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AUTO-CORRECTION OF DEPTH-SENSING
CAMERA DATA FOR PLANAR TARGET SURFACES

Background
[0001] This relates to techniques for electronically specifying the location of objects

on a planar surface.

[0002] Depth-sensing cameras can be used to identify the location of objects
captured by the camera, because the depth data provided by the camera provides
information that can be used to infer where different objects are located. Particularly
in the case of objects located on a planar surface such as a table, it is valuable to
know exactly where those objects are located in a variety of different operations. For
example, a computer may be operated from the tabletop by simply making typing
movements without any keyboard. The camera can be used to determine which

finger is moved and to correlate that movement to a keystroke.

[0003] As another application, user gestures made on the tabletop may be correlated

to computer commands.

[0004] Similarly objects placed on the tabletop may be located on the table using
depth-sensing camera and the depth data that it produces. For example, someone
playing a game could do so without having an actual board but simply move pieces
on the table so they could appear on a computer screen as if they are on a game

board.

[0005] In short, an ordinary depth-sensing camera can enable interactive
functionality on an uninstrumented planar surface, such as a tabletop. In order to
make effective use of this interactive functionality, it may be desirable to segment
objects, both on and above the tabletop, to support both input sensing and
interaction. An enabling step in such segmentation is a one-time calibration to
compute the tabletop’s planar surface. In such a calibration all the objects are
removed from the tabletop and a best fit plane is calculated. This calculation

identifies the table’s three-dimensional position relative to the depth-sensing camera
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and its extent. These values enable segmentation, even when the camera is angled,

as opposed to orthogonal, to the planar surface or tabletop.

Brief Description Of The Drawings

[0006] Some embodiments are described with respect to the following figures:

Figure 1 is s schematic depiction of one embodiment;

Figure 2 is a flow chart for one embodiment;

Figure 3 shows planar drift and rotation in an illustrated embodiment;

Figure 4 is a schematic cross-section of a depth-sensing camera experiencing
thermal warping caused by the camera temperature; and

Figure 5 is another flow chart for one embodiment.

Detailed Description

[0007] One problem with the best planar fit calculation is that it is not robust over
time. Firstly, this is because the depth data has a non-linear curve near its
extremities because of camera lens distortion. Secondly, as the camera warms up
and its thermal activity changes, the depth data drifts and the initial plane fit is no
longer valid. The position and the amount of curvature and drift may be different for

cameras of the same make and model in some cases.

[0008] In accordance with some embodiments, algorithms may be used to detect and

correct for these types of errors to support more robust plane fitting in real time.

[0009] One solution to thermal drift is to allow the camera to warm up for ten minutes
before using it. However, for many users, this wait time would negatively impact the

usability of an interactive tabletop product.

[0010] Typically, depth-sensing cameras have systematic errors due to artifacts
remaining after lens distortion correction and dynamic errors in the form of drift and
roll. A secondary lens distortion removal may de-warp the planar data. Additionally,
dynamic drift and roll errors may be detected and corrected in real time in some

embodiments.
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[0011] While depth-sensing cameras may perform native lens distortion correction on
the depth data, errors and biases remain after this correction. For example, a
RealSense R200 camera available from Intel Corporation of Santa Clara, CA,
positioned one meter from a planar surface, has an error specification allowing for
peak to trough errors of about 8 millimeters. When a plane is fit through the depth
data, the measured offset from plane error can be as high as +/- 5 millimeters over
50 millimeter distance along the plane. These errors may prevent tight segmentation
from the plane, making applications like small object detection on a table or sensing

a user’s finger contact with a surface less reliable.

[0012] Referring to Figure 1, a stereo pair of infrared (IR) cameras may be mounted
over a tabletop as depicted. An IR transmitter is situated between the two cameras.
The cameras image the IR reflection off the table. The depth cameras may be

coupled to a hardware processor with storage.

[0013] Objects on the table such as the user’s hands may reflect IR back to the
cameras that then can measure the position of the user’s hands on the table.
Disparity between the two cameras is used to calculate a 3D depth map of the

volume below the camera in some cases.

[0014] The depth data from the cameras contain a planar surface. Due to
uncorrected lens distortion though, there are systematic offsets from the planar

surface.

[0015] The algorithm shown in Figure 2 may be performed by the camera itself or by
a computer with a wireless or wired connection to the camera. Automatic
characterization may begin by taking multiple frame snapshots at startup and
processing the data with no objects on the table. For example, in one embodiment,
ten snapshots are taken of the table in order to factor out random noise in the depth
data. For example, a typical pixel in the R200 camera has random errors on the

order of +/- 4 millimeters frame-to-frame.

