked, that image is ignored. Only imageS for which the 
point is interior to the image are considered and displayed. 
At this early Stage of the process, “interior” is defined as the 
image file boundary. 
0219 Blocks 178-180 associate a display window with 
each image candidate on the list. Block 178 creates a 
Separate display, i.e., pop-up window, for each image can 
didate on the list. Block 179 displays the selected images in 
the respective pop-up windows. FIGS. 15 and 16 show 
Screen shots of the pop-up windows, for a simple overlap 
and for a quadruple overlap, respectively. Referring initially 
to FIG. 15, there is illustrated point picking control in 
simple overlap. FIG. 15 illustrates a pair of overlapping 
images 182 and 183 which are identified as alta2017. 157 
and alta2017 102, as illustrated by the footprint indicated 
generally at 184. A map 185 is used as a control source. 
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Images alta2017. 157 and alta2017 102 are located near the 
lower right hand corner of the block of images. In one 
embodiment, control points are represented by green glyphs 
and tie points are represented by green circles. The program 
causes the color of the active control point 186 to be changed 
to blue. 

0220 Referring to FIG. 16, there is illustrated point 
picking in quadruple overlap. FIG. 16 illustrates a set of four 
overlapping images 182, 183,187 and 188. Images 187 and 
188 are identified as alta2017. 159 and alta2017 100, as 
illustrated by the footprint indicated generally at 184. 
Images 187 and 188 are located near images 182 and 183 at 
the lower right hand corner of the block of imageS. In one 
embodiment, tie points are represented by green circles. The 
program causes the color of the active tie point 189 to be 
changed to blue as indicated by reference number. 

0221 Block 180 provides image coordinate interaction, 
i.e., pan and Zoom, etc. within the pop-up image displayS. 
This determines the portion of the image to show for 
displaying the Selected point. Initially, the pan and Zoom are 
Set to display the image at an appropriate default Scale and 
to center the predicted point location as determined by block 
176. Block 181 provides image measurement, i.e., pixel 
Selection, capabilities, allowing the operator to pick points 
using the mouse. 

0222 Preferably, the control points 68 (FIG. 20) are 
Selected as points which are clearly defined and readily 
locatable on both an adjacent frame and within the reference 
data. Examples of Such control points include the interSec 
tion of roads, a stream passing under a bridge, bushes, 
patches of grass, or anything identifiable on the reference 
image. The point data obtained as the result of the point 
picking can be Stored in a temporary point file as each point 
is picked. 

0223 Planimetric Adjustment 
0224 Referring again to FIG. 13, when the initial point 
picking proceSS is completed, flow proceeds to block 76 
which provides a planimetric, or two-dimensional, adjust 
ment by processing the point picking data by the processor 
32. In response to the planimetric adjustment, the image 
display is updated and the images are moved to line up with 
one another as can be seen by comparing FIGS. 17 and 21 
(also see FIGS. 30 and 31). To provide visual feedback, the 
displayed graphic footprints translate, rotate and/or Scale as 
the adjustment is computed. The result is a display which 
better aligns the individual images with one another and 
optionally also with the reference image data across the 
project area. This provides preliminary alignment of the 
individual images with each other and optionally with the 
reference images as shown in FIG. 21. The improved 
alignment facilitates picking additional points. 

0225. Process Flow Chart 
0226. More specifically, referring also to FIG. 24, which 
is a process flow chart for the planimetric adjustment 
process, block 190 loads the image measurement data. 
Decision block 192 determines whether point control data 
are being provided. This decision is made automatically: 
(Yes) if reference data have been loaded and control points 
have been picked; (No) if no reference data are loaded 
and/or if no control points were picked. 
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0227. When control data are to be used, flow proceeds to 
block 194 which calculates a controlled planimetric adjust 
ment. A controlled adjustment includes the use of “world 
coordinate’ indirect measurements which are derived from 
measurements of the reference image(s) and their associated 
georeference transformations. 
0228. In one embodiment, if point control data is not 
being provided, the flow proceeds to block 196 which 
calculates a planimetric adjustment on a free-network basis. 
In the case of the free-network adjustment, constraints are 
introduced into the adjustment to fix values for the average 
planimetric location, Scale and rotation values. Planimetric 
transformation equations are not usually accompanied by 
constraint equations. 
0229. In one embodiment, when a free-network adjust 
ment is performed, the images are aligned in an arbitrary 
frame of reference. When a controlled adjustment is per 
formed, the images are aligned nominally with the coordi 
nate System in which the control data values are expressed. 
0230 Free-Network Planimetric Adjustment 
0231 When point control data are not provided, the 
planimetric adjustment can be calculated as a free-network, 
utilizing arbitrary datum definition constraints to establish 
coordinate System origin, alignment and Scale. It is utilized 
as a preliminary Step to refine a priori block layout infor 
mation to facilitate point picking and to provide general 
quality control capabilities before undertaking a rigorous 3D 
photogrammetric adjustment. In one embodiment, the plani 
metric adjustment is used as a quality control tool to assess 
detailed overall block configuration, to Search for image 
identification blunders, and also as an initial test to detect 
potential measurement blunders. 
0232 A free-network adjustment approach can be used to 
accomplish a two-dimensional planimetric free-network 
adjustment and/or to accomplish a three-dimensional pho 
togrammetric free-network adjustment. The concept of a 
free-network photogrammetric bundle adjustment is known 
in the art, particularly as it pertains to “close range' photo 
grammetric applications where it is often called Zero Order 
Design (ZOD) of the network geometry. See, for example, 
Section 9.5 of the book Close Range Photogrammetry and 
Machine Vision, edited by K. B. Atkinson, 1996, Whittles 
Publishing, ISBN 1-870325-46-X. 
0233. In one embodiment, free-network adjustment is 
used to initially position images relative to each other within 
the two-dimensional “world space” represented by the dis 
play Screen. This adjustment is performed using only two 
dimensional (e.g. X- and Y-coordinate) information. It 
should not be confused with the Photogrammetrically rig 
orous three-dimensional free-network bundle adjustment 
which may also be utilized by the invention during subse 
quent Steps of the process. 

0234. In accordance with the present invention, a two 
dimensional free-network adjustment is performed using all 
tie point measurements within the block to Simultaneously 
compute a two-dimensional orientation transformation for 
each image in the block of images, essentially orienting the 
images against each other in 2D. A commonly used practical 
minimum requirement for performing the two dimensional 
free-network adjustment is that the tie points at the corners 
be measured. The two-dimensional planimetric adjustment 
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may also be invoked with any larger number of tie points. 
This transformation is performed on demand by operator 
whenever an update is desired. 

0235. The 2D transformation is operator selectable and 
includes various Degrees Of Freedom (DOF). In one 
embodiment, the implementation provides a two DOF trans 
form (shift only), a three DOF transform (shift and rotation), 
a four DOF transform (shift, rotation and Scale), and an eight 
DOF (a standard photogrammetric rectification transforma 
tion). The operator individually controls which components 
are included in the transformation and adapts the transfor 
mation based on experience and/or to particular data con 
figurations. In one embodiment, the user is allowed to pick 
what transformation parameters will be Solved for, allowing, 
for instance, to remove Scale, and/or rotation, and/or shift 
from the Solution. 

0236. This planimetric adjustment process is essentially a 
block-wide, Simultaneous planimetric adjustment. In the 
two-dimensional adjustment case the ZOD problem is Some 
what Simplified from that of three-dimensional adjustment, 
although it is fundamentally the Same. These can be handled 
with any of the Standard free-network Solution techniques. 

0237) The two-dimension, free-network transformation 
improves relative alignment between individual images 
within the evolving block. This facilitates future measure 
ments. The two-dimension, free-network transformation 
also aids in identifying blunders in tie point measurements. 
Blunders are gross errors which radically different from 
expected measurement quality. One example of a blunder 
would be if an operator accidentally and incorrectly modi 
fied a measurement by Setting a cup of coffee on the 
computer mouse. The planimetric free-network adjustment 
provides a relatively robust tool by which the overall quality 
of tie point measurements can be assessed and blunders can 
be identified (on the basis of residuals listings) and rem 
edied. 

0238 Flow Chart for Free-Network Planimetric Adjust 
ment 

0239 Referring to FIG.25, there is shown a process flow 
chart for the two-dimension, free-network adjustment pro 
ceSS. Block 244 displays all imagery in the block of frames. 
Then, corner points in Overlapping frames are measured 
first, block 246. 

0240 The type of transformation to be used is selected in 
block 248. For the two-dimension case, a four DOF trans 
form is Selected by the operator. In the two-dimension case, 
ZOD Singularity is of rank 4 resulting from 1-Scale, 2-trans 
lations and 1-rotation deficiency. 

0241 Then, a two-dimension, free-network transforma 
tion is computed to better align the imageS. This facilitates 
picking the remaining points efficiently. Thus, in Subsequent 
passes, additional points, such as points 147 and 149 (FIG. 
9), can be selected. Selection of these points is made easier 
by the preliminary adjustment resulting from use of the 
“corner tie points in the planimetric adjustment. 

0242. The adjusted imagery is displayed, block 252, and 
the flow proceeds to block 254 where additional points are 
measured. The resultant measurement data is exported to 
free-network adjustment (FIG. 28), block 256. 
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0243 Referring again to FIG. 13, after a free-network 
planimetric adjustment has been calculated, the flow pro 
ceeds back to the main display program, block 72, with the 
refined world-to-image transformations (e.g. consisting of 
the new improved “adjusted” parameter values) Serving as a 
new current “best estimate'. 

