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SUMMARY

Old aerial photos are necessary for applicatioas ithvolve detection of land use changes
over time and/or detection of old constructionsotiter topographic features. The accurate
location and measurement of Ground Control Pointsuch photos is difficult due to the fact
that often the area of study was changed due tcahuswativities over the years. This paper
addresses the problem of the ambiguous identificaif Ground Control Points on old aerial
photos using linear features such as road edgeeat.ifeatures, in contrast to points, tend to
persist over time and thus they can be exploitedraslternative form of ground control
information. The transformation between the 3D obgpace and the 3D model space of a
stereo-pair of old photos is computed by matchibgli@ear features of arbitrary geometry
(free-form linear features) using the lterative $&lst Point algorithm within a least squares
adjustment framework. The method is tested by thwestigation of the accuracy of the
georeferencing of a stereopair of aerial photosriak 1945, using linear features. The area of
study is located at Chalkidiki region, Northern &re. As reference data, a stereo pair of
recent high resolution satellite images was usedyel as topographic maps at a scale of
1:5,000. Linear features, mainly roads, were ekgchérom the stereo-model of aerial photos
of 1945. The same features were also digitizecherotiented stereo pair of satellite images
and on the topographic maps, in order to constitaference data for the georeferencing
process. The accuracy computed for the georefergmdithe aerial photos of 1945 using the
method of matching linear features were much bektan those of the aerial triangulation
method using solitary Ground Control Points.
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Theuseof Linear Features as Ground Control I nformation for the
Georeferencing of Old Aerial Photos
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1. INTRODUCTION

The use of old aerial photos is necessary for aegiptins that involve detection of land use

changes over time and/or detection of old constustor other topographic features. In

Greece, according to legislation, the aerial phatb4945 are used for the production of

orthophotomaps with which the forest land is defim@d protected, and disputes about land
legal rights are resolved. The reason why aeriakqgshof 1945 are used for this purpose is
that they are the oldest aerial photos coveringvthele country. Thus, 1945 constitutes a
reference year according to which the land is atarezed as forest land or not.

However, the aerial photos of 1945, or historieia photos as they are often called, exhibit
some major problems that reduce their georefergreicuracy and therefore the accuracy of
the orthophotos produced by them. Such a probletheigifficulty to accurately locate and
measure Ground Control Points (GCPs), necessarhéogeoreferencing. This happens due
to the low sharpness of the old aerial photosuthally small scale of the photos and the fact
that often the area of study was changed due t@huwautivity over the years.

This problem can be addressed using linear featlikesroads and streams, instead of salient
points, as Ground Control Information (GCI). Linetgatures exhibit some attractive
advantages, such as their abundance in the man-amaidehysical environment, the easiness
and reliability of detection and matching compat@goints, even if a long period of time has
passed, and the fact that they provide a contingousce of information (Heikkila, 1991;
Schenk, 2004; Habib et al., 2004; Vassilaki et2012). In this paper the method describing
the process for the georeferencing of old aeriakqd using linear features is presented. The
method is based on the matching of common linestufes between the old aerial photos and
recent data, such as satellite images or topographps (Vassilaki et al. 2008; 2012). An
application test is done in order to evaluate linteatures as GCI, and the evaluation of
results and some useful conclusions are presented.

2. METHODOLOGY

In order to perform the georeferencing of a ph@G) (usually GCPs) must be known both in
the 3D object space, and in the 2D image spackeoBD model space of a stereo-pair. The
GCl is used to compute either the 3D-2D projecti@msformation between the 3D object
space and the 2D image space, or the 3D rigid aiityil transformation between the 3D
object space and the 3D model space. In this ghperecessary GCI, known in the 3D object
space and in the 3D model space, is in the gerieral of Free-Form Linear Features
(FFLFs), namely hereinafter Ground Control Line@attres (GCLFs). GCLFs are linear
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features of arbitrary geometry such as road edgdscaastline and they are defined as a
collection of consecutive nodes of no regularitythie 3D object space (X,Y,Z) and in the
model space (Xm,Ym,Zm). The nodes of GCLFs inttin@ spaces certainly vary widely in
number and position, as the two types of GCLFs Heen extracted by different datasets and
with different methods. For example, the nodes GIGLF in the object space may have been
measured by mobile mapping systems, or may have ddeacted from existing maps or GIS
data or even they may have been extracted from teemensing data. The nodes of its
corresponding GCLF in the model space are usuaiijized by stereoscopic measurements
in a digital photogrammetric workstation. Thussitriot possible to directly correlate the two
types of GCLFs using their nodes.