[0016] Inter-quartile range (IQR) filtering may be used to remove extremely noisy

outliers from the frames prior to computing an average plane fit through the table
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data. Inter-quartile range is a measure of the variability based on dividing data into

quartiles. Quartiles divide a rank ordered data set into four equal parts. The values
that divide each part are called the first, second and third quartiles, denoted Q1, Q2,
and Q3. Thus the inter-quartile range is Q3-Q1.

[0017] Using the median distance to a reference frame across all frames for each
pixel effectively removes noisy samples. The reference frame may be determined by
averaging the plane normals across all the frames. This median distance is the
systematic distortion measurement for each pixel. On live captured frames, each
pixel depth value may be corrected by subtracting out the systematic distortion

computed at each pixel location.

[0018] Thus referring to Figure 2, the frames are grabbed and the Q1, Q3 and inter-
quartile range of depth values across the frame are computed as indicated in block
10. Then outliers are removed as indicated in block 12. In one embodiment, outliers

below Q1 — 1.5xIQR are removed and outliers above Q3 + 1.5xIQR are removed.

[0019] Then as shown in block 14, a planar random sample consensus (RANSAC) fit
through the table depth data is created. RANSAC is an iterative process to estimate
parameters of a mathematic model from a set of data containing outliers. A check at
diamond 16 determines whether the frame count is less than N, where N is the
number of frames that have been taken. If so, the flow continues to iterate back to

blocks 10, 12 and 14 until all the frames have been processed.

[0020] Once all the frames are processed, then the plane normals are averaged
across all the frames to get a reference frame as indicated in block 18. For each
pixel for each frame, as indicated in diamond 20, the distance to the reference plane
is computed as indicated in block 22. Thus the flow iterates between diamond 20
and block 22 until each pixel for each frame is processed and then the flow goes on
to diamond 24. For each pixel, the systematic distortion, which is equal to the
median distance across all the frames, is computed as indicated in block 26. When

this is completed for each pixel, the flow ends.
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[0021] On live captured frames, lens distortion is corrected for each pixel depth value
by subtracting out the systematic distortion computed at each pixel location in block
26.

[0022] Even though the camera and the planar surface are stationary, the planar
surface appears to drift and rotate away from the camera over time as illustrated in
Figure 3. This occurs due to thermal heating which warps the relative position of the
camera’s internal components and changes the location of the two stereo infrared
cameras with respect to each other as shown in Figure 4. Thus when one looks at a
cross-section of the table, one expects a stable line but instead one may see the
slope and intercept changing over time. Because the warping happens along the x
axis of the camera, it appears that the plane of the table rotates around some
arbitrary point on the y axis of the plane. Each camera may have a different rotation

point, different rotation amount and stable settle time.

[0023] By first calibrating to find a horizontal reference line (the one opposite the
edge closest to the user sitting at the table, for example) of the planar surface or
table, one can compensate for drift and rotation. This line has some lens distortion
of the raw data, so the distortion may be removed using the same distortion data

computed by the algorithm of Figure 2.

[0024] In one embodiment, the top edge is chosen because it is unlikely that any
large objects or the user’'s hands and arms will occlude this entire line. But a
different edge may be chosen in other embodiments. Again because multiple
snapshots of this line are taken, one should be able to compensate for random
noise. For each snapshot, a RANSAC line fit through the top edge line is performed

and then all the line fits are averaged to provide the final reference line.

[0025] During live screening of data, the depth data for the top edge of the frame is
collected and the rolling RANSAC calculation shown in Figure 5 is implemented.

The 5 millimeter filter on the line points acts as a low pass filter because the drift is
slow and any large jumps in depth data are likely due to hands or objects temporarily
crossing the line. The delta in slope and intercept for the top edge line is a measure

of drift and roll. These deltas are applied to all pixels in the combined frame to
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compensate for the thermal related delta drift. In addition, this correction can be
applied to a subset of the frame, such as a region, individual pixel, or every other

pixel in order to reduce processing time.

[0026] Referring to Figure 5, a rolling RANSAC sequence may be implemented in
software, firmware and/or hardware. In software and firmware embodiments it may
be implemented by computer executed instructions stored in one or more non-
transitory computer readable media such as magnetic, semiconductor or optical

storage.