0244 Controlled Planimetric Adjustment 
0245 Referring to FIG. 24, when point control data are 
being Supplied, block 194 calculates a controlled planimetric 
adjustment. The proceSS is implemented by a Software 
program based on principles generally known in the art of 
photogrammetry. The process includes the use of a Standard 
two-dimensional transformation model (translation, confor 
mal, affine, etc.) formulating a simultaneous equation Sys 
tem for the entire block; utilizing tie point coordinates as 
measurement observations in the adjustment System; intro 
ducing control point data values as measurements as appro 
priate, and Solving equation System parameter values that 
Satisfy “least Squares residual” criteria. 
0246 Referring also to FIG. 23, the raster images of the 
raster control chip are displayed on the Screen 44. The 
operator views the screen 44 and selects a pixel 79 by 
clicking on a pixel, using the mouse, and the point picking 
program provides the row and column coordinates for the 
Selected pixel which are Stored in file "..mea' as image 
measurement with record content. The program converts the 
pixel row and column coordinates into world “X” and “y” 
coordinates, as indicated at 80 using image-to-world trans 
formation “tfwinfo' given by equations (1) and (2) above. 
These values are used to identify a position within the DEM 
81 at the position identified by those “X” and “y” coordi 
nates. When a DEM is available, that position is evaluated 
to obtain a "z' coordinate. The “Z” coordinate can be used 
along with “X” and “y” coordinates to produce a “full” 
control point having with (indirectly measured) values for 
each of the “X”, “y” and “Z” coordinates. Thus, the operator 
Views the Screen 44 and clicks on a pixel and the result is a 
fully coordinated control point. This provides control for the 
bundle adjustment to be provided Subsequently in the pro 
CCSS. 

0247 When raster imagery is provided as external con 
trol, then, during the adjustment process, the Source images 
move and rotate to be lined up with raster control images. 
However, the raster control images are always held fixed in 
position during planimetric adjustments. Because Source 
image footprints are displayed in one color and raster control 
image footprints are displayed in a Second, different color, 
visual feedback is provided to the operator. This allows the 
operator to interact visually with the progreSS of the adjust 
ment. 

0248. It is also possible to use the DEM as control data 
if there are distinct topographic features which can be 
recognized in the DEM topography as well as in the imag 
ery, like a stream confluence or a hilltop. To do this, the 
DEM elevation data are rendered as pixel brightness values. 
The resulting georeferenced height-image is used as a ref 
erence image to provide “X” and “y” control values and the 
corresponding elevation data provide the “Z” control value. 

0249. The DEM is tied to the real world coordinates 
whereas the newly acquired images are not initially. How 
ever, if there are at least two planimetric (x,y) control points, 
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the entire block of imagery can be related to the real world 
during the planimetric (and also Subsequent) adjustment 
Step. Then, the images are related to the same world coor 
dinate system in which the DEM data are expressed. This 
makes it possible to incorporate the DEM as elevation (Z) 
control measurement data in Subsequent adjustment StepS. 
This can be accomplished by computing the location (“X” 
and “y” coordinates) of every pixel relative to the locations 
of the control points, and then looking up the elevation data 
“Z” on the DEM. Depending on the specific transformations 
Selected, a minimum of either two or else three control 
points are required to relate the image block and DEM 
coordinate Systems during planimetric adjustment. 
0250 Post Planimetric Adjustment 
0251 Referring to FIG. 13, when decision block 73 
determines that point picking is complete, the data identi 
fying the Selected points for the entire block are Stored in 
their respective memory files all at once, block 77, and flow 
continues to block 78. The efficiency of the point picking 
proceSS is increased by opening the files for all of the images 
in one operation to display the entire block of images, 
carrying out point picking over the entire block, and then 
Saving all of the modified image files all at once. 
0252) Then, block 78 causes the partially adjusted image 
data to be exported to the photogrammetric process 90 (FIG. 
28) which includes a 3D bundle block adjustment program. 
Invoking the export to bundle function causes a Separate 
point measurement file to be produced for each frame. The 
point measurement files, together with image and camera a 
priori data files, along with other Ibc. ** files identified 
above, are used by the photogrammetric process 90. 
0253 Moreover, when no control data and no DEM data 
are available, a fully rigorous, photogrammetric three-di 
mensional Solution can be calculated on the basis of a 
free-network adjustment. The Steps in the free-network 
Solution process include carrying out calculations inside the 
block using only image tie points to determine orientation 
parameters relative to an arbitrary three-dimensional coor 
dinate frame. In contrast, the prior art as it pertains to 
Vertical aerial photography requires a controlled Solution 
using control points. 
0254. It is pointed out that the planimetric adjustment of 
block 76 adjusts only in two dimensions, “X” and y coor 
dinates, for example, So that the image data are only partially 
adjusted, i.e., adjusted in two dimensions. Adjustment in 
three dimensions is provided by a fully rigorous photogram 
metric bundle block adjustment Step of the proceSS as will be 
described. 

0255) Multi-DEM 
0256 Multiple-DEMs, StcDEM, can be used on a priori 
tized basis during Several phases of the digital orthophoto 
production process. In one embodiment, the collection of 
DEMs is contained in an index file which can be a subfile of 
the “dems.dems” directory. Thus, data from two or more 
DEMs can be “mixed” and the higher priority DEM data will 
be used during the digital orthophoto production process. 
For example, in Some instances, a portion of a DEM can 
become inaccurate due to Substantial change in a portion of 
the topography. In Such instance, one or more additional 
DEMS can be used to provide more accurate topographical 
data for those portions of the original DEM. The additional 
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DEMS can be obtained in any Suitable manner, including 
making a ground Survey of the area in question using 
LIDAR or obtaining the data from other existing topographi 
cal data. A separate file can be created in the “dems.dems’ 
file for the data of the collection of DEMs. 

0257). A text file “MDM” specifies the configuration of a 
Multi-DEM listing file. It is a simple ASCII file that is a list 
of individual StcDEM files. The individual StcDEM files are 
“layered” and combined to appear as a Single DEM file, i.e., 
as a StcDEMMulti. This is called a “Multi-DEM herein. 
The MDM file can be created “by hand” using a standard 
text editor or word processor, for example. In one embodi 
ment, all StcDEM files are created with “WorldSpace” 
coordinate interpretation. 

0258 Referring to FIG. 26, the independent DEM files 
“StelDEM1”, “SteDEM2”, “SticDEMn” can be organized in 
order of priority and the data for the collection of indepen 
dent DEMs can be stored in sequence in locations 216, 217, 
218 etc., of the DEM data file 215 in memory in that order. 
For example, data for StcDEM1 is stored in the first location 
216, data for StcDEM2 is stored in the next location 217, 
etc., and data for the lowest priority StcDEMn is stored in 
location 218. The priority in which the data of the collection 
of DEMs is stored in memory can be based on any criteria, 
e.g., currency of data, data fidelity, etc. When organized and 
arranged as described herein, the collection of DEMs 
becomes the Multi-DEM. 

0259. In one embodiment, the Multi-DEM can be used in 
Several Steps of the digital orthophoto production proceSS as 
a direct substitution for a single DEM. For example, the 
Multi-DEMcan be used in place of a single DEM in one or 
more or all of the following proceSS Steps: as a Source of 
external control to constrain photogrammetric adjustment 
(FIG. 26, block 97); as a source of one-dimension DEM data 
in deriving full three-dimensional control from a two-di 
mension map and one-dimension DEM (FIG. 24, block 
194); in orthorectification (FIG. 37, blocks 220 and 225); 
and in Orthorectification using an independent map System 
or an independent surface coordinate system (FIG.39, block 
227), as will be described. The decision to use either a single 
DEM or a Multi-DEM is made when acquiring the DEM 
data. After that point, the process uses a Multi-DEMin the 
Same manner as it uses a Single DEM. 
0260 Referring to FIG. 27, there is shown a process flow 
chart for the Multi-DEM program. In block 200, the data for 
a collection of DEMs is stored in memory in order of 
priority. 

0261. In block 202, a look-up is performed on the first 
DEM stored in location 216, FIG. 26. If look-up is success 
ful, block 204 outputs the data to the process, block 206. If 
the lookup fails, flow proceeds to block 208 which performs 
look-up on the next DEM stored in location 217. If look-up 
is Successful, block 210, the data is outputted to the process, 
block 206. If the look-up fails, block 212 determines 
whether all of the data files in the collection have be read and 
if not, flow is returned to block 208 which performs look-up 
on the next DEM stored in location 218. If no single DEM 
resolves the look-up after all of the files have been read, then 
flow proceeds to block 214 which returns “no value”. 
0262 The order of the DEM records is significant to the 
characteristics of the final composite StcDEMMulti. The 
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StcDEMMulti is essentially a “layered” collection of DEMs. 
When a program requests an elevation value from a Stc 
DEMMulti, the StcDEMMulti returns the value from the 
first StcDEM (e.g. the topmost layer) which can resolve a 
meaningful elevation. The order in which the individual 
StcDEM layers are queried is the same as the order of the 
corresponding DEM records in the MDM file. 
0263 For example, to illustrate only one of the many 
alternatives, assume a situation along a coast line or large 
lake where valid DEMs are only available up to the 
Shoreline, but the particular application Still requires “filling 
in elevation values for the water area. Also assume that 
most of the available DEM data are of the thirty meter 
posting variety, but that one or two areas are covered by ten 
meter posting DEMs. In addition, assume that both the thirty 
and ten meter DEMs are known to contain Small “holes' 
(e.g. data dropout points) which should be interpolated from 
neighbor values. Furthermore, assume that a recent, “high 
resolution” LIDAR DEM is available from a corridor map 
ping project. All DEM data are assumed to be in consistent 
coordinate Systems and consistent units. However, each 
DEM can have its own location, Spacing, and alignment. 
For example, the “lake’ DEM could have been created from 
only four “fake” coordinate values, while the LIDAR DEM 
can have two meter postings and be aligned with Some 
arbitrary corridor heading. 
0264. In one embodiment, the process is as follows. First, 
the recent LIDAR DEM, which is known to not have holes, 
is tried. The hole-filling function is disabled to avoid 
extrapolation over the edge of the DEM being accessed. 
0265. If no LIDAR data are found, or if there a hole, the 
ten meter DEM is tried. Hole filling is enabled to interpolate 
over the ten meter DEM. Interpolation of the ten meter DEM 
is better than using the coarser, older underlying thirty meter 
DEMs. If there is overlap between the two DEMs, the 
overlap is resolved in the priority as listed. 
0266) Next try the one big composite 30 m DEM cover 
ing project land areas. Hole filling is enabled because it is 
composite of quad DEMs. If a DEM is not found, the faked 
background DEM is used. Although hole filling is enabled 
because that is the default value for StcDEMs, hole filling is 
inconsequential because this DEM was created with initial 
values, So that there are no holes. 
0267 If a “hit” hasn’t occurred (i.e. if the interrogated 
DEM point is outside the boundary of all the above DEMs), 
then an “out-of-DEM' value command is returned to the 
application which can generate a warning, prevent rectifi 
cation of the image data here, or take Some other action to 
alert the user to the fact that the interrogated DEM point is 
outside the boundary of the DEMs which are currently 
available. 

