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Abstract

This paper presents two methods for using fisheve photo-
graphs for mapping confined areas. The first approach is in-
tended for relatively flat objects, observed at very close
range, and consists of producing a rectified view from a fish-
eve photograph. After scanning and correcting the spherical
distortions present in the original image, a simple projectlive
transformation creates a constant scale image from which
two-dimensional (2D) data can be extracted. The second
melhod aims at recovering three-dimensional data from two
stereo fisheve photographs. This method also involves the
same image correction for spherical distortions, but the two
msuf!mg perspective images are afterwards analyzed utiliz-
ing stereovision in a digilal photogrammetric workstation.
Practical experiments. conducted with a 35-mm camera
equipped with a fisheye lens, demonstrate the applicability
and feasibility of the two softcopy photogrammetry methods
in the context of mapping electric distribution wells.

Introduction

Measuring or mapping confined areas, such as underground
cable access wells, has always represented a practical chal-
lenge. In the present context, a confined area might be
viewed as a room having a [loor area ol about 2m by 2m,
The use of conventional surveying instruments like theodo-
lites and electronic distance measurement apparatus is not
recommended for mapping these small spaces. The mini-
mum distance that a theodolite can accommodate is gener-
ally around two metres. Furthermore, the manipulation of a
prism for distance measurements is somewhat problematic in
such spaces, Finally, the space required to set up and oper-
ate these instruments makes their utilization practically im-
possible. Similarly, conventional photogrammetric operations
involving metric cameras with normal angle lenses do not of-
fer a practical solution. Because of the short object distance
and the limited camera field angle, an excessive number of
photographs would have to be taken to cover the whole sub-
ject, which would significantly decrease the effectiveness of
the photogrammetric approach.

A camera equipped with a hemispherical lens, or fisheye
lens, may represent the best acquisition tool. With a 180-de-
gree angular field, the fisheye lens has the capability to re-
cord a very large amount of information of an object placed
at very close range. Paradoxically, the photogrammetric liter-
ature shows only a few applications of this type of lens since
its first introduction in 1924 (Hill, 1924). Actually, fisheye
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lenses are more frequently used for photographic special ef-
fects, and, perhaps, the large amount of distortion has dis-
couraged many photogrammetrists. Nevertheless, some
pioneers have presented interesting applications in different
domains such as forestry, the study of plant canopies (Rich,
1990}, geodesy, or to produce a site obstruction diagram for
[uture GPS missions (Colcord, 1989). In these applications, as
well as others (Richardson, 1992; Weigian et al., 1992), an
analytical approach is always used to recover some metric
data directly from the distorted images. The main limitations
of this solution are the impossibility of using conventional
softcopy photogrammetry packages and, more importantly,
the fact that fisheye images do not permit stereovision.

Here, fisheye lens calibration and practical tests are con-
ducted using a softcopy photogrammetric approach. Conse-
quently, the first step is to digitize the fisheve photographs
using a standard scanner. Corrections of the spherical distor-
tion are then applied in order to create images directly usable
as input for common softcopy photogrammetric processes.
When the distortions are correcled, the resulting synthetic
image is similar to an image taken by a camera having a very
short principal distance. It will be demonstrated that such an
image either can be rectified to create a constant scale image,
when a relatively flat object is considered, or can be used di-
rectly to reconstruct a stereoscopic model, However, because
fisheve lenses are much more complicated to manufacture
than conventional lenses, the distortions observed do not
perfectly match their theoretical values which leads to a
lower accuracy in comparison to the usual photogrammetric
standards. Nevertheless, for many applications, fisheye pho-
tographs can produce usable solutions to practical problems,
as is described in this paper.

Fisheye Geometry

A typical fisheye lens construction is shown in Figure 1. The
multiple optical components, characterized by a 180-degree
field angle, can be simply represented by an ideal hemi-
spherical lens as illustrated in the central left part of Figure
2. According to the diagram, a light ray from a point (P) hit-
ting the lens from a zenith angle ({) is deviated and creates
an image at location (p). The radius of the hemisphere is rep-
resented by (R) and the radial distance of the image point
from the principal point, by (r). Depending on the amount of
devialion of the ray or, indirectly, on the radial dislance,
four different types of projection characterize fisheve lenses
(Herbert, 1987). They are

® polar: r = 2R{/w
® orthographic: r = R sin ({)
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Figure 1. Typical fisheye lens construction (f: focal length,
Bf: back focus, H and H': principal points, F and F': focal
points).

