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Abstract. Many studies have addressed various applications of geo-spatial im-
age tagging such as image retrieval, image organisation and browsing. Geo-
spatial image tagging can be done manually or automatically with GPS enabled 
cameras that allow the current position of the photographer to be incorporated 
into the meta-data of an image. However, current GPS-equipment needs certain 
time to lock onto navigation satellites and these are therefore not suitable for 
spontaneous photography. Moreover, GPS units are still costly, energy hungry 
and not common in most digital cameras on sale. This study explores the poten-
tial of, and limitations associated with, extracting geo-spatial information from 
the image contents. The elevation of the sun is estimated from the contents of 
the images, either directly by measuring the height of the sun above the horizon 
or indirectly by measuring the relative length of shadows in the scenes. The ob-
served sun elevation and the creation time of the image is input into a celestial 
model to estimate the approximate geographical location of the photographer. 
The strategy is demonstrated on a set of manually measured photographs. 
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1   Introduction 

Most photographers do not have the time and patience to manually catalogue single 
photographs and label these with textual descriptions. Instead, most users are often 
able to memorize approximately when a photo was taken, say “during the summer of 
2008”, or “in the winter holiday after the September 11 event”. Moreover, users will 
have few problems associating a particular image with a location, such as “our holi-
day in Puerto Rico”, the business trip to “Cape Town”, etc. These are all possible 
because cameras not only store the images recorded by the camera chips but also store 
the time and date when the photos were taken using a digital clock built into the cam-
era and the geo-spatial position of the GPS enabled camera. Some cameras also store 
camera settings such as exposure time, aperture, focal distance, focal length, etc, us-
ing EXIF (Exchangeable Image File Format) [1] initiated by the Japan Electronics 
and Information Technology Industries Association (JEITA). This meta information 
can also be used to organize images [2]. 
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Geo-spatial information is an emerging image attribute that is used in addition to 
the time and date of the photograph. Combined time and geo-spatial attributes make it 
easier to organise, retrieve and browse large image collections [3, 4]. Moreover, im-
age collections are growing rapidly and often viewed on mobile devices. Falling costs 
have resulted in most people owning digital cameras, and the quality of the camera 
equipment is advancing rapidly. Currently, it is hard to purchase a mobile phone 
without a camera with megapixel resolution. Low cost digital storage has eliminated 
previous cost and time barriers associated with the development of film.  

Still, GPS technology is not commonplace in most digital cameras as they add the 
cost in a very competitive market. Moreover, although the idea of using GPS technol-
ogy is attractive in theory, it may not always be practical. A photographer may have 
to react spontaneously to a given situation and quickly take a shot. However, GPS 
enabled devices often need certain amount of time to lock onto the available overhead 
GPS satellites. In fact, the process of obtaining a reasonable GPS reading can some-
times take several minutes. Next, imagine that very response GPS enabled cameras 
became commonplace, then there will still be huge collections of digital photographs 
in existence taken with older digital cameras without geo-spatial capabilities. Finally, 
the current GPS-system is reaching the end of its lifetime and one does not have any 
guarantees for publically available satellite navigation systems in the future [5]. 

In an attempt to overcome these limitations, the current study set out to assess the 
practicality, reliability and accuracy of geo-spatial information extracted from images 
based on celestial and time information. 

1.1   Celestial Navigation 

GPS technology is a relatively new phenomenon. Prior to GPS technology navigation 
and positioning was achieved using the position of celestial bodies such as the sun, 
moon and the stars. During days with clear skies the sun provides a good reference 
point for estimating ones position. Based on the time of year, the sun follows a sinu-
soidal path across the skies relative to an observer on earth. On the northern hemi-
sphere the sun goes up in the east and sets in the west and is located at a southern 
direction at midday. In the southern hemisphere the sun goes from east to west via a 
northern route. The closer the observer is to the equator the higher the elevation the 
sun is at midday, and the further away from the equator the lower the maximum ele-
vation of the sun is. Moreover, during winter the elevation is lover than the summer, 
and while it is winter on the northern hemisphere it is summer on the northern hemi-
sphere and vice versa.  