0268 Photogrammetric Process 
0269. The bundle block adjustment program used in this 
proceSS has specific photogrammetric capabilities including: 
explicit independent control over calibration of each prin 
cipal point coordinate (X and y values separately), principal 
distance value, and independent control over optical distor 
tion model parameters, film deformation model parameters 
and additional parameterS Such as can be used to model or 
approximate atmospheric refraction effects. To accommo 
date the demanding numerical Solution requirements asso 

Feb. 10, 2005 

ciated with vertical aerial photography and particularly to 
accommodate the marginal numeric Stability of sparse Stereo 
block configurations, the bundle block adjustment is imple 
mented with equation Systems, photogrammetric models and 
algorithmic techniques that provide very high numerical 
stability. 
0270. Sufficiently capable bundle adjustment programs 
for carrying out the photogrammetric process are known 
commercially to a niche application of photogrammetry 
often called “close-range' or “non-topographic' photogram 
metry. These programs are generally known in the industry 
and in the literature. One commercially available bundle 
block adjustment program of Sufficient Sophistication and 
capability is the STARS program available from Geodetic 
Services Incorporated. Although any Sufficiently capable 
commercial program can be employed, one embodiment of 
the invention utilizes the “BC program developed by 
Stellacore Corporation. The “BC program embodies state 
of-the-art knowledge that is taught in universities and gen 
erally available in the industry literature. Program charac 
teristics that specifically Support the invention include: 
Standard data ingest and reporting capabilities, unique clas 
sification of each parameter as one of “unknown”, “mea 
Surement' or “constant, numerical normalization of all 
input data, allowance for both object and Station control in 
any combination, Sensor model Self-calibration capabilities, 
free-network constraint capabilities, Stable numerical Solu 
tion algorithms (e.g. Singular Value Decomposition for 
normal system solution is one common technique-and is 
the technique utilized within the “BC” program), uncertainty 
estimation propagation, and industry Standard Solution Sta 
tistics reporting. 
0271 The equations used are the same as those used for 
block adjustment in close-range photography. However, in 
accordance with the present invention, the program is writ 
ten for use in aerial mapping. The adaptation is accom 
plished primarily through the Selection of which parameters 
can be determined for a given project configuration. The 
exact Selection of calibration parameters depends Strongly 
on a number of configuration and data quality parameters. 
The determination of which parameters to calibrate for 
particular block is generally made by an individual who has 
acquired experience from past projects or by trial and error 
experimentation. 
0272 Process Flow for Photogrammetric Process 
0273) Referring FIG. 28, which is a process flow chart 
for the photogrammetric process, the measurement data are 
Supplied to the photogrammetric process from the point 
picking process 70 by the export to bundle block adjustment 
program (block 80 in FIG. 13). 
0274 The measurement data, along with camera calibra 
tion and a-priori orientation data contained in the Set of 
“bc' files are used as the “starting point” of the bundle 
block adjustment process. This proceSS does not provide an 
immediate Solution, but requires initial (a priori) seed values 
which the proceSS “corrects' in Successive calculation cycles 
(“iterations”). The desirable outcome of the calculations is 
that Successive corrections to initial Seed values become 
Smaller and Smaller, ultimately converging to Zero. Based on 
the image measurement record data, new values are com 
puted for the World-to-image transformation parameters 
asSociated with each of the multiple images and are aug 
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mented by approximate or assumed flying height informa 
tion to provide a three-dimensional seed value. The form 
of the world-to-image transformation, “tfwinfo'', is 
expressed by equations (1) and (2). The values used are the 
needed Seed values and need not be exact. However, if the 
Seed values used are too far off, the adjustment process is 
initialized poorly and may converge slowly or may not 
converge at all. One of the important benefits provided by 
the two-dimensional planimetric adjustment is that it verifies 
and refines the Seed values’ So that this rigorous adjustment 
can be undertaken in confidence. 

0275. The measurement data are the x, y coordinates of 
the pixels for each tie and/or control point picked from the 
images. The measurement coordinates are generally inter 
preted as measured “observation' values for purposes of 
least Squares adjustment. The coordinates are used as mea 
Surements which the adjustment procedure attempts to “best 
fit' in the least Squares Sense. The final Solution does not, in 
general, exactly fit all measurements. The (two-dimensional) 
difference from the observed measurement value and the 
computed “best fit value for each point is known as a 
measurement residual. 

0276 The bundle block adjustment process can be 
accomplished in Several ways. The adjustment can be made 
with external control or without external control, i.e., on a 
free-network basis. Moreover, the bundle adjustment can 
include in-situ, Self-calibration capabilities. 
0277. With reference to the flow chart of FIG. 28, at 
block 90, the measurement data are received from the export 
to the photogrammetric process Step 78 of the point picking 
program 70 (FIG. 13). 
0278 Decision block 91 determines whether all of the 
camera data required for performing the bundle block 
adjustment are available. This includes independent values 
for each coordinate (x, y) of the principal point, and the 
principal distance, as well as values for optical distortion 
and/or additional parameters associated with the camera 
used. If values for all of the required camera parameters are 
available, block 92 loads the camera parameter values. If all 
of the required camera parameter values are not available, 
block 93 specifies a camera model based upon use of camera 
parameter values that are known and computation of values 
which are unknown. 

0279. In either case, flow proceeds to decision block 94, 
which determines whether external control data are avail 
able. For example, the DEM can be used as a source of 
elevation measurements during the photogrammetric adjust 
ment. 

0280 3D Free-Network 
0281. When external control data are not available, flow 
proceeds to block 95 and a free-network solution is com 
puted. The free-network Solution proceSS is essentially an 
“N-image relative orientation'. The equations required for 
performing a free-network adjustment are well known in the 
industry and are available in various commercial Software 
adjustment programs. In applying these programs in the 
process of the present invention, the photogrammetric 
bundle adjustment program used must be robust and numeri 
cally stable. Such bundle adjustment programs are known to 
a specialized application within the industry known alter 
natively as “close-range' or “non-topographic' or “indus 
trial' photogrammetry. 
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0282. The underlying photogrammetric bundle adjust 
ment techniques are based on the Standard photogrammetric 
collinearity condition and Standard perspective camera 
model. This collinearity condition, eXpressed in various 
forms in the collinearity equations, are the foundation of 
State-of-the-art photogrammetry. In general, “close-range” 
photogrammetric bundle adjustments can be applied to 
“aerial” photogrammetric projects-but not vice versa. AS 
an example of a typical photogrammetric bundle equation 
System for aerial photogrammetry and for a treatment of 
perspective camera models, See, for example, Manual of 
Photogrammetry, Chapter II, Basic Mathematics of Photo 
grammetry, Editor K. W. Wong, Fourth Edition, Published 
by American Society of Photogrammetry, 1980, ISBN 
O-937294-01-2. 

0283. In accordance with the invention, the technique of 
free-network adjustment (optionally including Self-calibra 
tion) is applied to vertical photography in either full Stereo 
or sparse Stereo configuration. The free-network photogram 
metric adjustment Solution enables the operator to assess, 
investigate and diagnose the quality of tie point measure 
ments within an aerial configuration photogrammetric block. 
Also, if desired, the operator can force a free-network 
Solution even though external control data are available. 
This allows diagnosis of image measurement quality inde 
pendent from considerations or potential problems related to 
control data quality. 

0284 Flow Chart for 3D Free-Network 
0285) Referring now to FIG. 29, there is shown a process 
flow chart for the three-dimensional, free-network adjust 
ment process. In block 258, the quality of the tie point 
measurements is assessed. Statistics computed from the 
residuals and estimated parameter uncertainties are utilized 
to assess the quality of the tie point measurements. At this 
Stage, a typical condition is that the estimated image mea 
Surement residual is commensurate (in a statistical Sense) 
with the expected precision of the measurement (point 
picking) technique. 

0286 If the estimated residual value is too large, the 
operator can Search for poor measurements. This is accom 
plished by loading the adjustment residuals back into the 
point picking program. Using the point picking program, the 
operator displays and manipulates the residuals (e.g. Sort by 
various criteria) and to view the corresponding image loca 
tions. A common technique is to Select the highest residual 
values and to reassess the measurement of each of the 
corresponding points. A related, useful feature of the point 
picking program in accordance with the present invention is 
its ability to highlight the display of points which are 
asSociated with the highest residual values. 

0287. The overall workflow then continues with the intro 
duction of control point measurements and Subsequent 
industry-standard controlled photogrammetric network 
adjustment. Control point image measurements are intro 
duced into the bundle adjustment input files, block 260. The 
operator uses the point picking program to identify image 
positions associated with control points. The corresponding 
control point measurement values can be derived from 
various Sources mentioned, Such as georeferenced raster 
data, a list of coordinate values, elevation from external 
DEMs, or other sources. The operator introduces these 
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control point image measurements, and the corresponding 
“known values of the control points, into the bundle 
adjustment input files. 

