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Abstract

In this paper we present a new metric camera self-calibration algorithm that does not require the global mini-
mization of an error function and can produce all legal solutions to the three-camera self-calibration problem in
a single pass. By contrast, virtually all previous self-calibration algorithms rely on nonlinear global optimization
unless special assumptions are made about the camera or its motion. The key drawback to global-optimization:
based methods is that, for nontrivial error functions, they can run indefinitely. Therefore, because our new
algorithm produces all solutions quickly and in a fixed amount of time, it is arguably the fastest self-calibration
algorithm in existence. In addition, our algorithm makes it possible to determine experimentally the number of
solutions to the three-camera self-calibration problem; an upper-bound of 21 was given by Schaffilitzky [17],
but our experiments show this number is more typically 1 or 2. Finally, because our algorithm runs very quickly
and requires only the theoretical minimum of three camera views, it can be used in conjunctieamaihc

for great robustness to noise when more than three views are available.

This work was partially sponsored by the National Science Foundation under Grant No. 11S-9988426 and by the Defense Advanced
Research Projects Agency (DARPA) and Rome Laboratory, Air Force Materiel Command, USAF, under agreement number F30602-
97-1-0138.



1 Introduction

A camera is a device that creates 2-dimensional representations of the 3-dimensional world. The function that
maps 3-dimensional world coordinates into 2-dimensional image coordinates is the caaldesion. Cam-

eraself calibrationor autocalibrationis the process of determining the calibration function directly from views
captured by the camera without any special knowledge of the scene (e.g., without using a pre-measured cal
ibration target). Typically in self calibration, point correspondences are determined between views and then
fundamental matrices or trilinear tensors are found, from which the components of calibration can be deter-
mined. Most existing self-calibration algorithms employ global minimization of a nonlinear error function to
search for calibration; however, nonlinear optimization is in general problematic. In this paper we introduce a
new self-calibration algorithm that does not rely on minimization but instead directly finds all legal calibrations
for a given set of views.

We assume a pinhole model of the camera, which works well provided lens distortion effects are either small
or can be corrected for during preprocessing. Under the pinhole model, camera calibration has two components
internal calibration and external calibration (see Horn [12]). Internal calibration consists »f3 invertible,
upper-triangular matri¥X. When no additional restrictions (such as the zero-skew assumptidd that 0) are
placed on the form oK, the camera is said to beganeral pinhole camerd&xternal calibration is the camera’s
position in space (i.e., the location of the camera’s optical center) and the camera’s orientation (i.e., its rotation)
relative to a fixed coordinate system. Our main concern is with determining the internal calibrationlatrix
but our algorithm also determines external calibration as a by-product. In particular, camera orientations are
determined simultaneously with internal calibration and thus may represent a better mutual fit than if they had
been determined separately.

In addition to assuming a general pinhole camera model, we assume that all camera views have the sam
internal calibration. Typically, this situation arises in the context of a single camera undergoing motion while
its focal length remains constant. Camera views produced in such a way arencafiedular image sequences
and we will refer to the fundamental matrices arising between pairs of views from these sequences@dar
fundamental matricesPotentially, an approximate monocular image sequence could be produced by a series
distinct cameras if, for instance, they were all of the same model (assuming a consistent manufacturing process
and were all “zoomed out” or “zoomed in” to the maximum level (to produce consistent focal lengths). This is
relevant to situations like the “forest of sensors” concept [7].

Almost all previous self-calibration algorithms for general pinhole cameras have utilized the global min-
imization of a nontrivial error function to search for calibration. The trend began with the very first self-
calibration algorithm [4], which used the Kruppa constraints as the basis for its error function. Many other
researchers have followed this approach: Hartley [10], Heyden and Astrom [11], Triggs [18], Pollefeys and Van
Gool [16, 15], Lourakis and Deriche [13], and Fitzgibbon and Zisserman [6] (in the context of autocalibration
from multiple moving objects) to name just a few. Note that we are not considering methods that place re-
strictions on internal parameters or camera motions, many of which are linear or quasi-linear; we are assuming
fully-general pinhole cameras. In the next section, we discuss the pros and cons of using global minimization
as a search technique and begin introducing our non-minimization-based method.