In this paper the method proposed by Vassilakil §2@08; 2012) is used. The method is
based on Iterative Closest Point (ICP) algorithnegBand McKay, 1992; Zhang, 1994),
blending brute force (Sedgewick, 1992) and dividd-aonquer (Knuth, 1997) techniques.
The method computes closest point pairs betweenheterogeneous FFLFs. One FFLF is
split to a large set of consecutive interpolateoh{sp each one very close to its previous and
its next point. Then, the distances of all theséntgsoto a node of the other FFLF are
computed, and the point with the least distandéesclosest point to the node. The pairs of
closest points are used to compute the paramdténe similarity transformation between the
two FFLFs within a Least Squares Adjustment framw®he computed transformation is
applied and the two FFLFs are brought closer tagetiithe process is repeated until
convergence. The steps of the method are summa&zed

i) computation of the closest points,

i) computation of the georeferencing,

iii) application of the georeferencing, and

Iv) check of the error against a threshold.

The method was embedded into ThanCad (Stamos, ,2@0#ee/open source CAD, for
convenience and user friendliness.

The 3D rigid similarity transformation which is elaped here, consists of three translations
(AX, AY, AZ), three rotations¢¥,®,K) and a uniform scale (s) between the 3D objectespa
(X,Y,Z) and the 3D model space (Xm,Ym,Zm):

X AX cos®d cosK cosPsinK -sin® Xm
Y |=| AY |+ ssinQsin®cosK —cosQsinK  sinQsin®sinK + cosQcosKk  sinQcos® | Ym
Z NZ cosQsin® coskK +sinQsinK  cosQsin®dsinK —sinQcosK  cosQcosd | | Zm

3. APPLICATION TEST
3.1 Study area
The study area is located at Polygyros, in Chatkidigion, Northern Greece, near the roots

of the mountain Cholomontas, and it is charactdribe its mountainous terrain and its dense
forests (Figure 1). It has sites of natural beawtyich make it an important touristic center.
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Population growth is positive and the touristic @epment of the area is continuous. As a
result there has been expansion of the road nepwsrwell as intense building activity lately,
with a lot of hotels and houses having been coot&du So, it is obvious that there have been
significant spatial changes in the human and nb&maronment of the region during the last
decades. Nevertheless, some roads or streams deleamged in their general form.

Figure 1: The location of the study area (left) and the gtaka in an aerial photo taken in
1945 (right)

3.2 Datasets

The available data were:

- the diapositives of greyscale aerial photos takeri945, at a scale of approximately
1:42,000, which were scanned with a 1200 dpi reémwiwsing a photogrammetric flatbed
scanner,

- a stereo pair of satellite Cartosat-1 panchromatages, with a resolution of 2.5 m ground
sampling distance, captured in August 2006, and

- four analogue sheets of the national-wide mediuatestopographic maps, at a scale of
1:5,000, compiled in 1980.

Both the stereo pair of satellite images and tpedgoaphic maps were used for the extraction
of the linear features, so as to constitute refexettata for the georeferencing process. The
topographic maps were also used in order to determiie geodetic coordinates of GCPs and
Check Points (CPs), necessary at various stagée aifpplication test.
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3.3 Georeferencing of theold aerial photos using GCLFs

For the application of the proposed procedure comiimear features must be identified on
the old aerial photos and on the other datasefsrémce data). This was done with visual
comparison of the old aerial photos with the sigeilinages and the topographic maps. As the
density of roads in the study area was low in 19#8y 15 common linear features were
detected, 12 roads and 3 streams. The roads wikez rational and municipal roads, or rural
and forest roads. Their detection was difficulfpesally between the aerial photos of 1945
and the satellite images of 2006 (Figure 2), bexzaisthe 60 years time interval between
these two datasetEhe distribution of the 15 linear features in tmeaaof study is shown in
Figure 3.

Figure2: The same linear feature, as it is shown in thialgghotos of 1945 (left) and in the
recent satellite images of 2006 (right)

For the selected linear features to be used fonthtehing process, 3D coordinates of their
nodes have been digitized for each of the dataSetsfor the stereo pair of the old aerial
photos the relative orientation was calculateda idigital photogrammetric workstation, and
the edges of the 15 linear features were digiti@edhe stereo-model. In this way, the 3D
model coordinates (X Ym, Zm) Of the nodes of linear features’ edges were nredsun an
arbitrary coordinate system with arbitrary oriematand scale. The coordinates of the axis of
each linear feature were calculated using skelesdion techniques.