0288. After the tie point measurements have been refined, 
a further three-dimension, free-network, adjustment is per 
formed, block 262. This time, because control points are 
available, the adjustment is performed in a coordinate SyS 
tem associated with the Datum defined by the control 
measurement values rather than as a free-network Solution 
with arbitrary Datum elements. The entire process can be 
iterated as required. 

0289. In block 264 the residuals are assessed, and if 
decision block 266 determines that the residuals are within 
range, flow proceeds to the rectification process (FIG. 37). 
However, if block 266 determines that the residuals are not 
within range, flow proceeds to block 268 which transfers the 
results back to the point picking for editing. 
0290 Whereas the two-dimension, free-network adjust 
ment is typically computed during the point picking process, 
the three-dimension, free-network adjustment normally is 
computed at or near the completion of point picking. It is 
generally used as a blunder detection, and tie point mea 
Surement quality diagnosis tool, completely analogous to the 
manner in which the two-dimension adjustment is used as 
described above. 

0291. However, whereas the planimetric two-dimension 
adjustment, is photogrammetrically approximate, the three 
dimension free-network adjustment is photogrammetrically 
rigorous. The results of the three-dimension adjustment 
include photogrammetrically meaningful residual values as 
well as propagated uncertainty estimation, possibly Self 
calibration parameter values, and Statistics relevant to Solu 
tion quality. 
0292. After checking image measurement quality with a 
free-network adjustment, control data can be included for 
Subsequent computation of a controlled bundle adjustment 
Solution which relates to a desired map or World coordinate 
System. 

0293 Controlled Bundle Adjustment 
0294 Referring to FIG. 28, when decision block 94 
determines that external control data are available, a con 
trolled block adjustment can be computed and the Solution 
expressed relative to an absolute world or map coordinate 
frame of reference. 

0295 FIG. 30 shows a small block of images and a 
non-adjusted control points, while FIG. 31 shows the same 
block after adjustment. 

0296 Control measurement values can be obtained in a 
variety of ways including, use of individual control points 
with known coordinates, planimetric control points (e.g. 
derived from reference imagery) and/or by using a DEM or 
a Multi-DEM to provide independent or supplemental eleva 
tion observation values. 

0297. The adjustment is accomplished using primarily 
the two-dimensional control obtained from a reference 
image and at least one elevation value which can be obtained 
in any of Several ways. That is, the elevation values of the 
block solution are obtained knowing the altitude from which 
one or more exposures have been taken, or by computing 
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elevation values from any ground control point which 
includes a vertical coordinate, Such as a vertical control 
point, or from a full control point. 

0298 Alternatively, elevation values can be derived from 
the DEM and used as elevation “measurements' in the 
context of a photogrammetric bundle adjustment. This latter 
technique can be implemented "simultaneously with, i.e., 
carried out within the photogrammetric bundle adjustment, 
or can be carried out after an initial photogrammetric 
Solution has been obtained. In the latter case, the initial 
photogrammetric Solution is obtained with an emphasis on 
planimetric control data to obtain an absolute planimetric 
Solution. Then, approximately known three-dimension tie 
point coordinates are extracted from the photogrammetric 
Solution. 

0299 Referring again to FIG. 28, when external control 
data are available, flow from decision block 94 proceeds to 
decision block 96 which determines whether the external 
control available is three dimensional or two dimensional. If 
three dimensional external control data are available, flow 
proceeds to block 99. 

0300 If only two-dimensional external control data are 
available, then Vertical, or Z coordinate data, are obtained 
from another Source. This elevation data Source can include 
a DEM or a Multi-DEM, or it can include individual 
one-dimensional elevation control point data (vertical con 
trol point(s)) or a known elevation of one of the camera 
Stations. 

0301 If DEM data are used to compute the elevation 
solution, flow proceeds to block 97, which loads the DEM 
data. Then, block 98 obtains elevation or vertical data from 
the DEM and adds the vertical data to the control point data 
in the point file for all of the control points. The vertical data 
are contained in the DEM data file stored in memory 34. 

0302) Then, at block 99, the controlled bundle block 
adjustment program is run. The bundle block adjustment 
program reads the completed control point data, and also any 
available camera calibration parameter data, and computes 
the bundle Solution including exterior and optional interior 
orientation parameter values. The bundle block adjustment 
program uses those values in the computation of a “least 
Squares optimal' Solution to the photogrammetric orienta 
tion parameters including location and attitude of each 
image in the block as well as optional camera Self-calibra 
tion parameters. The Solution is optimal in the least-Squares 
Sense in that it minimizes measurement residuals. The 
exterior orientation parameters and optional camera calibra 
tion parameters are Stored in bundle adjustment output data 
files. The parameter values of this Solution are used in the 
orthorectification process. 

0303 Bundle Solution Computed 

0304. When the bundle solution has been computed, 
block 95 or 99, flow proceeds to decision block 100 which 
determines whether the bundle results data are written to the 
block adjustment output file, block 101 or provided to the 
main display (FIG. 13) block 102, for operator assessment 
of the residuals. A Solution is acceptable if the Size of the 
block adjustment residuals (for pass, tie and control points) 
is Smaller than desired project accuracies. The main display 
updates the display using the new data. 
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0305 Measurement Residuals 
0306 Digressing, the measurement residuals represent 
the numeric difference between actually observed measure 
ment data values and corresponding computed “best esti 
mate” values. In this process, the two-dimensional plani 
metric adjustment, block 76 (FIG. 13), is used to effectively 
locate extreme measurement errors (known also as "blun 
ders” and/or “gross errors”). 
0307 Since the planimetric adjustment has effectively 
removed or “filtered” the measurement blunders, the results 
from the Subsequent three-dimensional bundle block adjust 
ment are relatively free from blunders and are typically 
assumed to be normally distributed. In this situation, the 
largest measurement residuals tend to correlate well with 
relatively poor measurement (e.g. with sloppy point picking, 
or a failure of automated matching algorithms). 
0308 Therefore, in one embodiment, as a result of the 
two step adjustment approach (two-dimension planimetric 
adjustment, followed by three-dimension bundle adjust 
ment), the measurement residuals (from the bundle adjust 
ment) can be utilized effectively to diagnose the quality of 
image measurements and quickly locate and correct “bad” 
measurements and thereby increase the fidelity of the pho 
togrammetric Solution and hence the quality of the digital 
orthophotos being produced. 

0309 Point List 
0310 Referring to FIG.33, there is shown an example of 
a block adjustment output point list. In one embodiment, the 
list of points includes ten columns 121-130. Column 121, 
which is labeled “Point', is the point ID number assigned 
roughly in the order the points are measured. Column 122, 
“Type' is the type of point measured, and is blank for tie 
points and includes the letter 'G' for control points. Column 
123, "#-Meas” is the number of measurements for each 
point. Column 124, “Residual' is the radial residual for each 
point. Column 125, “Image-Frame Name” indicates the 
image in which the point is measured. Column 126, “Pixel 
X (col)” is the location in each image where each point is 
measured in terms of the columns of pixels in each image. 
Column 127, “Pixel Y (row)” is the location in each image 
where each point is measured in terms of the rows of pixels 
in each image. Column 128, “World X (East)" is the 
East-West world coordinate measured for each image. Col 
umn 129, “World Y (North)" is the North-South world 
coordinate measured for each image. 
0311. The residual value in column 124 indicates the 
“least-Squares estimated error” present in each measure 
ment. Thus, a residual of 1.09 means that the actual mea 
sured point location is 1.09 pixels away from the “best 
estimate” location of that point computed in the bundle 
adjustment Solution. 
0312 The point list presented in FIG. 33 is an output 
assembled from all results of the block adjustment. As is 
usual in the art, a more detailed part of the output shows 
point names, X-, Y-, and Z-residuals for corresponding to 
each adjusted image. A Sample image output, i.e., an 
adjusted point residual list, is shown on FIG. 32. If there is 
control, the program computes the difference between the 
current “best estimate” and the actually observed measure 
ment data values to obtain the residual. In FIG. 32, point 84 
includes elevation data only. Point 46, which is a ground 
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control point (such as that shown in FIG. 15) includes X and 
y residual values in addition to a Z residual value. 
0313) Residuals Within Limits 
0314) Referring to FIGS. 13 and 28, when operator 
assessment of the residuals indicates that the residuals are 
within acceptable limits, decision block 100 (FIG. 28) 
returns the process flow back block 163 (FIG. 14) of the 
point picking program which loads the current bundle 
adjustment results. The measurements are Sorted by quality 
metric, Such as the magnitude of the computed adjustment 
residual the magnitude of computed uncertainty estimates or 
any attribute that can be reduced to a Scalar value and used 
for ordering the display properties. 
0315. The point picking program continues to block 164 
which Sets display attributes as a function of position within 
a list ordered by a data quality metric and to convey the 
measurement quality values graphically, block 165. The 
entire block of images is displayed and the control and tie 
point estimated quality can be indicated by a display color 
or intensity which is directly related to the magnitude of the 
corresponding measurement residual. That is, the points can 
be color coded to distinguish the control and tie points 
having an inconsistently high residual, referred to herein as 
bad points, from the rest of the control and tie points. In one 
embodiment, bad points are displayed on the Screen as white 
points and the rest of the control and tie points are displayed 
on the screen as green points. See FIG. 36 which shows a 
Screen shot of a block of images where some of the points 
140 are white. 

