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Abstract: Kinect sensors have drawn much attention since the launch of its first version, which is officially called the Kinect
effect by Microsoft. Applications of Kinect are almost all depend on its depth data. However, the accuracy of the depth data will
decrease dramatically if the object is far from the sensor. In this work, the accuracy is improved by three main steps. A modified
wavelet filter is firstly applied to reduce the nose of the signal that will be processed for the generation of depth data. The result
shows that a cleaner depth image can be obtained when the proposed filter is implemented. But the mismatch between the
measured depth and the exact depth is still obvious. This problem is overcome by curve fitting with polynomial functions. To
assess the performance of the functions, the mean square error (MSE) is employed here. And the 1-order fractional polynomial
function is found to be both accurate enough and computationally simple. The last step is to convert the point-to-point distance
to point-to-plane depth, which is accomplished by Pythagoras's theorem. The result shows this method is simple but effective.
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1. Introduction
Kinect was first introduced by Microsoft in 2009 with the
code name “Project Natal”, and its Xbox version was released
the next year. Much attention from developers has been
caught ever since its launch. Kinect sensor has found its
applications far beyond gaming industry. From robotics to
medical care and education, researchers have developed so
many interesting ways to perform tedious tasks, which is so
called the Kinect Effect [1].
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Figure 1: Schematic diagram of inferring body position
Those applications all depend on both depth data and
colour images captured by the Kinect sensor. Basically,
Kinect has 3 key optical sensors including an infrared (IR)
projector, an RGB camera and an IR camera. To inferring
body depth information, it undergoes two stages: analyzing
structured light and applying machine learning. On the first

stage, the IR projector emits a known speckle dot pattern that
will be detected by the IR camera onto a scene (Figure 1). The
detected speckle pattern is then compared with the known
speckle pattern to construct a depth map. On stage 2, body
parts are distinguished from the depth map by using a decision
bank, which is learned from tremendous training examples
[2],[3],[4].
Accuracy of Kinect depth data declines sharply as the
distance from the object to Kinect increases [5]. But few
researches about Kinect depth data calibration is currently
available. In this study, its accuracy is improved by three
steps, namely, denoising of raw signals from Kinect, mapping
the less accurate depth data set to the more accurate data, and
convert the point-to-point distance to point-to-plane depth.

2. Method
To enhance the accuracy of the depth data, a mathematical
model for measuring the depth will be first illustrated. The
error source will be then discussed and a filter will be
designed subsequently. Even though, the depth data could still
contain some errors, which will be eliminated by mapping the
raw data to the more accuracy data.
2.1. Mathematical model for depth measurement
As is mentioned above, Kinect obtain depth data by
comparing the captured speckle dot pattern with the reference
pattern received form a reference plane. Figure 2 shows an
overlook of the mathematical model that demonstrates how
Kinect measures the distance from the object to the sensor [6].
The origin of the 3D coordinate located on the intersection of
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the baseline and the center of the IR camera. The x axis that
towards the IR projector is parallel with the baseline while the
z axis is perpendicular to the image plane in the direction of
the object. And y axis is determined by right hand rule.
Reference
Plane

distance of 1.2 m ~ 3.5 m for players [8].
2.2. Modified wavelet filter
Wavelet theory can be traced back to the early 20th century
when Haar created the first wavelet. Some significant advance
are made by Zweig in the mid-70s and are later improved by
Morlet and Grossmann. Numerous contributions to wavelet
theory spring up since the early 80s. And now it has been
integrated with filter banks and multiresolution signal analysis
to form a single wavelet filter theory. The wavelet filter uses
primary functions called wavelets to gain a better
performance of distinguishing between interested signal and
noise. In this section, the typical wavelet filter is briefly
introduced before a modified wavelet filter is exploited.
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Figure 2: Schematic diagram of the mathematical model
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Suppose the IR projector emits a ray that hits the point A on
the reference plane and F on the image plane. Then it will
shoot the point B on the object plane and reach point G on the
image plane. The disparity of F and G is evaluated by e. BC,
DE and FG are parallel to each other, which means that C may
not on the object plane if the object plane is not parallel with
the image plane. It is easy to infer that ΔABC is similar to
ΔADE and ΔBCE is similar to ΔGFE. Then, two equations
can be established:
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Figure 3: Scheme diagram of the general wavelet filter bank.
(a) Undecimated wavelet transform of the input signal x(n);
(b) Reconstruction of x(n).