e Lambert's equal area : r = (2R/V2) sin (£/2)
® stereographic equal angle: r = H tan ({/2)

Most lenses currently available on the market are de-
signed to produce a polar projection (e.g., Nikon 8-mm f/2.8,
Canon 7.5-mm f/5.6, and Sigma 15-mm f/2.8),

Fisheye Lens Calibration

In this paper, correction of fisheye lens distortion is accom-
plished by the construction of an image situated on the tan-
gent plane of the hemispherical lens at the inlersection of the
optical axis. With reference to Figure 2, the corrected posi-
tion (p') of a point (P) is a function of the zenith angle (),
the hemisphere radius (R), and the position of the principal
point (O). In order Lo correct a fisheye image, these last twa
quantities (R and O) have to be estimated. Because R and O
might vary slightly as a function of focus and aperture set-
tings, the calibration should be done under conditions simi-
lar to those during data acquisition.

The position of the principal point (O) can be deter-
mined by mounting a fisheye lens on a rotating optical
bench, as described in Herbert (1987). The basic principle of
this analog method relies on the fact that a circular target
creates a circular image when located exactly on the optical
axis of the lens. A series of photographs of a circular target,
positioned in the vicinity of the optical axis, are taken. Then,
for each photograph, the axes of the elliptic image projected
by the lens are measured. When these axes are practically
equal, meaning that the target was located on the optical
axis, the center of the circular image corresponds to the prin-
cipal point. An alternative solution. proposed in this paper,
is to simply assume that the principal point corresponds to
the circular image center. Practically, the localization of this
center point, from the measurement of a series of image
points on the circumference, can be difficult. Indeed, some
lenses (e.g., Sigma 15-mm f/2.8) produce circular images
slightly exceeding the rectangular 35-mm film format. Even
when the circular image fits into the film format, the poor
resolution near the circumference of the fisheye image makes
the measurement very imprecise. For these reasons, the use
of a cylindrical lens hood is suggested. This lens hood, usu-
ally provided with a fisheye lens, restrains the field angle,
which leads to circular images with less spherical distortions
and with a sharper definition. Fitting directly on the lens
casing, it is assumed that the center of the lens hood lies on
the optical axis and that the equivalent image point corre-
sponds to the principal point. If the position (x,y) of at least
three image points of the lens hood is measured, the circle
center (h.k) is calculated using the circle equation: rh* =
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(x — h)* + (v — k)* . where rh is the hood radius. Because the
image coordinates are expressed in terms of pixels, the prin-
cipal point location will be determined in the same units. If
more than three points are measured, a circle fitting ap-
proach must be performed. Similar to the straight line fitting
method (see, for example, Kreyszig (1979), the three param-
eters (h, k, and rh) can be estimated by minimizing the sum
of squares of the residuals obtained by the circle equation.
The lens hood radius (rh) is not a calibration parameter and
has no further use.

With non-metric cameras, the image corners are usually
considered as fiducial marks. However, the image corners are
not visible when pictures are taken with the lens hood. In-
deed, because of the lens hood’s dark color, the outer part of
the circular image is practically not exposed, making it im-
possible to find the image corners. To avoid this problem, a
white adhesive tape is temporarily placed on the inner side
of the lens hood. In this way, the principal point location
can be defined with respect to the image corners,

The second calibration step is related to the determina-
tion of the hemispherical lens radius (1). Theoretically, this
parameter could be evaluated by measuring the radius of the
circular fisheye image (without the lens hood). But as already
stated, the operation is practically impossible because of the
film format and the poor image resolution at the circumfer-
ence. To overcome this situation, an indirect method is sug-
gested.