2 Optimization and its limitations

Much of the field of artificial intelligence is devoted to search techniques, and one of the most common search
techniques used in machine vision is the nonlinear optimization of a continuous error function. This has the
great benefit of standardization, making the search phase of an algorithm immediately understandable, anc
more importantly it allows machine vision algorithms to draw upon techniques from the entire field of numerical
optimization, such as the often used Levenberg-Marquardt algorithm. However, it is well-recognized that simply
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Figure 1: Optimization examples.

Figure 2: Curve-intersection problem.

phrasing a problem in terms of global optimization is not a panacea.

Consider finding the global minimums of the functions in Fig. 1(a) and Fig. 1(b). For functions like that in
(), this is a simple task for any nonlinear optimizer; at the very least, following local gradients will lead straight
to the global minimum. The task can be much harder for functions like that in (b). In this case, a nonlinear
minimizer is much more likely to get stuck in the meaningless local minimums than to locate the “hidden valley”
containing the global minimum.

For a one-dimensional function over a finite domain, the latter problem may still seem easy to overcome.
The standard approach (because it is simple to implement) is to choose a random starting location, apply a
nonlinear minimizer until a local minimum is reached, and then repeat this process until a “good” minimum is
found (since it is usually impossible to know a priori what the global minimum should look like). The number
of times this process must be repeated is related to the size of “attraction basin” of the global minimum relative
to the size of the search space. Hteaction basirof a local minimumx is simply the set of points from which
the chosen nonlinear minimizer will convergextoUnfortunately, in many real problems the attraction basin of
the global minimum can be very small relative to the search space size. The situation is often much worse for
higher-dimensional search spaces where the likelihood of success depends on the volume of the attraction basi
versus the volume of the overall search space.

Another troubling problem arises when the error function under consideration has more than one global
minimum. While it is certainly possible to repeat the nonlinear optimization process until all global minimums
have been located, this process could go on indefinitely depending on how small some of the attraction basins
are. Furthermore, it may not be known a priori how many global minimums are supposed to exist, so that the
algorithm must stop arbitrarily after “enough” minimums have been found.

Finally, consider the task illustrated in Fig. 2(a). This figure portrays two parametric gumjesndh(s),
each of a single variable. The task is to determine where the curves intersect, and there may be an arbitrary
number of intersection points. Because the curves are one-dimensional and exist in a two-dimensional searcl
space, we will assume the mutual-intersection points are discrete and not consider the possibility of overlapping
curve segments.

If we were to use a standard error-minimization approach, we might define a two-dimensional error function
f(s,t) = |g(t)—h(s)| representing the distance between points on the two curves. fTken > 0 everywhere
and clearlyf(s,t) = 0iff g(t) andh(s) represent the same position in the search space and the curves intersect.
Unfortunately, due to numerous “near misses” between the two curves this error function has a shape like the
function in Fig. 1(b) and applying nonlinear optimization methods to find the global minimurfihaes the
problems discussed earlier. It is also completely unknown a priori how many global mjrfiasiin a problem
like this, meaning the search process has no clear stopping point.

A better approach than using optimization for this problem is to simply “sketch” the cyreesl £ in
the search space and then find the intersection points of the sketches directly. The intuition is that, when
one looks at the illustration in Fig. 2(a) the mutual intersection point “pops out” instantly. A “sketch” (i.e.,
approximate surface) for each curve could be created by sampling the underlying parametansl bf(i.e.,



the parameters andt) at regular intervals and then connecting the images of successive samples using line
segments, as illustrated in Fig. 2(b). The mutual-intersection poinfjsaaofi~ could then be found to a close
approximation (depending on the sample rate of the underlying parameters) by intersecting the two piecewise-
linear approximate surfaces. This process has the added benefit of determining all mutual-intersection points
(again, depending on the granularity of the approximate surfaces). If desired, the approximate intersection
points could be refined using nonlinear minimizationfgnn this sense, the surface-fitting approach serves to
locate attraction basins for the global minimafof

We show in Section 4 how “sketching” surfaces leads to a fast, robust technique for self calibration and
for solving manifold-intersection problems in general. Before presenting the new self-calibration algorithm,
however, some background material must be introduced.