Seafarers have exploited this phenomenon for hundreds of years. For instance, the 
sextant was used to measure the elevation of the sun above sea level by adjusting a set 
of optical mirrors. One view is centred on the horizon and another view is centred on 
the sun, such that the two views are aligned. Then, an accurate angular reading of the 
suns elevation was taken. Next, the height of the observer above sea level was com-
pensated for. By the means of an accurate watch, a compass and an astronomical 
almanac the position of the observer was estimated with a very high accuracy of close 
to 0.1 nautical miles which is approximately 200 meters.  
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Traditional celestial navigation techniques have inspired researchers working on 
autonomous robot navigation where a digital camera is used to measure the approxi-
mate elevation the sun as a kind of digital sextant [6].  

2   Digial Camera-Based Sextant 

A lens is usually characterised in terms of its focal length f. A simplified explanation 
of focal length is how much magnification a lens provides. A lens with a large focal 
length magnifies an image more than a lens with a smaller focal length. However, 
with more magnification the lens field of view is smaller. The field of view covered 
by a lens with focal length f is given by 
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where d represents the width of the image sensor inside the camera. Classic 35 mm 
film has a dimension of 36 x 24 mm, while digital camera sensors often are smaller. 
For instance, cameras in Nikon’s DX series have dimensions of about 23.6 x 15.5 
mm, Cannon APS-C has dimensions of 22.2 x 14.8 mm, and pocket camera sensors 
can be as small as 2.4 x 1.8 mm (1/6” sensors). Usually the lenses are rectilinear, that 
is, all straight edges in the scene appear straight in the captured image. The field of 
view can be measured along the horizontal (width), vertical (height) or along the 
diagonal. It is the dimensions of the sensor (or digital) film that determines the field 
of view along the vertical and horizontal dimensions. A 35 mm camera with a 50 mm 
lens will therefore have a horizontal view of 46.8 degrees and a vertical view of 27 
degrees. It has been shown that the lens focal length for a camera can be determined 
using a sequence of outdoor images where the position of the sun is hand labelled [7].  

Given a camera configuration with a resolution of Px x Py pixels and a field of view 
of Vx x Vy degrees along the horizontal and vertical positions, respectively. Then the 
degrees per pixel are given by: 
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The vertical degrees per pixel should be approximately the same along the horizontal 
and vertical axis. Given an optimal image, that is a view with a clear skies, a sun and 
a distinct horizon the distance in pixels between the sun and the horizon are easily 
calculated, and hence the elevation e of the sun can be calculated as 

horizonsun yyae −∂=  (3) 

Where ysun is the vertical pixel value for the centre of the sun and yhorizon a representa-
tive vertical pixel value of the horizon assuming the camera is level. Several methods 
for horizon extraction has been proposed, including the use of orientation projection 
[8, 9]. These are robust methods aimed at micro aircraft control with unfocused rap-
idly moving images. 
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2.1   Indoor, Outdoor and Night Images 

Clearly, images taken indoor, at night, or during cloudy days, comprises no solar 
information that can be used to determine the geographical position and should there-
fore not be used in the geo-spatial information extraction as they will become noise 
that are likely to increase the error of the calculations. Instead, these images can be 
tagged with the geo-spatial positions estimated for the temporally closest daytime 
images. 

Attributes such as shutter speed and exposure time can be used to efficiently help 
distinguish an indoor image from an outdoor image as it is usually much darker inside 
than outside. If shutter speed and aperture settings are not embedded in the image 
files, the segmentation of indoor and outdoor images must be made on basis of the 
image contents. Several strategies for classifying outdoor and indoor images have 
been proposed in the literature, for instance using colour space histograms [10] and 
support vector machines [11]. Moreover, attempts at extracting information from 
daytime images of the skies [12] have been reported. 