(1)

Suppose hφ(n) is the low-pass filter and hψ(n) the high-pass
filter. Then, it will satisfy the reconstruction requirements if
Eq.5 works:

(2)

H ( z 1 ) H ( z )  H ( z 1 ) H ( z )  1

(5)

Where Hφ(z) and Hψ(z) are the z-transform of hφ(n) and hψ(n).
A scheme diagram of undecimated wavelet transform
(UDWT) and its reconstruction is illustrated in Figure 3.
There are J levels in total. At level k, for example, Wφ(j-k,n) is
decomposed to Wψ(j-k-1,n) and Wφ(j-k-1,n) by Eq.6 and Eq.7
when UDWT is performed:
Wφ(j-k-1,n)=hφ(-n)*Wφ(j-k,n)
(6)
Wψ(j-k-1,n)=hψ(-n)*Wψ(j-k,n)
(7)
Wψ(j-k-1,n) contains more detailed information of the signal
while Wφ(j-k-1,n) is a rough estimation of the signal and is
further decomposed to Wψ(j-k-2,n) and Wφ(j-k-2,n). The
obtained composition is then used to reconstruct the original
signal by Eq.7 as is demonstrated in Figure 3 (b):
Wφ(j-k,n)= hφ(n)*Wφ(j-k-1,n)+hψ(n)*Wψ(j-k-1,n)
(8)
To have a good performance of denoising, wavelet filters
with the capability of altering their coefficients automatically
is needed. But bringing this property to orthogonal wavelet
filters is too complicated, which results in the theory of
bilateral filter in the wavelet domain.

(3)

Due to some limitations from hardware, the exact disparity
value e is not used directly. It is normalized between 0 and
211-1, which shrinks the data stream to 11 bit integers [7].
With normalized disparity value, Eq.3 can be replaced by
Eq.4:

z11 

hφ(n)
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Where f is the focal length of the IR camera. By combining
Eq.1 and Eq.2, the depth value z1 of point B on the object
plane can be expressed as Eq.3:

z1 

hψ(n)

+

(4)

Where d is the normalized disparity and md + n ≈ e. The
operation of normalization yields a quantization error, and the
farther the object from the Kinect sensor, the larger the
quantization error is. This error can also be amplified if the
object is too close to Kinect because of the feature of the
inverse proportional function. Microsoft recommend a
21
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Bilateral filter is originally used for edge preserved
denoising [9], which takes the advantages of both the domain
and range filters. If a pixel’s location x is ascertained, then the
response of the filter can be calculated by Eq.9:

I ( x) 

1
C



yN ( x )

wS ( x, y) wR ( x, y ) I ( y )

wS ( x, y )  exp(

(9)

wR ( x, y )  exp(



yN ( x )

BL

DA3

LS3

HA2

WT
WT

HA1

)

(11)

wS ( x, y )wR ( x, y )

LS2
DD3
HA3

2 r2

WT

(12)

+

LA2

x

 |  x   y |2

and C is a constant that can be expressed by:
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wR is the range component of the bilateral filter given by
Eq.11:

Where N(x) is the spatial neighborhood of x, wS is the domain
component of the bilateral filter given by Eq.10:
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Figure 4: Structure diagram of the proposed bilateral filter
Figure 4 demonstrates the structure diagram of the filter.
Here, x is the input signal, LA stands for low pass analysis
filter and HA stands for high pass analysis filter. Signals
filtered by HA are sent to wavelet thresholding (WT)
treatment while those filtered by LA are either further
analyzed or turn to bilateral filter (BL). The denoised
approximation coefficients (DA) and the denoised detailed
coefficients (DD) are then processed by low pass synthesis
filter (LS) and high pass synthesis filter (HS). With all these
steps, the denoised signal xR can be reconstructed [10].