3 Background Material

3.1 Stratified self-calibration

Let n pinhole cameras view a scene. Create an arbitrary coordinate system by choosing any orthonormal basi:
for ®3 and any point in space to serve as an origin. Camdras a corresponding x 4 matrix II; in this
coordinate system. PositidtX, Y, Z) in this coordinate system gets projected to posifiofy;) on camera’s

image plane following the relationship

A
Y
Zf =11, 7
1

where the symbol2” denotes equality up to a nonzero scale factor (note the use of homogeneous coordinates).
If Q2 is any invertibled x 4 matrix then the following relationship holds:

w | = o)t | )
1 A
1

The3 x 4 matricedI;{2 are called grojective reconstructionf the original camera matricék,. These matrices
are functionally equivalent to the original camera matrices but are represented in an alternative, “projective”
basis.

If Q consists of a three-dimensional rotatiBn translationt, and overall scaling then it has the form

R ¢t
o= 2]

with ¢ € R and the reconstruction is termewetric If for all X,Y,Z € R we haveQ[X,Y,Z,0]" =
(X', Y', Z',0]" for someX',Y', Z' ¢ R thenQ is said tofix the plane at infinityand the reconstruction is
calledaffine(becausé) will be an affine transformation).

Note the hierarchy that emerges: all metric reconstructions are affine and all affine reconstructions are
projective. Metric reconstructions are the hardest to obtain but are the most useful; conversely, projective

reconstructions are the easiest to obtain but the least usefulstiididgied self-calibration paradigrhas the
following stages, each of which uses a different algorithm:

(1) A projective reconstruction of the camera matrices is made directly from the camera views (e.g., see
[2,1,9,3)]).



(2) The projective reconstruction is upgraded to affine by determining a special Sieeti.

(3) The affine reconstruction is upgraded to metric.

Without knowledge of specific scene measurements, metric reconstruction is the best that can be achieved
Assuming a monocular image sequence, step (3) can be accomplished using a linear algorithm (see [8, 16])
Findinga in step (2) for monocular image sequences is the subject of this paper. Aisimgvered in [14].

3.2 Screw-transform manifolds

The key to our algorithm is the way “screw-transform manifolds” [14] explicitly define a surface containing
(the vector needed for upgrading projective reconstruction to affine). The algorithm in Fig. 2 of [14] shows how
a monocular fundamental matx can be used to define a mapping

\I/F . 3%2 — %3
such that

(1) for all k,0 € R, Ug(k,0) fills the role ofa for some physically-realizable monocular image sequence
(and, furthermoreF is the fundamental matrix between two views in this sequence); and

(2) for all physically-realizable monocular image sequences for wRighthe fundamental matrix between
a pair of views, there exist, § € R such thatVr(x, ) fills the role ofa.

It should be noted that these two claims have not been formally proven and must stand as conjecture; however
the specific derivation o¥' g together with experimental evidence suggest they are true.

The modulus-constraint manifol¢a type ofscrew-transform manifoldised for stratified self calibration)
generated by monocular fundamental maRiis the set

Up(R?Y) = { Up(k,0) : k5,0 €N}

together with the parameterization (i.e., coordinate system) provided for this set by the méppihge term
“screw transform” refers to the fact thatand @ are directly related to the underlying screw transformation
between the pair of views from whidh is derived.

In the problem under consideration, we are given a monocular image sequence and we wish to find a vector
a that will upgrade projective reconstruction to affine. By the two claims given atdovejst be a member of
the setUr(R?) for all fundamental matriceB arising from pairs of views in the sequence. Thus we candind
by determining the mutual intersection point(s) of a series of manifolds:

ac ﬂ Tp(R?) 1)
F

This is directly analogous to the example given in Fig. 2 of Section 2; a visualization of the manifold intersection
process is provided in Fig. 3.

4 The surface-fitting (SURFIT) algorithm for manifold intersection

In Section 3.2 it was shown how self calibration from monocular image sequences comes down to determining
the mutual intersection point of a series of manifolds. We now present a fast, reliable algorithm for determin-

ing such mutual intersection points. Although the method could be applied to general manifold-intersection

problems, we will concentrate on its specific application to self calibration.
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Figure 3. Modulus-constraint manifolds approximated by piecewise-linear surfaces. The main figure shows
three intersecting manifolds (analogous to Fig. 2(a)); the inset shows another manifold by itself.

Our algorithm is conceptually simple: Create a piecewise-linear approximation to each manifold and then
find the mutual intersection points of the approximate surfaces directly. We term tbisrthee-fitting SURFIT)
algorithm. What makes this approach possible is the explicit representation of the screw-transform manifold
provided by the functiontg. Error functions such as the Kruppa constraints only implicitly define a set of
possible solutions (as the set of zeros of the function).