The reference linear features were extracted uBoth the stereo pair of satellite images
(Case 1) and the topographic maps (Case ).
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Figure 3: The distribution of the 15 linear features atdihea of study, on the recent satellite
image (left) and the distribution of the 18 indeghent CPs (right)

In Case | the georeferencing of the stereo pasabéllite images was done, using Rational
Function Models and 13 GCPs (with coordinates & @reek Geodetic Reference System,
GGRS87), regularly distributed at the study ardee achieved accuracy, using 4 independent
CPs, was 5 m or 2 pixels (as the spatial resolutiaine satellite images of Cartosat-1 is 2.5
m) for the planar position and 3 m for the vertipakition. This relatively low accuracy of
georeferencing is due to the fact that the GCPsv@disas the CPs) were extracted from the
topographic maps. However, this accuracy is sefficfor the requirements of the application
test. The road and stream edges were stereo-dijitn the georeferenced stereo pair of
satellite images and the axis of each linear featvas calculated from its edges through the
use of skeletonization techniqué@$e old aerial photos were georeferenced throudichimay

of:

- only the left edges of the 15 linear features,

- both edges of the 15 linear features, and

- the axes of the 15 linear features.
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In Case Il, the 15 linear features were digitizedtloe topographic maps. For the most of
these linear features only their axes were digitizeince their edges were not always
available. However, when the edges were availaileletonization techniques were used for
the calculation of the axis. The topographic mapseviransformed from their old coordinate

system (HATT) to the Greek Geodetic Reference 8y$@GRS87 - EGSA87). The accuracy

of the transformed digital maps was 2-2.5 m. Thicad accuracy of the maps was estimated
to 2 m (half of the contours’ interval which is 4.n%0, the planar coordinates of the nodes
describing the linear features are calculated inRS&/. The elevation of each node is

calculated through interpolation using the elevatidformation of the map (contour lines and

individual elevation points). The georeferencingtloé old aerial photos was done through
matching the axes of the 15 linear features.

Since the extraction of road and stream edges a@sl \®as done using the arbitrary stereo-
model coordinate system of the aerial photos obl@4vas necessary to have a good initial
estimation of the similarity transformation for th€P algorithm. This information was
acquired by using about the same reference systeitiné stereo-model of aerial photos of
1945, and for the stereo pair of satellite imageshe topographic maps. Practically that
meant that in each one of the two cases (I andlllijhe linear features had to be roughly pre-
aligned manually, in order a first approximationtbéir relative position to be computed.
Otherwise ICP would not converge.

In both cases (I and Il) the matching was donerseglg for each pair of corresponding edges
or axes of each linear feature and the three-dimeaksimilarity transformation between
them was computed, as well as many pairs of coorelpg points. These points (of all linear
features) were used for the computation of the labs@rientation of the stereo-model of the
old aerial photos, and therefore for its georefeire;n Figure 4 presents the matching results
for the axes of three linear features (which exhie highest planar RMSE) at the matching
process at Case Il

Road axis from topographic maps
Roughly prealigned road axis from old photos
------ Matched road axis from aerial photos to maps

Figure 4: Matching results at Case Il, for the three roadsaxkich gave the highest RMSxy
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The achieved georeferencing accuracy for the hcstioaerial photos was evaluated using 18
independent CPs, detected from the topographic n(Biggire 3 right). The results are
presented in Table 1.

RMSEX | RMSEY | RMSE XY | RMSEZ
(m) (m) (m) (m)

Geor eferencing

A. Useof 15linear features

1. Matchingtheleft edges(Casel) 7.64 8.04 11.09 4.31

2. Matching both edges (Casel) 6.93 7.97 10.56 4.74

3. Matching the axes

Casel (satelliteimages) 6.94 7.98 10.58 5.03
Casell (topographic maps) 6.43 7.83 10.13 3.21
B. Aerial triangulation, using of 6 GCPs 5.86 15.89 16.94 16.88

Table 1: The results at the independent CPs after the ggerefing of the old aerial photos

3.4 Georeferencing of theold aerial photosusing GCPs

The georeferencing of the historical aerial phates also done using solitary GCPs and the
aerial triangulation method, in order to compar dlchieved accuracies using linear features
and salient points as GCI. The detection of GCRkiatlependent CPs from the topographic
maps was a difficult, tedious and time consumingcess, since the difference between the
acquisition times of the old aerial photos andrtfaps is 35 years. There were few points that
could be reliably located on the old aerial photssduring this period of time the natural and
human environment of the study area changed signifiy. The problem was even harder
because of the mountainous terrain of the areallyp6 GCPs and 14 CPs were used for the
georeferencing of the old photos. Most of them weid intersections and stream sections,
and they were regularly distributed at the areatofly. These points were the same with the
independent CPs used to evaluate the georefereacmgacy of the old aerial photos with
linear features. The RMSE of the CPs is presemtéichble 1. The low accuracy achieved by
the solitary GCPs (aerial triangulation methodgxplained by the unreliable location of the
GCPs and CPs on the aerial photos and the unknaemoar orientation of the camera used.