As illustrated in the central left part of Figure 2, and ex-
plained in detail in the next section, the spherical distortion
carrection can be viewed as the construction of an equiva-
lent image located on the tangent plane of a hemispherical
lens. In this way, the corrected position of any fisheye points
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Figure 2. Diagrammatic representation of a fisheye lens
projection and correction flow chart.
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can be determined using the lens projection equation pro-
vided by the manufacturer. The hypothesis upheld by the
proposed calibration method is the following. The best esli-
mation of the fisheye lens radius (R) is obtained when this
value produces the best correction for spherical distortions.
To properly assess the quality of the correction process, a
fisheve photograph of an object with several rectilinear fea-
tures is required. On the digitized fisheye photograph, a set
of well distributed teatures, which appear as curves, is se-
lected and the positions of three points are measured on
each feature. The corrected positions of the three points are
then determined by using a first approximation of the lens
radius (R), which is equivalent to half the image width. As
opposed Lo the process described in the next section, the
goal here is not to produce a corrected image but only to
find the corrected position of the three key points. The pro-
cess begins at the original image level (see left side of Figure
2) and ends al the correcled image stage. It includes the fol-
lowing steps: determination of the radial distance (r) and the
azimulth (&) ol a point (p), determination of the zenith angle
(&) Irom the lens projection formula, and determination of
the radial distance (D) which provides, with (&), the cor-
rected image position (p') of the point (p). If the corrections
of the spherical distortions were perfect, the three points
taken on each feature would be collinear and the cosine of
the angle defined at the middle point would be equal to —1.
The overall image correction can be evaluated by taking into
account the cosine angle (#) for each rectilinear feature. Prac-
tically, this is accomplished by calculating the sum of the
values (cosf — 1)7. Then, the R value is incremented by one
pixel and the process is repeated. This iterative process ends
when R reaches a value equivalent to one-and-a-half image
widths. The best estimate for the radius (R) is the one that
produces the smallest sum. As for the position of the princi-
pal point, the radius ol the hemisphere does not vary from
one exposure to another if the focus and the aperture are not
moditied.

Fisheye Image Correction

Once a fisheye lens has been calibrated, a simple algorithm
can be used to correct the spherical distortions ol anv photo-
graph taken with this lens. In digital photogrammetry, image
resampling and correction are usually pursued in an indirect
approach. The algorithm assigns, to a pixel on the corrected
image, the intensity ol an equivalent pixel found on the dis-
torted image. This correction strategy eliminates the situation
which is frequently encountered when a direct approach is
adopted. of having unassigned pixels in the corrected image
malrix.

A computer program for the correction of fisheve images
must go through the following series of steps. Iirst, the cor-
recled image dimensions have to be determined. Because
fisheye lenses have a 180-degree field angle. the virtual im-
age, as illustrated in Figure 2, would be of infinite dimen-
sions. A field angle must thus be arbitrarily fixed. Then, the
image dimensions can be calculated using this angle and the
hemisphere radius (R). If the radius has been determined in
terms of pixels during the calibration process, the image for-
mat is directly obtained in pixels. During the resampling pro-
cess. a scale factor can be introduced which produces an
effect equivalent to setting the projection plane (virtual im-
age) at a different height with respect to the distorted image
plane (Figure 2). Afterwards, each pixel on the corrected im-
age malrix is treated as shown in the right side of Figure 2.
The distance (D) between the pixel under processing (p') and
the principal point location (O) on the corrected image is
calculated. From an arbitrary direction, for example the col-
umn, the azimuth angle (&) is also computed. To find its
equivalent pixel on the distorted image, the zenith angle is
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determined with the equation: £ = tan~' (D/R). From this an-
gle and the fisheye lens projection formula (see section on
fisheye geomelry), the radial distance (r) is determined. Most
photographic lenses produce very little variation in azimuth
ol the incident ray (Herbert, 1987). Thus, the azimuth («),
calculated on the corrected image, can be applied to find the
equivalent distorted position in polar coordinates. From this
position, different resampling techniques such as nearest
neighbor, bi-linear interpolation, or cubic convolution (see,
for instance, Richards (1986]] can be used to estimate the
most representative pixel intensity at this location. This in-
tensity is then assigned to the pixel under processing on the
corrected image. This process is repeated for every pixel on
the virtual corrected image. Upon completion of the spheri-
cal distortion correction, the resulting image should be con-
sidered as a conventional image and, consequently, can
undergo conventional processes.

Image Rectification

Simple image rectification, based on the well known two-di-
mensional (2D) projeclive translormation, can be conducted
on precorrected fisheye images. According to this technique,
a minimum of four control points, falling on a common
plane, are needed to estimate the eight-parameter projective
transformation. When maore than four points are observed,
the least-squares method allows one to find the best esti-
mates for the parameters. Obviously. all object parts being
out of the rectification plane sulfer from a certain amount of
deformation. The practical importance of this situation must
be evaluated for every application with respect to the re-
quired accuracy.

