Digital reference image / Printed reference image R

Figure 1: When digital reference image I of size (w,h) is printed as an image of (W,H) meter.
The coordinate origin of I and R is in the top left corner and the x and y axes point along the
width and the height of the image, respectively.

Creating 3D Locations from Points of Interest on a 2D Tar-
get

Consider the 2D reference image I used as a reference. An example is shown in Fig. 1. This
image is w pixel wide and h pixel high. OpenCV places its origin into the top-left corner, with
the x-axis along its width and y-axis along its height. Now, consider its printed counterpart R
with a width of Wm and a height of Hm, as shown in Fig. 1(right). Its origin is also in the
top-left corner, with the x-axis along its width and the y-axis along its height, the same as for I.
Following the right-hand rule, the z-axis is pointing towards the back. Given that the origin of 1
and R, and the direction of the x- and y-axis coincide for both, we can convert any pixel (u,v)
into a spatial location P on the printed reference image, where
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For a planar reference image we can assume that all points lie in the X-Y plane, meaning all
points have the z-value 0. Thus we receive the point
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Applying Eq. 2 to all points of interest detected in I creates a database of 3D locations with
corresponding descriptors.



Figure 2: The printed reference image has been attached to a cylindrical object (bottle). (right)
The axes of the reference are rendered onto the image.

Creating 3D Locations from Points of Interest on a Cylin-
drical Target

Once we know how to calculate the location of a point of interest on a planar image, we can
compute its location once the target is deformed.

The easiest way to create a non-planar tracked target that works well for the DLT algorithm is
by pasting the printed target R onto a cylindrical surface, e.g., a softdrink bottle as shown in
Fig. 2. Assume that the coordinate systems of the bottle and the printed reference image align,
i.e. the axis of the cylinder aligns with the y-axis of the target.

As shown in Fig. 2 and w.l.o.g. assume that the origin of our target is again in the top-left
corner of the printed image, its y-axis points downwards (along the image’s height), the x-
axis is tangential to the cylinder surface and the z-axis is pointing towards the center of the
cylinder. If the cylinder has a diameter of d(meter) and a radius r(meter), its center is located
at (0,0,7).

To determine the 3D point for a pixel (u,v), first we compute its location on image plane P=(X,Y")
as described in Eq. 1. As Y is not distorted by the cylinder curvature, we can ignore it in the
following considerations.

Consider the scenario shown in Fig. 3, where the center of a circle is at the origin of the coordinate
system at O=(0,0). As point p=(-r,0) moves on the perimeter of the circle, it transcribes an
arc. Given moving a a, the new location of p will be p”. We can determine the angle 6 between
the vectors 6& and Op’ from the arc length as
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From this, we can easily determine the location of p’ as

p’ = (cos(=0) - (=r), sin(=0) - (=1)). (4)

Note, that in Fig. 3 p is in the X-Z plane with the same axes directions as in our scenario. We



Figure 3: Diagram of the cylinder design when viewed from above.

can thus easily determine the x and z coordinates of our 3D point by applying this 2D case and
the y coordinate we have calculated at the beginning.

For (u,v) the corresponding location is thus given as

P3 = (sin(—0) - (—=r),Y,cos(—0) - (—r) + )", where § = é (5)

Figure 2 shows the results of DLT applied to this scenario where the coordinate system is rendered
at the origin of the template used in the example above.

Creating 3D Locations from Points of Interest on a Bent
Target

It is possible to create a 3D target from R by bending it at given points. For example, you can
bend the target in the center, so it wraps around a corner as shown in Fig. 4. However, we would
recommend using the cylinder for several reasons:

e it is very likely that you will select points that lie on one of the bent sides (one of the plane)
during RANSAC, something we are trying to avoid

e depending on the bending angle it may be difficult to reliably detect features on all sides,
e.g., the 90 degree angle in the example requires very specific viewing angles to detect a
sufficient number of features on more than 1 side

To compute the 3D location of a point (u,v) for a bent target, we start once again from the
corresponding location P=(X,Y) on the printed image. W.l.o.g. with the origin in the top-left
corner of the printed image and the x-axis along the width and y-axis along the height of the
image, assume that we bend the target along the x-axis B as shown in Fig. ?7. If X < B we do
not need to update the position, and Pj is defined as in Eq. 2.

If X > B we need to account for the bend. As the bend does not affect Y consider the 2D case
in the X-Z plane shown in Fig. 5. For a point 2=(X,0) the bend of an angle 6 corresponds to a



Figure 4: Printed target image bent around the x-axis and the y-axis to create a 3D structure.
(right) The axes of the reference are rendered onto the image.
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Figure 5: Diagram of the bending design when viewed from above. The printed image is bent at
B by 6 degrees in the positive z direction (backwards).

2D rotation around the point (B,0). Thus, its new location z’ can be computed as:

z' = (cos(0)(X — B) + B, sin(8)(X — B) (6)

We now have everything necessary to determine the point Pj3:
B (X,Y,0)" if X <B )
| (cos(8)(X — B) + B,Y,sin(0)(X — B)T if X > B

Please note, that it is important to ensure that the points selected for the initial guess of the
projection matrix during RANSAC, as well as all inliers used to compute the final projection
matrix, do not lie on a single plane, otherwise the algorithm will not perform correctly.