4. EVALUATION OF THE RESULTS

According to the results presented in Table 1, filanar accuracy of the GCLF
georeferencing is 10-11 m and the vertical accura@t5 m. The vertical accuracy is better
than the planar accuracy. This discrepancy carxpkieed due to:
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- the planar uncertainty of the GCLFs, e.g., dueotmrwidening; the elevation of the road
generally remains unaltered by the widening

- the ambiguity of the planar position of the CPg,,epoints on road intersections; due to
the small slope of the roads, this ambiguity dagsaffect the vertical position of the CPs.

In Case |, the RMSE using both edges or the axdbeofinear features are identical, and
slightly better than the RMSE using only one edyso, the behavior of the ICP algorithm
with respect to the convergence progress and th&euof iterations required is the same
whether using the edges or the axes of the liresufes (Figure 5).
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Figure5: The convergence progress of the ICP algorithmthfedinear feature n. 12, Case |

In Case Il, where the axes of the linear featuremfthe topographic maps were used, the
RMSE is lower. Relatively to Case I, where the afethe linear features from the stereo pair
of satellite images were used, Case Il is slighditer regarding the planar RMSE, and clearly
superior regarding their vertical RMSE. This wapexted, since the georeferencing planar
and vertical accuracy of the stereo pair of sételimages is 5 m and 3 m respectively,
whereas the accuracy of the topographic maps i§ PaZand 2 m respectively. Moreover, the
maps were designed in 1980, a date which is clwsd©45 than the year 2006, when the
satellite images of Cartosat-1 were acquired. TThezgethe common linear features detected
between the historical aerial photos and the tagagc maps, particularly the common roads,
are less likely to have changed their planar pmsitr elevation, than those detected on the
satellite images.

Finally, in comparison with the solitary GCPs, thmse of linear features for the
georeferencing of the old aerial photos, indepetiglérom the origin of the reference linear
features, has led to significantly better planat aertical accuracy (Table 1). In particular the
vertical accuracy using the linear features istBnes better than the accuracy using solitary
GCPs.The results show that the ambiguity on the idesgtfon of the GCPs does not apply to
the linear features, while the uncertainty dueht rnultitemporal character of the datasets is
counterbalanced by the sheer volume of informati@mvided by the linear features.
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5. CONCLUSIONS

Linear features are deemed as appropriate to eeglaent points for the georeferencing of
the historical aerial photos, especially when difficult or impossible to find GCPs, such as
in mountainous areas or in areas with intense huantwities. The better accuracies achieved
with the proposed method, in conjunction with tlasier detection of linear features at aerial
photos, relatively to individual points, constitut@jor advantages. Also, it is a cost efficient
procedure since no field measurements are regbuednly a topographic map of the area or
an oriented stereo pair of recent aerial or sttalinages.

A disadvantage of the method is the time consunpraggedure for the location and the
manual extraction of the common linear featuresttms historical aerial photos and the
reference data). However, similar and in some casesh bigger difficulty exists in the
location of GCPs, for the aerial triangulation atijment. Also, semi-automated techniques for
the detection and extraction processes of linedufes may be used.

In addition, using the proposed method, the comedimg points of FFLFs, the coordinates of
which were computed as a subproduct during the mraggprocess, could be used as GCPs
for the georeferencing of the historical aerial folsowith a conventional point-based method
aerial triangulation software.

Nevertheless, further investigation should be dasiag the proposed method on other areas
with a variety of characteristics; comparative stadof the achieved results from aerial
triangulation using GCPs, should be done. As tiséohcal aerial photos have an unknown
interior orientation, the investigation of the incpaf self-calibration procedures would be of
special interestFinally, it is worth investigating the possibiligf improving the proposed
method by calculating the georeferencing parameigrasing a network of linear features
(Vassilaki et al., 2009) instead of defining the Sinilarity transformation from each one of
the linear features separately.
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