2.2   Pixel Level Accuracy 

With a vertical angle per pixel of δa each the error per pixel is obviously δa too. For 
example, an 8 megapixel camera with 2448 pixels along the x direction, with a focal 
length of 50 mm yielding a vertical viewing angle of 39 degrees, results in an angle of 
0.016 degrees/pixel. This means that each pixel accounts for 0.95 arc minutes or 0.95 
nautical miles which is approximately 1.8 km. With a lower resolution camera the 
accuracy is smaller. For instance, for a 2 megapixel camera, with a similar lens, each 
pixel accounts for approximately 1.9 nautical miles or 3.6 km, and a higher resolution 
camera such as a 16 megapixel camera has an accuracy of 0.5 nautical miles, or ap-
proximately 900 meters. 

2.3   Estimating Time-Zone and Longitude 

Traditional navigation relied on a compass to determine the precise orientation, or 
azimuth, of the sun. The azimuth of the sun is not available through images obtained 
with digital cameras. 

Instead, classification of images into indoor/night images and daytime images can 
be used to help estimate the approximate time zone of the photographer, the azimuth 
of the sun and hence the rough longitude of the observer. This is done by placing all 
the images taken during a 24 hour period that are classified as daytime images into 
one set. Tourists commonly take series of outdoor photographs and the availability of 
such image series is therefore a realistic assumption. The time of midday at the time 
of the observer can then be estimated as  
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−
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A problem with this estimate is that the photograph may only have been outdoors half 
of the day. An alternative estimate of the midday is the image with the maximum 
elevation measurement. However, this estimate is sensitive to erroneous elevation 
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measurements. Moreover, one does not necessarily have an image taken exactly at 
midday. 

A more robust and accurate strategy for determining the local time zone and hence 
the longitude is to incorporate all the elevation reading for all the daytime images for 
one day. This can be done by least squares fitting of the time and elevation points to a 
sine function of the form e(t)=Asin(Bt+C)+D. Then, midday occurs at: 

B
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−= π
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With an hourly midday approximation the longitude can is determined with an accu-
racy of 15 degrees, or 900 nautical miles which is approximately 1666.8 km at the 
equator. Similarly, a five minute’s accuracy the longitude can be determined with 139 
km accuracy at the equator. Given an accurate clock, with say one minute’s accuracy, 
and many high quality images the longitude could be determined with an accuracy of 
28 km. With a one second’s accuracy the accuracy would account to about 0.5 km. 
The error gets smaller the further away from the equator the observer is. 

Note that the time of the photograph first must be converted to UTC (Coordinated 
Universal Time). This is because most owners set their camera to the time of their 
home country with the local time zone, while the Astronomer’s Almanac algorithm is 
based on universal time. Few users bother to change the time of their cameras when 
travelling to a different country in a different time zone.  

2.4   Estimating Latitude 

Unless the viewer is located on the equator directly beneath the sun then all viewers at 
equidistance from the closest point of the earth to the sun will be able to view the sun 
at the same elevation. However, in the previous section a method for determining the 
approximate longitude of the observer based on a series of images was outlined. With 
the longitude fixed, it is then only the latitude must be determined.  

To determine the latitude the same set of photographs as described in the previous 
section are needed, taken at some moments apart. More formally, the sun elevation 
are measured at these times and we get a time series of n elevations, namely 
{(t1,e1),(t2,e2),..,(tn,en)}. Moreover, we ensure that the measurements are limited in 
time such that the span a limited temporal window tw, of one day, such that 24 hours > 
tn - t1 . This constraint is based on the fact that the path of the sun for one day is con-
sidered and that the distance travelled by the photographer within one day is limited.  

Then, the elevations for the given longitude for all the time stamps measured are 
calculated for regularly spaced latitudes using the Astronomer’s Almanac algorithm 
[13]. The latitude that best fits the observed elevations is selected, namely: 
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where eobserved(t) is the observed elevation at time t, e(t,lo,la) is the calculated sun 
elevation at time t and position (la, lo) and T is the set of all the images that consis-
tently results in the fewest errors. The set T is determined by keeping a record of how 
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many times each image is deviates from the hypothesized position, and the ones who 
overall has the highest scores are eliminated from the set T. This is because some 
images may result in erroneous readings and should be eliminated from the calcula-
tions. More formally, all images that ranks the highest according to its penalty P(i) are 
included in T, where the penalty P(i) is defined as 
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Here, ξ is the maximum allowable elevation offset. 