To create the piecewise-linear approximatiorndg# for a particularF, it is first necessary to restrict the
range of the underlying parametersindd to lie in [0, 1] (for examplef can be scaled byr; in Fig. 4,Kappa
andTheta denote the conversion functions). Once the parameters have been restricted, the next step is to creat
a grid of vertices on the manifold surface that samples the restricted range; psuedocode for this task is given
in Fig. 4 and representative output is shown in Fig. 3. After dividing each grid square into 2 triangles, the end
result is a triangle mesh forming a piecewise-linear approximation to the suiria@e?).

/* Input: fundamental matrix f, integer sampling rate m; Output:
piecewise-linear surface approximating modulus-constraint manifold
corresponding to f */

FUNCTION CreateSurface(f, m)

1 grid is an array[0..m][0..m] of 3-vectors

2 fori:=0tm

3 forj ;= 0tom

4 grid[i][j] := Psi( f, Theta(i/m), Kappa(j/m) )
5 return triangles induced by grid

Figure 4: CreateSurface function.

To utilize Eq. 1, we must be able to intersect the approximate surfaces. Since the surfaces are two-
dimensional but exist in three-dimensional space, it takes the intersection of at least three surfaces to arrive
at a set of distinct points. However, because of noise in the original data and due to the approximate nature
of the piecewise-linear surfaces, the intersection of four or more surfaces will almost certainly be empty. This
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is not the case when intersecting just three surfaces: if three triangi&siiriersect at a point, then they will

still intersect at a point even if each triangle is repositioned slightly. Thus if the screw-transform manifolds
are smooth relative to the sample rate (so that the piecewise-linear approximations are reasonably good) an
if noise levels in the original data are small, we would expect the mutual intersection points returned by the
SURFIT algorithm to be close to the true mutual intersection points of Eq. 1. Experimental evidence (Section
5) indicates this is the case. As the sample rate (i.e., the number of triangles used to approximate each surface
increases and noise levels fal)rRFITwill converge on the true solution(s) far(see Fig. 7).

Thus the goal now is to find the mutual intersection points of three of the approximate manifolds. Naively,
the task might seem impossible: AssumingOax 50 grid has been used to approximate each manifold (as
was used in most of the experiments of Section 5), theré@se 50 x 2 = 5000 triangles for each manifold
and each triplet of triangles (one from each surface) must be tested for mutual intersection, le&oig te
125000000000 tests. However, we can work in stages, first finding which pairs of triangles in surface 1 and
surface 2 intersect, and then testing each intersecting pair against each triangle in surface 3 (Fig. 5). Note tha
this operation is associative: it does not matter which two surfaces we start with, the results will be the same.
Using the latter approach, there are n@?)? + O(2m?) tests, where the sample rateis 50 in this case.

/* Input: three surfaces represented as collections of triangles;

Output: set of all mutual intersection points of the surfaces */
FUNCTION Mutuallntersections(triangles1,
triangles2, triangles3)
pairwise is a set of triangle pairs
pairwise = [ ]
foreach t1 in trianglesl

foreach t2 in triangles2

if Intersect(tl, t2) then
pairwise := pairwise + [(t1,t2)]
mutual is a set of points
mutual = [ ]
foreach t3 in triangles3
10 foreach (t1,t2) in pairwise
11 if Intersect(t1,t2,t3) then
12 mutual = mutual + [ intersection
point of t1, t2, and t3 ]

O©CoO~NOOOTA~,WNLPE

13 return mutual

Figure 5: Mutuallntersections function.

We can still improve this number greatly by using bounding boxes. Specifically, a bounding box is de-
termined for clumps of nearby triangles on each approximate surface. Next, when intersecting surface 1 with
surface 2, these bounding boxes are compared against each other to determine whether any triangle in the clum
on surface 1 could possibly intersect with any triangle in the clump on surface 2. Only if the bounding boxes
intersect are the triangle-triangle intersection tests performed for each pair of triangles drawn from the two
clumps. The vast majority of bounding box tests will yield no intersection, greatly improving speed.