[0027] Thus in Figure 5, at block 30 the lens distortion is removed from the top edge
line. Systematic distortion for each pixel is computed in the algorithm in Figure 2 as
indicated in block 26. This per-pixel systematic distortion is subtracted from each
pixel in the top edge line. Then for each point on the line in diamond 32, points
greater than a given distance (e.g. 5 millimeters) from the previous frame line are
removed, as indicated in block 34. A threshold other than 5 millimeters may be
used in other embodiments. Once this is completed for each point on the line, a
linear RANSAC is performed (block 36) on the remaining points to get a line

Z = mX + b where m is the slope and b is the intercept. Three-dimensional data for
each pixel specified as 3 values, x, y, z, in millimeters. One ignores y, and fits a line
through the pair of values x, z for all points across the top edge of the frame. These

x,z are the values used to fitthe line Z = mX + b.

[0028] Then in block 38 the difference in slope and intercept of the current frame line
to the reference line is computed. Finally for each pixel in each frame, as
implemented in diamond 40, drift and roll are corrected by subtracting the delta in
slope « X+ delta in intercept (block 42). Once this is done for each pixel in the frame,

the flow ends.

[0029] By using the algorithm of Figure 5 to calculate drift and roll, one is able to
calibrate one time at start-up and then allow regular interaction of hands and objects
on the table immediately. If live data is always referenced to the calibrated tabletop

plane, it is possible to optimize the algorithm of Figure 5 by adjusting the reference
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table plane by the delta in slope and intercept, which is a constant time operation,

rather than adjusting all pixels in the final loop of the algorithm.

[0030] With the lens distortion removal and drift and roll correction, the tabletop
depth data is forced to be both stationary and planar. With these combined

algorithms, one is able to segment by thresholding relative to the table plane reliably.

[0031] These algorithms are applicable to all depth-sensing cameras that have
dynamic warping that changes the infrared camera relative position, or that have
remaining errors and biases after lens distortion correction. In some embodiments,

these techniques may be implemented within the camera themselves.
[0032] The following clauses and/or examples pertain to further embodiments:

One example embodiment may be a method comprising correcting for
curvature caused by thermal warping, depth data for a planar surface from a depth-
sensing camera, and correcting the depth data for planar drift and rotation. The
method may also include using the median distance of a plurality of frames depicting
said planar surface to remove systematic error. The method may also include
establishing said reference frame by averaging plane normals across said frames.
The method may also include calibrating to find a horizontal reference line. The
method may also include calibrating to find a horizontal reference line across a top
edge of the planar surface. The method may also include filtering out points for a
current frame that are more than a given distance from the reference line of a
previous frame line. The method may also include computing a difference in slope
and intercept of a current frame line to the reference line. The method may also
include for each pixel, subtracting a delta in slope * X plus a delta in intercept. The
method may also include capturing a plurality of snapshots with the cameras to
factor out random noise. The method may also include removing depth data outliers
below Q1-7.5*Q or above Q3 + 1.5 « IQR, where Q1 is first quartile, Q3 is a third

quartile and IQR is inter-quartile range.

[0033] Another example embodiment may be one or more non-transitory computer

readable media storing instructions to enable a hardware processor to perform a
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sequence comprising correcting for curvature caused by thermal warping, depth data
for a planar surface from a depth-sensing camera, and correcting the depth data for
planar drift and rotation. The media may perform said sequence including using the
median distance of a plurality of frames depicting said planar surface to remove
systematic error. The media may perform said sequence including establishing said
reference frame by averaging plane normals across said frames. The media may
perform said sequence including calibrating to find a horizontal reference line. The
media may perform said sequence including calibrating to find a horizontal reference
line across a top edge of the planar surface. The media may perform said sequence
including filtering out points for a current frame that are more than a given distance
from the reference line of a previous frame line. The media may perform said
sequence including computing a difference in slope and intercept of a current frame

line to the reference line. The media may perform said sequence including for each

pixel, subtracting a delta in slope * X plus a delta in intercept. The media may
perform said sequence including capturing a plurality of snapshots with the cameras
to factor out random noise. The media may perform said sequence including
removing depth data outliers below Q1-7.5*Q or above Q3 + 1.5 « IQR, where Q1 is

first quartile, Q3 is a third quartile and IQR is inter-quartile range.

[0034] In another example embodiment may be an apparatus comprising a
hardware processor to correct for curvature caused by thermal warping, depth data
for a planar surface from a depth-sensing camera, and correct the depth data for
planar drift and rotation, and a storage coupled to said processor. The apparatus
may include said processor to use the median distance of a plurality of frames
depicting said planar surface to remove systematic error. The apparatus may
include said processor to establish said reference frame by averaging plane normals
across said frames. The apparatus may include said processor to calibrate to find a
horizontal reference line. The apparatus may include said processor to calibrate to
find a horizontal reference line across a top edge of the planar surface. The
apparatus may include said processor to filter out points for a current frame that are
more than a given distance from the reference line of a previous frame line. The
apparatus may include said processor to compute a difference in slope and intercept

of a current frame line to the reference line. The apparatus may include said
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processor to subtract a delta in slope * X plus a delta in intercept. The apparatus
may include said processor to capture a plurality of snapshots with the cameras to
factor out random noise. The apparatus may include said apparatus includes a

depth-sensing camera.