 

Fig. 1. An course grained world map showing the areas where sun elevation measurements are 
ambiguous with respect to hemisphere. White denotes water, gray denotes land, and red denotes 
land that is ambiguous with respect to hemisphere. 

2.5   Southern or Northern Hemisphere 

One problem with the strategy described herein is that it is not possible to determine if 
the observer is on the northern or at the southern hemisphere. However, if one as-
sumes that the observer is on dry land, i.e., not on a ship, then an intelligent guess can 
be made in most cases. As can be seen from Fig. 1 there is little overlap in land area 
when the map is mirrored around the equator. In fact a majority of the world’s land 
area is in the Northern hemisphere. Most of North America, Canada, Greenland, 
Europe, Asia and Oceania are mirrored on waters on the southern hemisphere, while 
only parts of Latin America and East and South Africa are mirrored on themselves. 
Parts of South America overlap with part of North America. Therefore, for most part 
of the world knowledge about the land areas of the world can be exploited to deter-
mine the hemisphere of the observer. One strategy is to use a list of common location 
and closest location to the measured location, being it on the northern or southern 
hemisphere. According to the world map in Fig. 1 only 19 % of all land area is am-
biguous with respect to hemisphere, i.e., 44 zones are overlapping of the 226 zones 
that comprise land.  

2.6   Limitations of Digital Sextant Measurements 

Sextant measurements are based on direct observations of the sun and the horizon. 
This approach has several limitations. First, it is based on a direct observation of the 
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sun. This is not practical if the elevation of the sun is high and the lens has a medium 
or high focal length. With a 50 mm lens and 35 mm digital film the maximum theo-
retical elevation is 26 degrees. With a 100 mm lens and 35 mm digital film the maxi-
mum theoretical elevation is 14 degrees, and for a 200 mm lens and 35 mm digital 
film the maximum theoretical elevation is 6 degrees (see Fig. 2). Moreover, one of the 
first lessons of photography is not to have the sun in view but keep it behind, or on the 
side, of the photographer to ensure that the lighting conditions are sufficient. In prac-
tice, people only tend to include the sun in photographs when the sun is at a low ele-
vation during sunrise or sunset when the sun appears orange-red and perceived as 
being more beautiful than during the middle of the day. Digital sextant measurements 
are therefore mostly useful for pictures taken during the morning or evening. Only a 
small portion of image collections comprise sunrise and sunset images. In order to 
measure sun elevations during the middle of the day shadows have to be considered. 
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Fig. 2. The field of view for various focal lengths with a 35 mm image sensor. The vertical 
field of view represents the theoretical upper limit for the maximum possible elevation of the 
sun that can be captured by a camera as function of lens focal length. 

3   Shadows 

Shadows provide an indirect clue to the elevation of the sun as the sun at a high eleva-
tion will cast a short shadow while the sun at a low elevation will cast a long shadow. 
Given an object with a height H and a shadow with length L, the elevation e of the sun 
is simply 
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A very nice property of this equation is that it is based on a ratio and any units associ-
ated with the object and shadow length measurements are cancelled. Hence, the 
shadow based sun elevation measurements are close to independent of the technical 
properties of the camera with the exception of distortions caused by low quality 
lenses. 
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Next, imagine that the height measurements have an accuracy of H +/- ΔH, and the 
shadow measurement has an error of L +/- ΔL, then the elevation error can be ap-
proximated as follows 
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With a measurement error of 1 % the positioning error is about 0.5 degrees, or 56 km. 
With a measurement error of 10 % the positioning error is about 5 degrees, or 556 km. 