Stereocompilation of Corrected Fisheye Images

Once the spherical distortions are removed from a pair of
[isheye images, the perspective views may be analyzed utiliz-
ing stereoscopic vision if a proper orientation is carried out,
The images being digital, a softcopy photogrammetric system
must be involved in the treatment of the stereopair. The only
prerequisite for the model orientation concerns the knowl-
edge of the equivalent principal distance of the synthetic im-
ages (corrected fisheye images). Because the scale of tho
correcled image is arbitrarily fixed before the correction pro-
cess. the principal distance does not represent the hemi-
spherical radius as illustrated in Figure 2. One simple way to
estimate this principal distance is to use the collinearity
equation in a calibration operation. A certain number of con-
trol points must be known as well as some a priori informa-
tion concerning the position and attitude of the camera.
Because the image position of the control points is expressed
in terms of pixels, the collinearity equation leads to an esti-
mation of the principal distance in the same units (pixels).
During the relative orientation, these units are propagated in
the model formation, but the absolute orientation transforms
the model units (pixels) into more conventional ones (e.g.,
mim).

Practical Experiments

Three practical tests have been conducted in order to evalu-
ate the performance of the proposed methods. These tests are
closely related to the practical problem of mapping under-
ground electric cable access wells. These wells, usually situ-
ated at electric distribution network nodes, are very small,
that is, typically 1.5 by 3 m. Electricity companies often
need to know different information about these wells, nota-
bly, the distance between cables and the [loor clearance,

The camera used for these tests was a Pentax KX 35-mm
equipped with a Sigma 15-mm f/2.8 fisheye polar lens.
Black-and-white pictures of wells and calibration objects
were taken. The film was developed by Kodak™ which also
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TagLte 1. PLANIMETRIC ACCURACY OF A RECTIFIED IMAGE

distance actual measured error distance actual measured error
no. (m) (m]) (m) no. (m) (m) (m)

1 1.800  1.785 0.015 8 1.811 1.810 0.001
2 1.800 1.806 —0.006 9 1.166 1.164 0.002
3 1.000  0.996 0.004 10 1.166 1.170  —0.004
4 1.000 0.998 0.002 11 1.789 1.784 0.005
5 2.059  2.057 0.002 12 1.789 1.784 0,005
6 2,059  2.060 —0.001 13 1.7849 1.791 —0.002
7 1.811  1.800 0.011 14 1.789 1.792 —0.003

R.M.5.E. +0.006

scanned the fisheye photographs at a resolution of 2167 DPL
Among these images, some were used for the calibration of
the camera-lens combination. This calibration, carried out
under lighting and geometric conditions similar to those en-
countered in wells, has determined the principal point loca-
tion and the radius of the hemispherical lens. Surprisingly,
the location of the principal point, determined using the lens
hood, was off the image center by more than 1 mm. This de-
vialion was mostly in the direction of the film drive. I'urther-
more, this estimate was quite different if another image taken
with the lens hood was considered. Suspecting the metric
quality of the Kodak scanning, the same experiment was
conducted using the negatives but, this time, scanned in-
house at a resolution of 600 DPL. The principal point was
then estimated to be located at less than 90 um from the
physical image center, and the variation from one picture to
the other was less than the dimension of a pixel. Thus, it is
possible that the starting position of each image is not con-
stant over an entire roll of film. However, in Kodak's de-
fense, it must be said that this service is obviously not
intended for photogrammetrists. Consequently, all the photo-
praphs used for the practical tests were scanned with a con-
ventional scanner at a resolution of 600 DPIL. Also, consider-
ing the relatively small offset between the principal point
and the image center, these two points have been assumed to
be identical.

The first test goal was lo eslimale the planimetric accu-
racy of a rectified fisheye image of a well wall. A laboratory
simulation was used lo simplify the creation of a set of
check points. It consisted in taking a fisheye photograph of a
1- by 1.8-m grid showing crosses at every 20 cm (Figure 3).
The view angle of about 45° from the normal of the grid and
the object distance of approximately 1 m from the center of
the grid correspond to the usual conditions encountered in
an underground cable access well. After the correction of
spherical distortions (sce Figure 4], the four corner crosses
were used to define the rectification plane. The DVR-2™ recti-
fication software was used for the transformation (Boulianne
et al., 1992). A set of ten distances covering the entire grid
were measured on the rectified view (Figure 5) and later
compared with their real values. Table 1 shows the result of
the comparison. The +6-mm RMSE for distances obtained
largely satisfies the electricity company needs. Of course,
this accuracy could have been improved by scanning the
original image at a higher resolution,

In the second test, the rectification approach was applied
in a real underground cable access well to verify the visual
quality and usefulness of a rectified image. I'or the test, lwo
500-watt lamps were taken down into the well. Also, a set of
three poles were placed at a distance corresponding to the
average cable distance from the wall. The first one, a tele-
scopic rad, was wedged in place horizontally between the
opposite walls near the top of the well (Figure 6). The other
two were suspended vertically on the first rod. The lengths
of the rods and the distance between them were measured
and used to define a set of reference coordinates. These coor-
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dinates are consi

dered as error free in the present context.