[0035] The graphics processing techniques described herein may be implemented in
various hardware architectures. For example, graphics functionality may be
integrated within a chipset. Alternatively, a discrete graphics processor may be
used. As still another embodiment, the graphics functions may be implemented by a

general purpose processor, including a multicore processor.

[0036] References throughout this specification to “one embodiment” or “an
embodiment” mean that a particular feature, structure, or characteristic described in
connection with the embodiment is included in at least one implementation
encompassed within the present disclosure. Thus, appearances of the phrase “one
embodiment” or “in an embodiment” are not necessarily referring to the same
embodiment. Furthermore, the particular features, structures, or characteristics may
be instituted in other suitable forms other than the particular embodiment illustrated

and all such forms may be encompassed within the claims of the present application.

[0037] While a limited number of embodiments have been described, those skilled in
the art will appreciate numerous modifications and variations therefrom. It is
intended that the appended claims cover all such modifications and variations as fall

within the true spirit and scope of this disclosure.
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What is claimed is:

1. A method comprising:
correcting, for curvature from lens distortion, depth data for a planar surface
from a depth-sensing camera; and

correcting the depth data for planar drift and rotation from thermal warping.

2. The method of claim 1 including using the median distance of a plurality of

frames depicting said planar surface to remove systematic error.

3. The method of claim 1 including establishing said reference frame by

averaging plane normals across said frames.

4. The method of claim 1 including calibrating to find a horizontal reference line.

. The method of claim 4 including calibrating to find a horizontal reference line

across a top edge of the planar surface.

6. The method of claim 5 including filtering out points for a current frame that are

more than a given distance from the reference line of a previous frame line.

7. The method of claim 6 including computing a difference in slope and intercept

of a current frame line to the reference line.

8. The method of claim 7 including for each pixel, subtracting a delta in slope

* X plus a delta in intercept.

9. The method of claim 1 including capturing a plurality of snapshots with the

cameras to factor out random noise.
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10.  The method of claim 9 including removing depth data outliers below Q1-7.5%Q
or above Q3 + 1.5 * IQR, where Q1 is first quartile, Q3 is a third quartile and IQR is

inter-quartile range.

11.  One or more non-transitory computer readable media storing instructions to
enable a hardware processor to perform a sequence comprising:

correcting, for curvature from lens distortion, depth data for a planar surface
from a depth-sensing camera; and

correcting the depth data for planar drift and rotation from thermal warping.

12. The media of claim 11, said sequence including using the median distance of

a plurality of frames depicting said planar surface to remove systematic error.

13.  The media of claim 11, said sequence including establishing said reference

frame by averaging plane normals across said frames.

14. The media of claim 11, said sequence including calibrating to find a horizontal

reference line.

15.  The media of claim 14, said sequence including calibrating to find a horizontal

reference line across a top edge of the planar surface.

16. The media of claim 15, said sequence including filtering out points for a
current frame that are more than a given distance from the reference line of a

previous frame line.

17.  The media of claim 16, said sequence including computing a difference in

slope and intercept of a current frame line to the reference line.

18. The media of claim 17, said sequence including for each pixel, subtracting a

delta in slope * X plus a delta in intercept.
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19. The media of claim 11, said sequence including capturing a plurality of

snapshots with the cameras to factor out random noise.

20.  The media of claim 19, said sequence including removing depth data outliers
below Q1-7.5*Q or above Q3 + 1.5 « IQR, where Q1 is first quartile, Q3 is a third

quartile and IQR is inter-quartile range.

21.  An apparatus comprising:

a hardware processor to correct, for curvature caused by lens distortion,
depth data for a planar surface from a depth-sensing camera, and
correct the depth data for planar drift and rotation from thermal warping; and

a storage coupled to said processor.

22.  The apparatus of claim 21, said processor to use the median distance of a

plurality of frames depicting said planar surface to remove systematic error.

23. The apparatus of claim 21, said processor to establish said reference frame

by averaging plane normals across said frames.

24.  The apparatus of claim 21, said processor to calibrate to find a horizontal

reference line.

25.  The apparatus of claim 24, said processor to calibrate to find a horizontal

reference line across a top edge of the planar surface.
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