The measurements obtained with a digital camera are optimal when the camera is 
perpendicular to the shadow, i.e., the image is taken from the side. Challenges arise if 
the shadow is not perpendicular as the projection will depend on the distance of the 
observer above the viewing plane and the distance to the shadow and its object. With 
large focal lengths the distance is less influential on the measurements since the pro-
jection becomes more parallel. However, for closer objects the perspective view is 
more influential.  

The shadow model is also based on two further assumptions. First, the viewing 
plane is approximately level. If standing in a slope such as on the side of a hill the 
shadow angle calculations would require the model to take the slope into considera-
tion. Given a slope of s degrees and a shadow of length L cast up the slope, then the 
error in the shadow due to the slope is E = L - L cos(s). 

Second, the model assumes that all the objects are completely vertical with straight 
lines. Curved or tilting objects will cast more complex shadows and an angle extrac-
tion algorithm will have to take information about the scene into consideration. When 
a curved and tilted object is combined with a sloping surface the extraction of shadow 
information is even more complex. One strategy would be to classify images accord-
ing to how tilted the ground is and the tilted or curved the objects are. Images with 
such characteristics can then be eliminated from the shadow extraction procedure as 
their geometry is too complex for simple procedures. 
 

  
a) Photograph taken at Dansui, Taipei, Tai-
wan on April 15, 2005 at 09:56:21 UTC with 
a focal length of 38 mm. 

b) Photograph taken on the ferry leaving 
Copenhagen, Denmark on August 21, 2006 at 
18:18:18 UTC with a focal length of 26.8 
mm. 

Fig. 3. Direct measurement of sun elevations at sunset. The photographs are taken with a Sony 
DSC-F828 digital camera with a 2/3”-type 8.8 x 6.6 mm image sensor. 
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Another problem is how to automatically identify the objects, the shadows and the 
relationships between objects and shadows. This is indeed a non-trivial problem. 
Inspiration may be found in the literature which contains several accounts of work 
related to shadow detection [14, 15]. For instance shadow detection has been success-
fully been applied to video based on colour models [16]. Segmentation of objects and 
background in outdoor images have also been studied [17] as well as shadows in areal 
traffic and aerial photograph [18, 19]. 

4   Examples 

Fig. 1 demonstrates the concept of direct sun elevation measurements. Fig. 1a is taken 
at Dansui, Taipei, Taiwan. The measurement yields a sun elevation of 4.1 degrees for 
the optical settings reported by the camera. Sun elevation according to the atmospheric 
almanac is 3.8 degrees for the position with a latitude of 25 degrees north and longi-
tude of 121 degrees east (Taipei City). For comparison the elevation of the sun at the 
same time in Kaohsiung is 4.5 degrees and 10 degrees in Kowloon, Hong Kong. No-
tice that the photograph is tilting as the horizon is straight. The line of measurement is 
taken along a line perpendicular to the line that is aligned with the horizon. Microsoft 
Paint was used to measure the exact pixel locations of the sun centre and the horizon. 
The EXIF values where extracted using Microsoft Office Picture Manager.  

The difference of 0.3 degrees between the theoretical and measured value could be 
caused by the fact that the almanac is based on the coordinates of Taipei City while 
Dansui is somewhat to the north of Taipei. Another viable explanation is that the 
camera clock is one minute too fast.  

Fig. 1b is taken on the seas somewhere between Copenhagen and Oslo and the 
measurements yields a sun elevation of 6.8 degrees. The sun elevation at the recorded 
time is 3.2 degrees (latitude = 55.5 degrees north, longitude = 8.5 degrees east). 

Fig. 4 demonstrates the concept of indirect sun elevation measurements based on 
shadows. Fig. 4a and 4b are taken in Vancouver, Canada in the morning with ap-
proximately one hour apart with measurements yielding sun elevations of 22.8 de-
grees and 38.5 degrees, respectively. The corresponding theoretical sun elevations are 
25.3 and 29.7 for Vancouver (latitude = 49.2 degrees north, longitude = 123.1 degrees 
west). The measurement in Fig. 4b has an error of nearly 10 degrees which may be 
caused by the angle of the shadows that are not perpendicular to the camera direction. 
Vancouver is located relatively far north and the morning shadows are therefore long.   