0316 Because the entire block of images is being dis 
played, it is easy to visually identify bad points. Also, 
inferences can be drawn from the Visual pattern and geo 
metric distribution of bad points. For example, if all of the 
control and tie points appear near a particular image, this can 
indicate to investigate data associated with that image. The 
measurement of points having high residuals can be edited, 
as desired, to improve the quality of the measurement. 
Points can be selected and modified by using the mouse to 
position the cursor on the point and clicking the mouse to 
Select the point. Clicking on a point when using "edit mode' 
causes pop-up windows to be opened, automatically bring 
ing up display images of all frames in which this point is 
measured. This allows the operator to check the original 
measurement and/or interact with the display to improve a 
poor measurement. During editing operations it is possible 
to pan and Zoom the display windows to facilitate efficient 
investigation and improvement of measured values. 
0317 Referring to FIG. 36, the block of images is 
displayed on the Screen 44. For any point, Such as points 
140, for which the residual is out of range, the program 
changes the color of the glyph, Such as triangle glyph “A” for 
control points or the circle glyph “ol’ for tie points. In one 
embodiment, the color of any glyph for which residuals are 
in range is displayed as green and glyphs for which residuals 
are out of range, or too large, are displayed as white. Any 
color Scheme can be used to distinguish bad points from the 
rest of the points. Moreover, different colors can be used to 
distinguish control points from tie points. In general, the 
concept is using the geometric “world-view' display as an 
effective means of Visualizing any of the Standard (or 
nonstandard) data quality metrics conventionally associated 
with photogrammetric bundle adjustment results. 
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0318 Referring also to FIG. 13, the flow proceeds to 
block 74 to allow the operator to select a new point in the 
manner used for point picking as described above with 
reference to blocks 168-181, FIG. 14. The operator can 
Zoom-in to take a closer look at the images 182,183 being 
displayed as shown in FIG. 34, which is a portion of FIG. 
15. The point 186a can be reselected, using the mouse, 
resulting in repositioning point 186a as shown in FIG. 35. 
0319 Point Editing Complete 
0320 Referring again to FIG. 28, when the point editing 
is completed, the updated measurement data are Supplied to 
the photogrammetric process and bundle adjustment (block 
95 or 98) is rerun as described, causing the residuals to be 
updated to reflect the point reselection. 
0321. After each bundle adjustment, the operator can 
look at the residuals graphically, edit any point or points, and 
then rerun block adjustment. The proceSS can be repeated as 
long as results are not acceptable. When point picking 
reduces the residual to be within the error range anticipated, 
the results of the bundle adjustment are deemed to be 
acceptable. 

0322. When the results of the geometrical solution 
obtained are acceptable to the operator, block 100, the 
process flow continues to block 101 to evoke the orthorec 
tification program. 

0323) 
0324 Referring to FIG. 28, if values for all of the 
required camera parameters are not known, as determined by 
block 91, a camera model is specified, block 93, based upon 
available information, including information known from 
the a-priori Solution. Rather than assign specific values to the 
unknown camera parameters, Such as principal point-X, 
principal point-y and the principal distance, the parameter 
values are computed as “unknown parameter values within 
the mathematical Set of equations which form the photo 
grammetric bundle formulation. 

In-Situ Calibration 

0325 Various camera self-calibration processes are 
known in the industry in applications alternatively known as 
"Close Range Photogrammetry” or “non-topographic pho 
togrammetry. For example, one camera Self-calibration 
proceSS is described in Non-Topographic Photogrammetry, 
Second Edition, Editor in Chief H. M. Karara, Chapter 5: 
Camera Calibration in Non-Topographic Photogrammetry, 
Author John G. Fryer, 1989, American Society for Photo 
grammetry and Remote Sensing, ISBN 0-944426-23-9. Any 
commercially available bundle adjustment which Supports 
camera Self calibration can be used. 

0326 AS stated above, in accordance with the invention, 
camera Self-calibration techniques are applied to aerial 
photo configurations including those with Sparse Stereo. 
When applied to aerial geometries, the Self-calibration is 
applied only for the parameters which are determinable for 
a given geometry. Parameters typically included in the 
Self-calibration process allow compensation for each inde 
pendent component of the calibration constant vector (e.g. 
Principal Point-X, Principal Point-y and Principal Distance); 
optical distortion/correction parameters of variable order, 
film deformation; and atmospheric refraction. The Selection 
of which parameters are significant and determinable is 
made primarily based on operator experience from past 
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projects and is aided by monitoring “equation Stability 
parameters' reported by the adjustment program (in particu 
lar to monitor the normal equation System condition num 
ber). Parameters which are not determinable via self cali 
bration are typically insensitive and relatively invariant 
within the photogrammetric configuration and can therefore 
normally be set to nominal or assumed values with only 
minimal effect on the quality of final results. However, when 
doing So, the a posteriori quality control process assumes 
additional importance. 

0327. Then, depending upon whether or not camera cali 
bration data are provided, block 95 or 98 computes the 
least-Squares Solution values for each camera parameter 
being calibrated. These parameters along with the other 
bundle adjustment result data are provided to the orthorec 
tification process. 

0328 Camera Model 
0329. In one embodiment, the camera model is specified 
by Selectively Setting flags to indicate whether the camera 
parameter values should be treated as observation measure 
ment values (associated with residuals) or as parameters 
with unknown values to be determined during Solution. Each 
of the camera parameters can be represented by a flag with 
all of the flags being in a common data file. The flags for 
parameters for which the values are known and therefore 
should NOT be determined by calibration are set to a “0” 
(zero="OFF") state whereas values that are not well known 
and should be determined by calibration are set to a “1” 
(one="ON") state. The bundle block adjustment program 
reads this file and treats the parameter as either a measure 
ment (associated calibration flag is in the “OFF" state) 
(block 92) or an unknown (associated calibration flag is in 
the “ON” state) (block 93) in computing the least squares 
bundle block adjustment solution. If the parameter is to be 
treated as a measurement, then the a-priori calibration data 
are utilized as observation values with a corresponding 
residual to be minimized during the least-Squares Solution. If 
the parameter is to be treated as an unknown, then the value 
of the parameter is computed entirely from other data values 
and their (indirect) relationship to the camera parameters as 
propagated through the System of equations. 

0330. In general, the calibration is performed in a con 
figuration which includes ground control measurement data. 
However, it is also possible to compute certain of the 
calibration parameters during free-network bundle Solu 
tions. Which parameters can be determined depends on the 
Specific configuration of the block. 

0331 Orthorectification 
0332 Orthorectification of the imagery data is carried out 
after the photogrammetric proceSS is complete. The 
orthorectification process, in accordance with the present 
invention, differs from most conventional rectification pro 
ceSSes in Some aspects as will be described. The fundamen 
tal aspects of the rectification process correspond to those 
that are well known in the industry. However, one embodi 
ment of the invention extends the basic capabilities through 
incorporation of Several improvements. For example, the 
rectification process can perform a “one-step’ rectification 
with an independent map coordinate System or an external 
DEM. Moreover, the rectification process can use Multi 
DEMs, as will be described. Also, the geometric interpola 
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tion model utilized in one embodiment differs from those 
common within the industry. One embodiment utilizes a 
Sophisticated geometric interpolation model to provide geo 
metrically Smooth interpolated orthophoto images. In addi 
tion, a Sophisticated radiometric interpolation model has 
been adapted from other products known in the industry and 
applied to the rectification process. The rectification is done 
on a batch basis. That is, all of the image files Stored in the 
block image file are opened at once, rectified Sequentially 
but as one process, and the resulting orthorectified images 
are all Saved together at the same time. 
0333) A process flow chart for the orthorectification pro 
cess is shown in FIG. 37. Referring to FIG. 37, the 
orthorectification process includes three main components 
including StepS 222, 223 and 224 with each of the images 
being processed individually in steps 222, 223 and 224. In 
one embodiment, all of the image files are opened at once, 
block 221, and, following rectification, each image file is 
written, block 225. For each image, Step 222 generates a 
footprint. For each image, Step 223 generates a resampling 
grid. Then, for each image, Step 224 performs image inten 
sity resampling. Preferably, the bundle block adjustment 
Solution produced by the photogrammetric proceSS is veri 
fied and accepted as accurate before orthorectification is 
performed. 
0334 Generate Footprint 
0335) More specifically, with reference to FIG. 38, step 
222 includes blocks 226 and 227. In block 226, for each 
image, the image pixels from around the exterior edge of the 
image are mathematically “projected” onto the DEM to 
generate a detailed, three-dimensional polygon footprint. 
These three-dimensional values are then transformed from 
the coordinate system of the DEM to obtain the associated 
planimetric coordinates of the polygon vertices expressed in 
the coordinate System associated with the map projection 
desired for the final orthophoto. The result is a two-dimen 
Sional bounding polygon expressed in the map coordinate 
System. 

0336 The planimetric extent of this footprint (defined by 
min/max X and y values) is used to establish the maximum 
possible extent of the final orthophoto data, block 227. 
0337 Generate Resampling Grid 
0338 Referring now to FIG. 39, step 223 includes blocks 
228-231. Within the extent defined by block 227, a virtual 
grid of transitory evaluation points is generated “on the fly'. 
In one embodiment, this component Supports the creation of 
digital orthophotoS in a variety of map coordinate Systems 
without the need to convert or recompute DEM or photo 
grammetric Solution data. Given the DEM and photogram 
metric Solution data in a particular coordinate System, the 
orthophoto imagery data can be produced in any map 
coordinate System. In contrast, known rectification Software 
Solutions which perform the rectification, require all inputs 
and the outputs produced to be in a Single coordinate System. 
Therefore, if it is desired to produce an orthophoto in a 
different coordinate System, conventional Systems require 
that the orthophotho image be resampled a Second time, 
which Significantly adversely affects image quality, or 
require that the DEM data be transformed to a new coordi 
nate System and or the photogrammetric Solution be recom 
puted in the new coordinate System before computing the 
new orthophoto. 
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0339 More specifically, in block 228, each evaluation 
grid location is rigorously converted from the planimetric 
map coordinate System into the coordinate System associated 
with the DEM (or Multi-DEM) via the inverse of the map 
projection conversion. The map projection conversions are 
performed using complex mathematic equations that are 
Standard to the mapping industry. In one embodiment, the 
process uses transformations from “PROJ” or “PROJ4”, 
NAD2NAD, NADCON, CORPSCON, or other software 
that is in the public domain. For example, PROJ4 software 
is described in “Cartographic Projection Procedures for the 
UNIX Environment', Evenden, Gerald I. Aug. 29, 1991, 
U.S. Geological Survey Open-File Report 90-284. The 
DEM is used to add an elevation coordinate, or Z value, to 
the converted value to provide a three-dimensional evalua 
tion point in the coordinate system of the DEM, block 229. 