Including the time necessary for the establishment of this
rectification system, acquisition of the photographs took ap-
proximately 15 minutes. Figures 6 and 7 show the original

distorted picture

and the final rectified image, respectively

(for the sake of conciseness, the intermediate corrected image

for spherical dist
inspecting the co

ortions is not presented in this paper). By
ntrol rods in Figure 7, one can note that the

eye lens.

Figure 3. Photograph of a grid with a 15-mm fish-

(=]
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Figure 5. Grid rectified image.
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Figure 6. Fisheye photograph of an underground cable ac-
cess well.

fisheye effect has been properly removed because the rods
appear perfectly straight and form a rectangle. The rectified
image can be imported into any CAD which accepts raster
dala for measurement or veclorization. Besides the possibil-
ity to extract planimetric information from this image, the
image itself offers a very useful view of the entire well wall
for the practitioners. For instance, this view provides infor-
mation about the availabilitv of supply pipes in the walls.

Figure 7. Rectified image of a well wall.

The third experiment consisted of testing the accuracy of
spatial data extracted from a model created by two precor-
recled fisheve images. As for the previous tests, the geomet-
ric conditions were selected to reproduce, as closely as
possible, the practical mapping operation for a well. A me-
tallic frame composed of five vertical rods with each rod
having three control marks was used for this experiment
(Figure 8). The frame occupies a volume of approximately
1 m". The accuracy of the control was estimated to be +0.5
mm which, in this context, is considered again as error free.
Among the 15 points, six served for the model absolute orienta-
tion (point numbers 1,3,4,6,10,12) while the others were con-
sidered as check points (point numbers 2.5.7.8,9.11.13.14,15).
Stereo fisheye photographs of the cube were taken from an ap-
proximate distance of 70 cm with a stereoscopic base of 40
cm. The corrected images (Figure 9) were afterwards oriented

Figure 8. Fisheye stereopair of a test frame.
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Figure 9. Corrected stereopair of the test frame.

using the digital phologrammetric workstation DvP™ (Gagnon
et al., 1990).

Table 2 presenls the comparison between photogrammet-
ric coordinates of the check points and the actual coordi-
nates. A global RMSE ol =5.8 mm was obtained ((3* + 3* +
4+ )v2), which is equivalent to the planimetric accuracy
eslimaled by Lhe first test. Considering that the pixel size in
the middle of the cube measures approximately 2 mm by 2
mm by 6 mm (1 mm by 1 mm by 2 mm for the front face of
the cube and 3 mm by 3 mm by 10 mm at the rear), the spa-
tial accuracy corresponds to approximately 1 pixel. In the
context of an electrical distribution system, this accuracy ex-
ceeds the requirements.

Conclusions

Two methods, based on the utilization of fisheye photo-
graphs, for mapping confined areas have been presented in
this paper. Unlike other applications of this kind of image,
correction of spherical distortions are applied to fisheye im-
ages prior to their utilization as conventional images. For rel-
atively flat objects located in a very restrained areas, the
rectification of precorrected fisheye images can be a more el-
ficient alternative than conventional surveys. In a test con-
ducted in an environmenlt similar lo an underground access
well, a planimetric accuracy of + 6 mm was achicved. In
addition, the rectified image represents a more visual and
useful product than a simple map. When the third dimen-
sion is required, stereopairs of correcled images can be
treated successfully in a softcopy photogrammetric system.
A practical test demonstrated that a spatial accuracy of one

pixel (- 6 mm) can be observed. These results are even more
acceptable considering that the lens used is ten times less ex-
pensive than high-quality fisheyve lenses.

For future applications of the proposed methods, one
should consider the possibility of using a digital camera with
a fisheye lens. This would obviously eliminate the [requent
long delays inherent to film development. However, the reso-
lution of today's cep chips in such cameras would yield a
lower accuracy.
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