Choosing the size of each bounding-box clump is important. If the box is too large then many bounding-box
intersection tests will succeed, leading to many triangle intersection tests. The extreme case is when the clumg
size equals the entire approximate surface, in which case nothing has been gained. The other extreme has ea
clump consisting of one triangle, in which case bounding box tests will still help somewhat (since they are faster
than triangle-intersection tests). Fer x 50 grids we tested a variety of clump sizes for speed and settled on a
clump size o2 x 2 grid squares (consisting of 8 triangles)
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The worst case for bounding-box intersection test&#nis 6 floating-point comparisons. However, the
process can short circuit after any failed test, and we found each bounding-box test took only roughly 1.5
floating-point comparisons on average. Thus the intersection process,50sing0 grids and & x 2 grid-
square clump size, reduces (25%)? = 390625 bounding-box intersections each requiring on average 1.5
floating-point comparisons. These tests typically generated a small number of triangle-triangle intersection
tests, and thus the overall run time of therFIT algorithm is extremely fast (Fig. 9). Note that, in order for
bounding boxes to work effectively, the search space must be normalized (at the beginning of the algorithm
in Fig. 5) so that the approximate surfaces are as separated as possible. We normalized the search space
that the three surfaces coincided roughly with tyeplane,zz-plane, and,z-plane, respectively. The ability to
normalize the search space is made possible by the explicit form of the manifold surfaces; this is a great strengtt
of our approach.

Before the intersection process can be started, there is a hon-negligible preprocessing cost for generating
each approximate manifold surface following the psuedocode of Fig. 4. Using a 533 MHz Pentium I, it took
0.000382 seconds to generate each grid point. F&0a 50 grid, this means a run time of 0.955 seconds per
grid. Preprocessing time is proportional to the square of the sampling rate; however, in tests with synthetic data
we saw no benefits in sample rates above about 150 samples fdt éoth:. While high sample rates produce
a piecewise-linear surface that more closely approximates the screw-transform manifétd), a question
of overfitting arises since, due to noise in the original déta(R?) is itself only an approximation of the true
screw-transform manifold arising from the original cameras.

When more than 3 fundamental matrices can be determined from the original monocular image sequence,
the robust statistical techniqgue RANSAC [5] can be employed to utilize the extra information and eliminate
outlying fundamental matrices. The fllURFIT algorithm withRANSAC is given in Fig. 6. Note that, before
starting the mairRANSAC loop, one approximate screw-transform manifold surface is generated from each
available fundamental matrix, and it is only necessary to do this once. Thereafter, during each pass of the
RANSAC loop, three manifolds are drawn from all available manifolds and their mutual intersection points are
determined. It is not necessary to regenerate the chosen approximate surfaces during eackAassoof
Thus, if n fundamental matrices are available dnierations ofRANSAC are performed, the total run time is
O(n) + O(k).

/* Input: set of fundamental matrices fmats and integer sampling
rate srate; Output: best affine calibration point */
FUNCTION Surfit(fmats, srate)
1 surfaces is a set of approximate manifolds
2 surfaces = [ ]
3 foreach f in fmats
4 surfaces := surfaces + [ CreateSurface( f, srate ) ]
5 bestGoodness = -1
6 begin RANSAC loop:
7 choose ml, m2, m3 from surfaces
8 mutual := Mutuallntersections(ml,m2,m3)
9 foreach p in mutual
10 if ( bestGoodness = -1 ) or
( goodness(p) > bestGoodness ) then
11 bestGoodness := goodness(p)
12 bestintersection = p
13 return bestintersection

Figure 6: SURFIT with RANSAC.
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Figure 7: Relationship between noise and error in Figure 8: Error distribution for the surface-fitting
three different data sets. algorithm applied to synthetic data with noise ra-
dius 2 pixels.

5 Experimental results

Experiments using both real and simulated data were performed to answer the following questions:

(1) DoessuRFITwork with noise-free data (i.e., is the algorithm correct)? How does performance degrade
as noise increases?

(2) How fast doesSURFITrun?
(3) Does the use of more than 3 views improve results? By how much?
(4) How many points are contained in the mutual intersection of 3 modulus-constraint manifolds?

(5) Does the method of this paper work with views taken by a real camera (which does not necessarily follow
a pinhole model)? How does the reconstruction look?

Questions (1)-(4) were investigated using synthetic data, using synthetic images of dimgsion 1000
pixels. Timings were performed on a 533 MHz Pentium II. The error measure was the Frobenius norm between
the calculated and true internal calibration matrices (after both were normalized).