0340 Block 230 transforms this three-dimensional point 
from the coordinate system in which the DEM is expressed, 
into the coordinate System in which the photogrammetric 
Solution is expressed using appropriate map projection and 
datum conversions of the PROJ Software referred to above. 

0341 Next, using the photogrammetric solution obtained 
from block 99 (FIG. 28), in block 231, the three-dimen 
Sional point is mathematically "projected' into the image to 
obtain the associated image pixel coordinates (at Subpixel 
precision). This step can be performed using photogram 
metrically rigorous equations containing the exterior and 
interior orientation parameters computed during the photo 
grammetric block adjustment. The equations used for this 
are based on the collinearity condition inclusive of the 
various interior orientation (self calibration) camera param 
eters. These equations are well known and Standard in the 
art. The type of coordinate System is determined by the 
operator and can be specified by the operator, using the 
OUSC. 

0342. The net result of the rigorous projection process is 
a two-dimensional grid of image coordinate displacement 
values. Each displacement value is a two-dimensional entity 
(delta-X, delta-y) which represents the distance by which an 
Specific pixel must be moved within the image (e.g. column, 
row movement) so that relief displacement is offset. Com 
putation of the displacement value is repeated for each map 
evaluation point in the map evaluation grid area. Often this 
rigorous computation of the displacement values is done at 
a spacing larger than the pixel Spacing of the input image. In 
that case, the rigorously computed displacement values must 
be interpolated at the position of individual input image 
pixels. 

0343) Note that the overall process allows the DEM to be 
expressed in any arbitrary coordinate System, independent of 
the final orthophoto output map projection, and independent 
of the coordinate System in which the photogrammetric 
Solution has been computed. 
0344) Perform Image Resampling 

0345 With reference to FIG. 40, step 224 (FIG. 37) 
includes blocks 232-234. Block 232 provides a geometric 
interpolation to densify the relatively sparse displacement 
value grid to obtain values at each pixel location for each 
input image. Given the (possibly interpolated) displacement 
value at a Specific input image pixel location, in block 233, 
a conventional pixel intensity interpolation is performed for 
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each image. This provides radiometrically interpolated pixel 
values. Block 234 assigns the interpolated radiometric value 
to the output, or orthorectified image pixel location which is 
Specified by the input image pixel location plus the corre 
sponding displacement vector. 
0346) One Step Resampling 
0347 In accordance with the present invention, the radio 
metric interpolation Step of the digital orthophoto production 
proceSS is performed only once. This process is represented 
by the process flow chart of FIG. 41. Referring to FIG. 41, 
first, all of the geometric coordinate transformations includ 
ing photogrammetric orientations, block 270 and carto 
graphic transformations, block 272, are performed. Also, 
processes involving use of the DEMCs) are carried out, block 
274. 

0348 Block 276 obtains the map coordinate grid in x,y, 
map coordinates. Block 278 transforms the map coordinates 
into world coordinates (x,y world). Block 280 uses the x,y 
world coordinates to obtain the Z value from the DEM (block 
282). Block 284 uses the x,y world coordinates and the z 
coordinate data obtained by block 280 to compute a photo 
grammetric Solution in World coordinates. 
0349 Then, in block 286, the results of the photogram 
metric Solution and perspective image data from the data file 
288 are used to obtain a pixel intensity resample. 
0350 Conventional in the industry, when working with 
color imagery consisting of Red, Green and Blue (“RGB".) 
data channels, is to perform radiometric computations inde 
pendently with each data channel. For example, each band 
of the color image is independently treated as a Single 
gray-Value image for computation purposes. After perform 
ing the computations, the individual "gray-Value' results are 
recombined into the Red, Green and Blue channels of the 
output image. Although mathematically correct, this proceSS 
can introduce certain visual artifacts--especially when the 
radiometric computations involve pixels with Substantially 
disparate color values. In one embodiment, “perceptual 
color algorithms are utilized to perform radiometric com 
putations in a manner that is consistent with human visual 
perception. The technique using perceptual color computa 
tions was introduced to the industry in 1997 by the Ortho 
Vista software product from Stellacore in the context of 
digital image mosaicking. The current invention, adapts this 
technique to the radiometric interpolation computations uti 
lized during rectification. In principal, this involves to 
perform computations in one of the "perceptual color 
Spaces' established within the graphic arts and human vision 
Sciences. Although many options exist, one example is the 
use of the HSV (Hue, Saturation, Value) color space. The 
mathematic transformations between RGB and HSV color 
Spaces and the inverses are well known in the industry. One 
embodiment of the invention utilizes, HSV computations for 
interpolation of Sub-pixel position radiometric values. This 
process includes the transformation of all (only for color 
imagery) source image data from RGB into HSV color 
Space, then performing the interpolation in HSV color Space 
(via any of the standard interpolation models-Such as 
bilinear, bicubic, nearest neighbor for example) and then 
inverse transforming the result from HSV back into RGB 
color Space. 
0351) The resultant pixel values at locations (x,y) on the 
map are used to produce an orthophoto in map coordinates, 
block 290. 
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0352. This one-step resampling process avoids the situ 
ation in which multiple image resampling operations unnec 
essarily degrade the color content of the resulting imagery. 
0353 A geometric interpolation method utilized com 
monly in the photogrammetric industry is the “bilinear 
Surface interpolation model”. Although computationally 
fast, this model produces visual artifacts in the resulting 
orthophoto image. The current invention Supports this inter 
polation model as an option, but it also provides for various 
other geometric interpolation models. One embodiment uti 
lizes a bivariate Bezier interpolation acroSS regularly Spaced 
DEM data values in order to provide smooth and continuous 
interpolation of elevation values. 

0354) 
0355. In accordance with another aspect of the present 
invention, orthophotos can be created in a variety of map 
coordinate Systems without the need to convert or recompute 
DEM or photogrammetric Solution data. Alternatively, an 
identity transformation can be used So that map coordinates 
and World coordinates are identical. With this process, given 
DEM data and photogrammetric Solution data in a particular 
coordinate System, the Orthophoto image data can be pro 
duced in any map coordinate System. 

0356. In contrast, typical rectification software solutions 
perform the rectification, produce output and require all 
input to be in a single coordinate System. Therefore, if it is 
desired to produce an orthophoto in a different coordinate 
System, conventional Systems require that the orthophoto 
image be resampled (significantly adversely affecting image 
quality) or that the DEM data be transformed to a new 
coordinate System and/or the photogrammetric Solution be 
recomputed in the new coordinate System before computing 
the new orthophoto. 

Independent Coordinate Systems 

0357 FIG. 42 is an overview flow chart for the process 
for performing rectification with independent map/Surface 
coordinate Systems in accordance with the invention. Block 
294 generates a map footprint which represents the outer 
edge of meaningful pixel intensity values expressed in a 
coordinate System related to the internal geometry of the 
taking camera geometry. Block 295 generates a three-di 
mension world Sample grid which is a grid of points repre 
Senting a point Sampling of the DEM in a manner consistent 
with a regular and homogeneous spacing in map coordinate 
System. Block 296 generates a pixel displacement grid 
wherein every pixel location of the output image has a 
lookup value (a two-dimension pair) which indicates from 
which Source image location to extract the radiometric 
information. Finally, block 297 performs radiometric inter 
polation. 

0358 More specifically, with reference to FIG. 43, which 
are process steps of block 294 (FIG. 42), in block 302, the 
data boundary is converted from pixel coordinates to camera 
coordinates using interior orientation parameters. All pixels 
at the edge of the image are converted from pixel coordi 
nates into perspective image coordinates using the inverse 
interior orientation parameters from file “bc.out. The inte 
rior orientation parameters derive from the bundle adjust 
ment Self-calibration process or can be provided by the 
camera operator. This provides the effective image boundary 
(e.g. the outer edge of meaningful pixel intensity values) 
expressed in a coordinate System related to the internal 



US 2005/0031197 A1 

geometry of the taking camera geometry. This locates the 
image pixels versus the background pixels by “tracing the 
outer edge of the input image. 
0359 Digressing by convention, image data files nor 
mally contain pixel data in a rectangular array of values. 
That is, the length of a row and the length of a column of 
pixels are constant throughout the file. However, this may 
not necessarily agree with the outline or edge of the image. 
For example, if a film image is Scanned, the area Scanned can 
be larger than the physical image. In this case, the difference 
area, that is, data locations outside the image but inside the 
rectangular file area are considered background pixels. 

0360 A similar situation arises during production of an 
orthophoto image. In this case, the file data values represent 
a rectangular area of a map coordinate System within a data 
file border 298, shown in FIG. 44. However, the available 
image pixels may occupy only a Subset of this area, i.e., a 
valid image area 299. Pixels, such as pixels 300, which are 
outside the valid image area 299 but still inside the file 
boundary 298 are considered to be “background pixels'. 