Fig. 4c and 4d are taken during a morning in Cape Town, South Africa (southern 
hemisphere) with approximately 3 hours apart and the measurements yield sun eleva-
tions of 34.5 degrees and 63.1 degrees, respectively. The corresponding theoretical 
sun elevations are 36.8 and 63.4 for Cape Town (latitude = 33.9 degrees south, longi-
tude = 18.4 degrees east). Again, Cape Town is far south and the morning shadows 
are relatively long.  

Fig. 4e and 4f are taken during a morning in San Juan, Puerto Rico approximately 
1 hour apart and the measurements yield sun elevations of 65.2 degrees and 68.1 
degrees, respectively. The corresponding theoretical sun elevations are 61.8 and 71.4 
for San Juan (latitude = 15.5 degrees north, longitude = 66.1 degrees west). Puerto 
Rico is closer to the equator and the shadows are therefore shorter. Strictly speaking 
Figure 4e is an indoor photograph. However, the sun clearly penetrates the glass walls 
and result in distinct shadows. All the examples are summarised in Table 1. 
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a) Photograph taken in Vancouver, Canada on 
October 14, 2007 at 17:41:32 UTC. 

b) Photograph taken in Vancouver, Canada on 
October 14, 2007 at 18:34:11 UTC. 

  

c) Photograph taken in Cape Town, South 
Africa on February 27, 2009 at 07:35:40 
UTC. 

d) Photograph taken in Cape Town, South 
Africa on February 27, 2009 at 10:29:13 
UTC. 

  

e) Photograph taken in San Juan, Puerto Rico 
on July 22, 2006 at 14:31:46 UTC. 

f) Photograph taken in San Juan, Puerto Rico 
on July 22, 2006 at 15:12:14 UTC. 

Fig. 4. Indirect measurement of sun elevation using shadows 
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Table 1. Examples of extracting positioning information directly and indirectly from image 
contents 

  Sun elevation (degrees) 
Method Location measured actual error 
Direct Dansui, Taipei 4.1 3.8 0.3 
 Copenhagen, Denmark 6.8 3.2 3.6 
     
Indirect Vancouver, Canada 22.8 25.3 2.5 
 Vancouver, Canada 38.5 29.7 8.8 
 Cape Town, South Africa 34.5 36.8 2.3 
 Cape Town, South Africa 63.1 63.4 0.3 
 San Juan, Puerto Rico 65.2 61.8 3.4 
 San Juan, Puerto Rico 68.1 71.4 3.3 

5   Conclusions 

A framework for determining the location a series of photographs based on the con-
tents of the images was presented. The elevation of the sun is determined either 
through direct measurement, or indirectly using the shadows cast by vertical objects. 
The advantage of shadow based sun elevation extraction is that it can be performed 
without knowledge about the optical properties of the camera. Direct sun elevation 
measurements are only possible with low elevations for most lenses with medium 
focal lengths. The accuracy of the measurements is dependent on the resolution of the 
camera. A 16 megapixel camera with a typical 50 mm lens and a 35 mm sensor yields 
a theoretical maximum accuracy of about 1 km. The accuracy of the measurements is 
also highly dependent on the accuracy of time, as the accuracy of the positions de-
creases approximately 0.5 km per second offset. It is therefore advisable to regularly 
ensure that the digital camera clock and date is set correctly, as it may affect the accu-
racy of future use of the images. The accuracy will ultimately depend on the sun ele-
vation extraction algorithm. If the algorithm has a measurement error of 10% this will 
result in approximately a positioning error of 556 km. However, the meter-level accu-
racy provided by GPS technology is usually not needed for image browsing and cata-
loguing applications as an overall positioning accuracy of a few degrees is sufficient 
to identify approximately where in the world the photographs are taken. The strategy 
therefore has potential for content based geo-spatial information retrieval. However, 
its success is reliant on the progress of future work involving accurate shadow direc-
tion extraction algorithms. 
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