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Introduction

In this contribution, we outline the basic principles of accelerometer typically used in UEs for measuring linear acceleration and gravitational field. Accelerometer is typically manufactured as an electro-mechanical component which converts the change of capacitance induced by the movement of minuscule masses into voltage values, which are normalized and output [1]. As an accelerometer is installed in most UEs supporting contemporary gesture user-interface or automatic screen rotation, studying its principles may provide the necessary insights on its new usage as the “orientation sensor” for CVO [2].
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Fig. 1 Principle of Accelerometer [3]
Reference Coordinate System
Let three orthogonal axes, X, Y, and Z, constitute a right-handed coordinate system where the X and Y-axes are parallel to the width and height of a rectangular display, as illustrated in Fig. 2. Direction of Z-axis corresponds to that of an outer product of two vectors aligned to the positive direction of X and Y-axes. This “NED” (North, East, Down) coordinate system is the industry standard in many applications using accelerometers [4] but slightly different notations are used in other areas. The key idea is that regardless of the coordinate system, the orientation with respect to gravity can be estimated using three orthogonal axes and an accelerometer, as the rotation angles around two axes.
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Fig. 2 3-axis Coordinate System and Rotation Axes
Derivation of Orientation Angle
Let the vector sum of all acceleration on an accelerometer, except the gravitational acceleration g, be a. Then the total acceleration G can be represented as
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where R is a 3 by 3 rotation matrix that represents the change of orientation from a reference position. G, whose three values are supplied from an accelerometer, can be approximated as Rg if we consider only the effects of gravity. R can be partitioned into three matrices, Rx(ϕ), Ry(θ), and Rz(ρ), corresponding to the rotations around X, Y, and Z-axes by ϕ, θ, and ρdegrees or radians respectively.
Rx(ϕ) is linear-algebraically defined as
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as the matrix rotates each vector on a Y−Z plane clockwise by ϕ [5]. Likewise, Ry(θ) and Rz(ρ) are defined as
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and

[image: image6.wmf]cossin0

()sincos0

001

z

R

rr

rrr

æö

ç÷

=-

ç÷

ç÷

èø

.
Although each matrix is invertible and R is likely to be a product of Rx(ϕ), Ry(θ), and Rz(ρ), the multiplication is not commutative as a different order of the three matrices in the multiplication results in a different rotation matrix.
Let Rxyz be Rx(ϕ)Ry(θ)Rz(ρ), which can be manipulated to
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If the positive direction of Z-axis points the center of the earth, i.e., if the Z-axis is aligned to the gravity, g can be represented as
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,
assuming that the magnitude of gravitational acceleration, which is about 9.8 m/s2 or 32.174 ft/s2 on the surface of the earth, is the unit acceleration.
Then Rxyzg is simplified to
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It can be seen that among the six possible products of matrices, Rxzyg, Ryzxg, Rzxyg, and Rzxyg contain sinusoidal elements including ϕ, θ, and ρ but Rxyzg and Ryxzg are expressed only with ϕ and θ [1]. On the other hand, magnitudes of the six vectors are all unity. In the three-dimensional space, there can be at most two degrees of freedom to specify a vector if the magnitude is fixed. Therefore, Rxzyg, Ryzxg, Rzxyg, and Rzxyg can be excluded from further consideration as they include redundant sinusoidal elements. It is customary to use Rxyzg in most applications employing accelerometer.
θ and ϕ can be computed by inspecting both sides of G=Rxyzg and taking tangent of the two angles,
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If the Z-axis is aligned to the gravitational field, then both Gy and Gz approach zero, which makes inverting tan ϕ difficult. Experimentally modified formulas that avoid the instability problems are
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where μ is a constant that can be set to calibrate the accelerometer [1]. The two angles representing the orientation can be obtained by inverting the tangents and limiting the range of each angle appropriately.
Conclusion
In this contribution, we showed that in the estimation of orientation with a three-axis accelerometer, it is only necessary to specify three orthogonal axes around the object. The two angles estimated can be used for applications such as automatic display rotation when the object is display or CVO when the object is camera, after appropriate conversions if necessary.
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