0361 The dividing line between the “image pixels” and 
the “background pixels” is the “image pixel border'301 and 
represents the image “footprint” within the orthophoto data 
file. The image border within the orthophoto data file is 
determined by “tracing the outer edge of the input image, 
any user Specified Subregion with is to be rectified, as it 
forward projects onto the DEM. 
0362 Referring again to FIG. 43, then, block 304 back 
projects the image footprint into World Space using the 
exterior orientation parameters read out from file bc.out. For 
all edge pixels (or pixels inside the outer edge of the image 
just short of the background area), the perspective image 
coordinates are backward projected into lines in World 
coordinate Space using the inverse exterior orientation trans 
formation characterized by the exterior orientation param 
eters provided from the bundle adjustment program and 
which are read out of file “bc.out. This creates an irregular 
cone in object Space with a vertex coincident with the image 
exposure Station and Surface consisting of "rays' emanating 
from edge pixels and projected through the exposure center. 
Points interior to the cone are (mathematically) projected 
interior to the image whereas points exterior to the cone are 
not imaged. 

0363 Then, the boundary cone isintersected with the 
DEM (or Multi-DEM), block 306, to provide a world 
footprint polygon. In Similar fashion, the World coordinate 
line for all edge pixels is projected onto the DEM to 
determine the point of interSection expressed in World 
coordinates. The interSection of the Surface of the projected 
cone and the DEM is an irregular polygon consisting of 
three-dimensional points for Vertices. Each vertex Simulta 
neously Satisfies the mathematic condition of being on the 
Surface of the irregular cone and also Satisfy the relation 
ships present in the DEM. A three-dimension world coor 
dinate polygon is generated consisting of the DEM inter 
Section points from all the pixels on the edge of the image. 
This polygon is consistent with the DEM and forms the 
boundary, in World Space, of the image footprint. 

0364) Then, in block 308, the world footprint is converted 
to a map footprint. The three-dimensional world footprint 
polygon is transformed from World coordinates into map 
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coordinates using an appropriate map projection formulae. A 
variety of Standard formulae and public domain and com 
mercial Software packages are known in the art. Examples of 
these commercial software packages include CORPSCON, 
PROJ, PROJ4, NAD2NAD, NADCON, for example. 
0365 Referring to FIG. 45, which are process steps of 
block 295 (FIG. 42), in block 310, the minimum and 
maximum coordinate extents of the three-dimensional map 
footprint are determined. These values, together with the 
orthophoto pixel size (from project/customer specifications) 
are used by block 312 to determine a sample grid of (x,y) 
points in the three-dimension map coordinate System. 
0366 Block 314 converts the map grid to a world grid. 
For each grid point in the map coordinate System, the 
location is inverse transformed from the map coordinate 
System into the world coordinate System (planimetric coor 
dinates) using appropriate map projection formulae, Such as 
those referred to above relative to block 308. 

0367 Block 316 uses the DEM to determine the elevation 
coordinate corresponding to the planimetric World coordi 
nate location and assigns elevation at World grid points. The 
planimetric and elevation data values are combined into a 
Single 3D coordinate triple expressed in World Space. This 
produces a grid of three-dimensional points that have a 
Systematic (but irregular and not homogeneous) planimetric 
spacing (spacing is regular in map coordinates but is dis 
torted by map projection during transformation into world 
coordinates). The points have elevation values which are 
consistent with the DEM. Therefore, the grid of points 
represents a point Sampling of the DEM in a manner 
consistent with a regular and homogeneous spacing in map 
coordinate System. 
0368 Referring now to FIG. 46, which are process steps 
of block 296 (FIG. 42), in block 320, the world grid is 
projected into image coordinates. Each three-dimension 
World Space point is back projected, using the exterior 
orientation parameters. This results in perspective image 
coordinates. The Set of three-dimension world points is 
converted to a set of two-dimension points. Because of the 
construction process that creates the irregular cone in object 
Space as described above, each two-dimension point is 
Situated interior to the valid image pixel area which may be 
Smaller than or equal to the area covered by the image data 
file. 

0369 Block 322 converts perspective image coordinates 
to observable pixel coordinates by applying the interior 
orientation parameters from file bc.out. Block 324 computes 
displacements, both projected and actual, at each location. 
Block 326 interpolates the displacement grid at each pixel 
location. The process steps 322-326 convert the two-dimen 
Sion collection of points from the camera coordinate System 
into the same pixel column/row coordinate System in which 
the original point measurements were made. 
0370. The pixel row/column value is assigned to the 
location of the corresponding output orthophoto pixel. This 
is the location for which the corresponding map grid point 
was generated. The assigned location values represent the 
difference of the coordinate values between the original 
output ortho pixel column/row location and the computed 
column/row location within the Source image. These values 
indicate the location within the original Source image from 
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which to extract pixel radiometric values for assignment to 
this output orthophoto pixels. 

0371 The domain of the lookup values is a grid of output 
orthophoto pixel locations, each of which corresponds one 
to-one with a map grid location. Typically, the Spacing of 
this grid is sparse relative to the desired output image pixel 
spacing. When this is the case, this sparse grid is densified 
by interpolation (using any number of common two-dimen 
Sion interpolation Schemes, e.g. bilinear interpolation, bicu 
bic interpolation, Surface splines, etc.) in order to assign an 
interpolated lookup displacement value at the intervening 
pixel locations. 
0372. As a result, every pixel location of the output image 
now has a lookup value (a two-dimension pair) which 
indicates from which Source image location to extract the 
radiometric information. Note that the Source image location 
is, in general, a fractional, Subpixel location. 
0373) Referring again to FIG. 42, in block 297, given the 
corresponding Sub-pixel Source image coordinates, radio 
metric pixel values (e.g. intensify and/or color values) are 
assigned via radiometric interpolation of the pixel values 
asSociated with Source image pixels at neighboring integer 
pixels locations. 

0374. Note that the above described process results in 
rectification directly into an arbitrary map coordinate SyS 
tem, while performing only a Single radiometric interpola 
tion, which is carried out in the last step of the process. 
0375 Vertical Photo Assumption for Self-Rectification 
0376 If no control data are available after performing the 
three-dimensional, free-network Solution as part of a quality 
control process, then it is possible to use a modified version 
of the free-network Solution technique for Subsequent image 
processing. One approach is to introduce a network con 
Straint that assumes an average vertical direction in order to 
Support the process of Self rectification. 

0377. In one embodiment, this approach can be utilized 
when “nothing else' is known about a block of vertical aerial 
photographs provided the photo Stations are well distributed 
(e.g. a block with more than one “flight line”). The ensemble 
of all photographs is assumed to have an average "look 
direction” that is near vertical. This assumed vertical direc 
tion constraint is introduced as a condition that must be 
Satisfied by the otherwise free photogrammetric network of 
the block adjustment. 

0378. This process is referred to herein as “relative 
Self-rectification'. Relative self-rectification is useful 
because the resulting block of images can be easily related 
in close approximation to a variety of map coordinate 
Systems by a simple conformal transformation (two shifts, 
one rotation, and one Scale). 
0379 Referring to FIG. 47, if relative self-rectification is 
called for, block 350, a vertical direction is assumed for the 
block of imagery, block 352. The introduction of the 
“assumed Vertical direction' constraint is implemented in a 
manner analogous to the various ZOD conditions referred to 
above, except that the orientation conditions are modified to 
enforce that the average look direction of all photographs in 
the block is downward (e.g. that the block-wide average of 
the roll and pitch angles is Zero). 
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0380 Block 354 performs block adjustment using the 
measurement data in which roll and pitch are Set to Zero. 
This essentially is equivalent to placing a constraint on the 
block average that both the “roll” and “pitch' are equal to 
ZCO. 

0381 Block 356 derives DEM data from the image data, 
and block 358 uses the derived DEM data to perform 
rectification. The resulting block of images is transformed to 
a map coordinate system, block 360. 
0382. The resulting photogrammetric orientation param 
eters are then consistent with an average image look direc 
tion which is nearly aligned with the true world vertical. This 
Substantially permits correctly decoupling the planimetric 
(X,Y) and elevation (Z) components of the photogrammetric 
Solution. Because the planimetry and elevation can be sepa 
rated, it is therefore practical to derive a Sparse DEM, or a 
sparse Stereo DEM from the Source photography itself. 
Since it is derived directly from the photogrammetric Solu 
tion parameters, the resulting DEM is consistent with the 
photographic geometry. Since the photogrammetric Solution 
is aligned with the vertical direction to reasonable approxi 
mation, the DEM is therefore approximately level to the 
Same reasonable degree of approximation. Consequently, an 
orthorectification proceSS can be performed onto this 
approximately leveled DEM. 
0383 Because the vertical direction is established 
approximately, the Standard rectification proceSS correctly 
compensates for terrain elevation induced image displace 
ment. The resulting rectified image is then an approximately 
correct orthophoto which has approximately correct rectifi 
cation projection, but with arbitrary alignment and arbitrary 
scale. This orthophoto is therefore related conformally 
(shape-wise), via two-dimensional conformal transforma 
tion, to a true orthophoto of the area, as accurate as the 
original images are vertical-the more vertical the images, 
the better the solution. It is important to note that most 
“vertical” aerial images are so within 3 or less. Modern 
cameras have extensive correction mechanisms (gyroscopi 
cally controlled bases) that keep camera verticality to within 
less than 1. The correctness of the self-rectification solution 
is an ensemble average and is therefore better yet-with 
precision approximating 1/sqrt(N) times that of any indi 
vidual image (“N” is the number of images in the block). 
0384) Sparse DEM 
0385) This novel technique can be used to create ortho 
photo images under demanding conditions where typical 
photogrammetric orthophoto production techniques fail. 
One example is the condition in which rectification must be 
performed, as best as practical, using imagery without Stereo 
overlap and without availability of an external DEM. 
0386 To accomplish this, a standard photogrammetric 
adjustment is performed (e.g., either a controlled adjustment 
using tie points, control points, etc., or a free-network 
adjustment) for the sparse Stereogeometry. In addition to the 
interior and exterior orientation parameters, the bundle 
adjustment provides three-dimension coordinate values for 
all points which have been measured in two or more images. 
By way of example, these points are referred to herein as 
ground points. 