level is still noticeable because the error is not only caused by
noise, but also by quantization [11]. The pattern of
quantization noise largely depends on the original signal and
the quantization bits. As Figure 5 shows, quantization noise
obviously contains some fragments of the original signal and
cannot be regarded as white noise when the quantization bit is
at a relatively low level. As the quantization rate increases, the
quantization noise gets closer to the white noise
accordingly [12]. In Kinect sensor, the raw depth data is
quantized to 2^11 levels. Its quantization error is much closer
to random white noise than the example in Figure 5 (d).

2.3 Depth data reconstruction
Even the raw data from Kinect is well filtered, the deviation

(a
)
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)
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)
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)
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Figure 5: Examples of quantization noise under different quantization bits. (a) 1 bit; (b) 2 bits; (c) 4 bits; (d) 8 bits.
Suppose q is the quantization step (or sampling interval),
exact distance.
then the quantization error x will uniformly distribute on
[-q/2,q/2]. Thus, its variance σ2 can be expressed as Eq.13:
These are two discrepancies between the measured depth
2
and
the exact one. The former one is the main factor that
q /2 1
q
(13) affects the accuracy of depth measurement because the
2 
x 2 dx 
 q /2 q
12
deviation it causes is relatively larger. To eliminate this
And the standard deviation of z1 in Eq.3 can then be evaluated inaccuracy, we established a relationship between the
by:
measured depth values and the exact values by polynomial
fitting. Measured depth data will be converted to more
lfz02
z02lfq
(14) accurate values according to the relationship. The other
 z1 

2
2
(lf  z0e)
12(lf  z0e)
discrepancy can be reduced by implementation of
It can be inferred from Eq.14 that the standard deviation of Pythagoras's theorem since the exact coordinate value of y
z1 will be much larger when e gets smaller enough (or in other axis is easy to be acquired:
words, the object leaves farther from the Kinect sensor). As
(15)
d  z2  y2
Figure 6 shows, z1 remains almost constant when e varies on
the interval [1, 5] while it drops sharply when e fluctuates
from -1 to 0. That means the standard deviation of z1 will be 3. Results and discussion
quite sensitive to the variation of e.
To investigate the filtering outcome of our proposed
Another factor that influent the reliability of the depth
algorithm, a comparison of the raw data and the filtered data
measurement is the physical quantity that Kinect gauges.
should be made. The “raw data” mentioned here refers to the
What Kinect meters is the distance between the points on the
signal of speckle pattern that is about to be analyzed. For the
object and the baseline of Kinect (Figure 2). However, the
reason that the discrepancy of the original and filtered speckle
depth from the points on the object to Kinect in a strict sense is
pattern signal is intuitional, Figure 8 shows the comparison of
the distance between the points and a vertical plane that
depth images that derive from the raw and filtered signal.
embodies the baseline. The premier method of depth
Figure 8 (a) is the depth image comes from the “raw data”. It
measurement works well and its deviation can be ignored in
is obvious that the green square at the center is contaminated
the case where the object is either short or far away from the
by noise. Fig8 (b) is the depth image originates from the
sensor. In Figure 7, all the points on Plane 1 have the same
denoised signal. It’s much “cleaner” than Figure 8 (a).
depth value from the Kinect. But from the view of Kinect,
points on higher position of Plane 1 are farther. The
discrepancy between dn and zn are apparent when Plane 1 is
close to Kinect while they are almost identical on Plane 2 that
is farther from Kinect.
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Figure 8: Filtering result by proposed method. (a) Kinect
depth image with noise; (b) denoised depth image
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Even though, the measured depth data doesn’t match the
actual depth values. As Figure 9 shows, the relationship
between the measured depth and actual depth is nonlinear.
And the larger the measured depth, the more serious the
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Figure 7: Comparison of the depth Kinect measured and the
23