5.1 Answer 1: Algorithm correctness

The first question is answered by the graphs in Fig. 7 and Fig. 8. Fig. 7 shows error decreasing towards 0 as nois
decreases towards 0, indicating tisatrFIT would work perfectly in the absence of noise. Also in this graph

we see noise reaching almost 2.4 pixels before error rises above 0.001 in the 5-camera, wide-field-of-view case
indicating thatsurFIT combined withRANSAC performs very well even in the presence of noise. Fig. 8 shows

the distribution of calibration error for several hundred trials with 2 pixels of added noise and a medium-size
field of view, again showing strong clustering towards small errors.

5.2 Answer 2: Algorithm speed

A stratified self-calibration algorithm has several stages, each requiring some time to perform. Our research only
involves the stage where projective reconstruction is upgraded to affine, and so we only give run times for this
part of our implementation. The per-surface running time of the preprocessing phase (in which the approximate
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Figure 9: Distribution of run times. Figure 10: Distribution of the number of mutual
intersection points of three modulus-constraint
manifolds.

surfaces are generated) was given in Section 4. The only remaining phase of our algorithm that takes appreciabl
time is theRANSAC loop. Since the number ;fANSAC iterations can vary depending, for example, on how
many fundamental matrices are available, we only give timings for individual iterations (Fig. 9) The histogram
shows that typical iterations take 0.25-0.75 seconds. When 4 camera views are used for calibration, there are
at most,Cs = 6 fundamental matrices and at mgst; = 20 RANSAC iterations. One could thus expect a run

time of 5-15 seconds.

5.3 Answer 3: Advantage of extra views

How much does the use of more than 3 views improve calibration? This question is answered by Fig. 7. To

generate this graph, hundreds of trials were run, each having a different noise radius chosen randomly betweel
0 and 4 pixels. Two of the data sets used 4 cameras while the third set used 5 cameras. The two 4-camera dalt
sets differed in field of view and retinal object size. For each data set, the graph shows median error for every
trial with noise radius in range 0 to 0.5 pixels, 0.5 to 1.0 pixels, and so forth.

The graph shows that using 5 views produces notably better results than using 4 views, ceteris paribus. It
also shows that using a wide field of view greatly lowers the error from using a medium-size field of view.
We believe the latter improvement arises because a wider field of view produces a better fundamental matrix
calculation, and our calibration technique relies entirely upon fundamental matrices.

5.4 Answer 4. Number of mutual intersection points

Question 4 is answered by Fig. 10. The figure shows the distribution of the number of mutual intersection
points found during 204 trials of a data set with 3 cameras, no noise, rodgthfield of view, and using 100
samples ob and 300 samples af (an extremely high sampling rate so that the approximate surfaces would be

a close match to the true manifolds). The graph shows that roughly 85% of trials yielded either 1 or 2 mutual
intersection points. Roughly 2% found no intersection point; this was probably due to the finite granularity
of the surfaces that were fitted to each manifold. Few trials yielded more than 3 mutual intersection points.
These results suggest that the 3-view self calibration problem has either 1 or 2 solutions for cameras in genera
arrangement.



Figure 11: Reconstruction from real camera views. Original views have black borders.

5.5 Answer 5: Performance with real cameras

A side benefit of recovering a metric reconstruction of camera matrices through self calibration is the ability
to perform metric scene reconstruction when feature-point correspondences are available. We applied the tech
niques of this paper to build a model of a real scene from three photographs. The original photographs and
some views of the scene reconstruction are shown in Fig. 11. Note the roundness of the globe and the perpen
dicularity of the walls of the cardboard box. Despite using only three closely-spaced views to perform the scene
reconstruction, the result is very good.

6 Concluding remarks

This paper introduced a new algorithm for the metric self calibration of a general pinhole camera with fixed
internal parameters. Unlike almost all previous solutions to this problem, our algorithm does not rely upon
the global minimization of an error function. Our approach is general purpose and may be applicable to a
wider range of problems than just camera self calibration. Additionally, our algorithm can operate using the
theoretical minimum of three camera views and can produce all legal solutions to the three-view self-calibration
problem in a single pass. These properties have three important consequences: our algorithm works very
quickly and deterministically, it can be combined witA\NSAC for robustness to noise, and it allows us to
experimentally determine how many legal solutions exist for self calibration from three views (an important
open question). Although only stratified self calibration was discussed in this paper, our general method for
determining manifold intersection points can also be applied to the problem of direct self calibration when an
initial projective reconstruction can not be created; this remains for future research.
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