0387 Referring to FIG. 48, there are shown four over 
lapping frames 361-364. Ground points 365, which are 
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indicated by dots, are Selected in Overlapping pictures of the 
frames. Taken together, the ground points (associated with 
tie and/or control points and therefore distributed in accor 
dance with the point picking geometry of sparse Stereo) form 
a sparse sampling of the ground DEM. Viewed from above, 
the pattern of the ground points is similar to the Sparse Stereo 
point pattern, although exhibiting differences associated 
with terrain relief displacement removal. Due to the block 
adjustment process, each point is three-dimensional. If 
ground control is used, the adjustment process in not free 
network, and the adjusted points will have a known eleva 
tion value as well as planimetric location, with all coordinate 
values expressed in World Space. 

0388 A Digital Terrain Model (DTM) is built between 
these ground points using a Standard Surface building tech 
nique. In one embodiment, a Delaunay triangulation is used 
to build optimal triangles between ground points. FIG. 49 
illustrates the Delaunay triangulation of the Sparse Stereo 
geometry (planimetric (x,y) coordinates) shown in FIG. 48. 
FIG. 50 is similar to FIG. 49, but with the ground points 
removed. The associated point elevation coordinate values 
are assigned to the vertices of each triangle. The resulting 3D 
triangle mesh is used as an approximation to the overall 
topography of the ground Surface. This Surface represented 
by triangles can be used to extract elevation information in 
lieu of a DEM. 

0389 Referring also to FIG. 51, each ground point has 
three coordinates (x,y,z). These coordinates are arranged 
into triangles each of which represents a planar approxima 
tion to the local terrain Surface, Such as triangle 366, based 
on the Xy coordinates using the Delaunay triangulation 
criteria and algorithms. Each triangle, Such as triangle 366, 
is then a local approximation of the Surface. Elevation for 
any point interior to the triangle is interpolated from the 
elevation values at the three vertices 367, 368 and 369, as 
represented in FIG. 51. Although triangle based interpola 
tion is a common technique, any other interpolation tech 
nique may be applied. For example, one embodiment uses 
bivariat “thin plate” Surface Splines. Any Surface interpola 
tion algorithm can be utilized provided it can handle inter 
polation of two-dimensional point locations which are 
irregularly distributed. 

0390 FIG. 52 is a process flow chart for sparse stereo 
rectification. Referring to FIG. 52, block 390 obtains mea 
Surement data for tie and control points. 
0391 Block 392 performs photogrammetric adjustment 
to obtain three-dimensional ground points. The coordinates 
of these ground points may be expressed in one of Several 
coordinate Systems depending on which data were utilized to 
accomplish the photogrammetric Solution. If a “controlled 
adjustment' was performed, incorporating one of the vari 
ous combinations of planimetric and/or elevation ground 
control and/or photogrammetric Station control, then the 
resulting ground point coordinates will be expressed within 
the same coordinate System as the control data. However, if 
a partially free network adjustment was performed where no 
Sufficient control information is available, then the ground 
point coordinates will be expressed in a Somewhat arbitrary 
coordinate System. If a completely free network adjustment 
was performed, where no ground control is used, the result 
ing ground points will be expressed in a completely arbitrary 
coordinate System. However, if an “assumed vertical” con 
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Straint is introduced into a free-network bundle adjustment, 
as in the case of a “self-rectification procedure', then the 
ground point coordinates will be expressed in a coordinate 
system which is approximately “leveled” with respect to the 
local vertical while the remaining datum elements (location, 
bearing and Scale) remain arbitrary. 

0392 Block 394 fits the elevation interpolation model 
onto the computed ground point locations. The interpolation 
model can assume various forms Such as a triangulated 
(Delaunay) irregular network (TIN), a finite element model, 
a polynomial terrain model, a Single high-order bivariat 
“thin plate” Spline model, or any mathematical Surface 
model. 

0393 Block 396 interpolates elevations at arbitrary 
ground points to Support rectification in “world coordinates. 
The results are interpolated acroSS the image in the central 
areas (where the sparse coverage doesn’t provide points, or 
where points are far apart) of the perspective Source pho 
tography. However, potential adverse effects of this inter 
polation are Somewhat mitigated by the near-Verticality of 
the images. 

0394 Fine-Tuning 

0395 Preferably, the orthorectified digital orthophoto is 
Subjected to color adjustment to compensate for differences 
from one frame to the next, in the imagery that is used in 
producing the updated digital orthophoto. 

0396 The “radiometric' block adjustment process corre 
sponds to step 26 of FIG. 1. This radiometric block adjust 
ment process provides intensity and color balancing within 
each Single image to match intensity and color balancing 
between adjacent imageS. The radiometric block adjustment 
process can be carried out using Software programs known 
in the art and therefore the radiometric block adjustment 
process is not described in detail. The radiometric block 
adjustment Solution can be provided using a program com 
mercially available under the tradename “OrthoVista” from 
Stellacore Corporation, Parker Colo., 80134. 

0397) The radiometric differences can be due to the use of 
imagery obtained at difference times of the day, the type of 
film used, the presence of Shadows within the project area at 
the time the photographs are being taken, etc. 

0398 FIGS. 53 and 54 show a larger mosaic before and 
after color adjustment (FIG. 53 being after rectification). 
Many color adjustment processes are known in the art. 

0399 FIGS. 55 and 56 show a portion of a mosaic before 
and after radiometric correction, respectively. Note the 
improved color balance of the overall mosaic, and the 
absence of "seams' between image portions used for the 
mosaic. 

0400 Mosaicking 

04.01. During this step, individual orthophoto images are 
joined into a Single image. The resulting blanket of joined 
images is called a "mosaic', and the proceSS is known as 
"mosaicking”. There are a variety of industry Standard 
procedures for accomplishing this. One that is used in this 
process is the OrthoVista program. 
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0402. Other Post Processing 
0403. Other post processing procedures include a parti 
tioning of mosaics into “tiles” or “sheets” which have 
geometric and/or data file sizes conforming to customer 
Specifications and expectations. Many processes that Support 
this are known in the industry. 
0404 Delivery Media 
04.05 The digital orthophoto data can be transferred to 
suitable media. The standard distribution product is a CD 
ROM. However, other media, such as 8-mm tape, are 
available. The digital orthophoto or mosaic can also be 
formatted into any of a wide variety of industry Standard 
georeferenced data formats. 
0406 Summary 
0407 Although an exemplary embodiment of the present 
invention has been shown and described with reference to 
particular embodiments and applications thereof, it will be 
apparent to those having ordinary skill in the art that a 
number of changes, modifications, or alterations to the 
invention as described herein may be made, none of which 
depart from the Spirit or Scope of the present invention. All 
Such changes, modifications, and alterations should there 
fore be seen as being within the Scope of the present 
invention. 

What is claimed is: 
1. A method for providing elevation model data for use in 

producing a digital orthophoto of a project area; Said method 
comprising the Steps of: 

acquiring elevation model data from at least first and 
Second Sources, 

prioritizing the elevation model data acquired from the 
first and Second Sources, 

Storing the elevation model data for at least the first and 
Second elevation models in a memory in a predeter 
mined order to produce an elevation multimodel; 

accessing the elevation model data having the highest 
priority to provide elevation data for use in performing 
a first geometric transformation; and 

accessing the elevation model data having the next pri 
ority to provide elevation data for use in performing a 
Second geometric transformation. 

2. The method according to claim 1, wherein the elevation 
model data for the first and Second elevation models are 
Stored in contiguous data Storage locations within the 
memory. 

3. The method according to claim 1, wherein the elevation 
multimodel is used as a Source of external control to 
constrain a photogrammetric adjustment. 

4. The method according to claim 1, wherein the elevation 
multimodel is used as a Source of external control in an 
orthorectification process. 

5. The method according to claim 1, wherein the elevation 
multimodel is used as a Source of one-dimension elevation 
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model data in deriving full three-dimensional data from a 
two dimension map and a one-dimension elevation model. 
6The method according to claim 1, wherein the elevation 

multimodel is used as a Source of external control to 
constrain a photogrammetric adjustment process. 

7. A method for producing a digital orthophoto from a 
block of overlapping images of a project area; Said method 
comprising the Steps of: 

acquiring imagery data for the project area; 
performing a plurality of geometric coordinate transfor 

mations on the imagery data to obtain geometric coor 
dinate data; and 

performing only one image intensity interpolation opera 
tion using the geometric coordinate data, wherein all of 
Said geometric coordinate transformations are per 
formed prior to performing Said image intensity inter 
polation operation. 

8. The method according to claim 7, wherein the step of 
performing a plurality of geometric coordinate transforma 
tions includes performing at least one photogrammetric 
orientation and performing at least one cartographic trans 
formation. 

9. A method for producing a digital orthophoto from a 
block of overlapping images of a project area; Said method 
comprising the Steps of: 

obtaining imagery data expressed in cartographic coordi 
nateS, 

transforming the cartographic coordinates to world coor 
dinates to obtain imagery data expressed in World 
coordinate data; 

using the World coordinate data to obtain elevation value 
data from an elevation model expressed in World coor 
dinates, 

computing a photogrammetric orientation Solution using 
the elevation value data obtained from the elevation 
model and the imagery data expressed in World coor 
dinates, 

performing a pixel intensity interpolation operation using 
the results of the photogrammetric Solution and per 
Spective image data; and 

using the results of the pixel intensity interpolation opera 
tion and the imagery data expressed in cartographic 
coordinates to produce an Orthophoto expressed in 
cartographic coordinates. 

10. The method according to claim 9, wherein the eleva 
tion model includes a first Source of elevation model data 
and a Second Source of elevation model data; and including 
the Steps of prioritizing the accessing of the first and Second 
Sources of elevation model data; and accessing the first and 
Second Sources of elevation model data in the order of 
priority 