European Journal of Academic Essays 2(5): 20-26, 2015

mismatch problem. Noticing that the curve’s shape in Figure 9
is similar to exponential function, we first applied the
exponential function for nonlinear fit. But it didn’t fit the
curve well (Figure 10). Polynomials are then implied instead
to approach the relationship. Their performance is evaluated
by mean square error (MSE) to find out the best.

better, but it is more complicated. So the 5-order polynomial
function is preferred.
Fractional polynomials are also tested. Figure 12 shows the
results of 1-order polynomial and 2-order polynomial
functions. Both of the MSEs are smaller than the 5-order
polynomial function, especially the 1-order fractional
polynomial. And the 1-order fractional polynomial only needs
to do division once and subtraction twice while the 5-order
polynomial should do multiplication for 15 times, addition
twice and subtraction for 3 times if its expression is not
modified. As a result, the 1-order fractional polynomial is
chosen for the calibration of depth data.

Figure 9: Measured depth and actual depth in meters
From Figure 11, a trend that the MSE turns to be smaller as
the order of the polynomial gets higher can be observed. And
the higher the order, the slower its corresponding MSE
decreases (Table 1). With an order of 5, the polynomial
function is able to reach an MSE of 0.0040, which is small
enough for the Kinect. The 6-order polynomial is only a little

Figure 10: Nonlinear fit with the exponential function

(b)

(a)

(c)

(d)

(e)

Figure 11: Polynomial functions (a) to (e) with orders from 2 to 6. Parameters of the functions are made certain by least squares.
Table 1: Details of the polynomial functions in Figure 11
Order of the
polynomials
2
3
4
5
6

Functions that fit the curve
2

y=29.86x -40.29x+14.05
y=105.23x3-221.39x2+154.91x-35.06
y=364.6x4-1044.2x3+1114.3x2-521.9x+90.9
y=1162.2x5-4205.4x4+6051.3x3-4317.9x2+1527.0x-213.4
y=40451.1x6-17927.6x5+32955.0x4-32121.0x3+17494.2x2-5043.4x+601.3

The work above serves for the calibration of point-to-point
depth data. Based on it, this depth is converted to
point-to-plane depth by Eq.15. During the experiments,

MSE
0.0756
0.0168
0.0056
0.0040
0.0038

distances from several joint points of human body including
center of shoulders (CS), spine (SP), center of hip (CH) and
right knee (RK) to Kinect are metered. The man is asked to
24
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stand still and remain as straight as possible, which ensures
those joint points are approximately in the same plane. Table
2 clearly shows the raw data (point-to-point depth) and the

calibrated data (point-to-plane depth) of the joint points under
four

Table 2: Raw and calibrated depth data of the four joint points under the exact distances of 1.6, 2.2, 2.6 and 3.1 in
meters.
1.6
2.2
2.6
3.1
Joint
Points
Raw
Calibrated Raw Calibrated Raw Calibrated
Raw
Calibrated
CS
1.71
1.63
2.38
2.25
2.81
2.64
3.37
3.16
SP
1.66
1.61
2.31
2.22
2.74
2.61
3.33
3.13
CH
1.60
1.59
2.24
2.21
2.67
2.58
3.27
3.14
RK
1.58
1.60
2.24
2.21
2.65
2.59
3.22
3.13
Standard
0.0512
0.0148
0.058
0.0164
0.063
0.0229
0.0572
0.0122
Deviation
different distances. Standard deviations of calibrated depth
data are decreased as expected because the distance between
Kinect and the plane should not varies as long as the Kinect
and the plane are made certain.

the depth is the way Kinect measures itself, which takes the
point-to-point distance as the depth. To convert the raw depth
data to point-to-plane depth, Pythagoras's theorem is utilized
and its outcome is accessed by standard deviation. The
experimental results implies that the method we apply here is
simple but effective.
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(a) y=-0.3921/(x-1.1056)-0.0865, MSE=0.0037
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