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Details of reference frame transformations

The transformation between the world frame W of the optical tracking system (OTS) and that of the T265 (Ŵ ) was estimated
using a basic point set registration (PSR) method. The method estimates a rotation matrix R and a translation vector t for two
sets X = {xi | i ∈ 1..n} and Y = {yi | i ∈ 1..n} of corresponding points that minimizes ∑

n
i ‖yi− (Rxi + t)‖2.

H =
n

∑
i
(xi−x)(yi−y)> (1a)

U,S,V = SVD(H) (1b)

R = VU> (1c)
t =−Ry+x (1d)

where x = 1
n ∑

n
i xi and y = 1

n ∑
n
i yi denote the centroids of X and Y , respectively. A modified version this algorithm with

H = ∑
n
i xi yi can be used to estimate a transform that consists only of a rotation and minimizes ∑

n
i ‖yi−Rxi‖2.

With X = {Ŵp̂i | i ∈ 1..n} and Y = {Wpi | i ∈ 1..n} this yields RŴ and tŴ which can be used to transform position and
orientation of the T265 from its own to the OTS world frame:

Wp̂ = rot
(

qŴ ,Ŵp̂+ tŴ
)

(2a)

Wq̂ = rot
(

qŴ ,Ŵq̂
)

(2b)

Here, rot(q,v) = qvq−1 denotes the rotation of a vector v by the quaternion q and qŴ the equivalent quaternion representation
of RŴ .

The modified PSR method was used to estimate the transformation from the body frames B and B̂ to calibrated frames C
and Ĉ that are independent of the orientation of the head mount on the subject’s head. In the case of the T265, this calibration
was achieved by calculating the rotation that centers heading direction along the longitudinal x-axis and gravity direction along
the vertical z-axis. For this, we first computed the representation of the gravity vector Ŵg - a unit length vector pointing upwards
in the vertical direction in world coordinates - as well as the linear velocity vector in the body frame B̂:

B̂g = rot
(

Ŵq̂,Ŵg
)

(3a)

B̂v̂ = rot
(

Ŵq̂,Ŵv̂
)

(3b)

The modified PSR algorithm on the sets

X =
{

B̂v̂i

∣∣∣ i ∈ 1..n
}
∪
{

B̂gi

∣∣∣ i ∈ 1..n
}

(4a)

Y =
{
[‖v̂i‖,0,0]>

∣∣∣ i ∈ 1..n
}
∪
{
[0,0,‖gi‖]>

∣∣∣ i ∈ 1..n
}

(4b)
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yields the rotation matrix RĈ and its equivalent quaternion representation qĈ which was used to transform the linear and angular
velocity as well as the gravity vector measured by the T265 into Ĉ:

Ĉv̂ = rot
(

Ŵq̂ ·qĈ,
Ŵv̂
)

(5a)

Ĉ
ω̂ = rot

(
Ŵq̂ ·qĈ,

Ŵ
ω̂

)
(5b)

Ĉĝ = rot
(

Ŵq̂ ·qĈ,
Ŵg
)

(5c)

The OTS was calibrated by aligning linear velocity and gravity direction to those measured by the T265 in its calibrated frame
by running the modified PSR on the sets

X =
{

B̂v̂i

∣∣∣ i ∈ 1..n
}
∪
{

B̂gi

∣∣∣ i ∈ 1..n
}

(6a)

Y =
{Bvi

∣∣ i ∈ 1..n
}
∪
{Bgi

∣∣ i ∈ 1..n
}

(6b)

to obtain the rotation matrix RC and its equivalent quaternion representation qC. With this, we transformed the linear and
angular velocity of the marker tracked by the OTS as well as the gravity vector into C:

Cv = rot
(Wq ·qC,

Wv
)

(7a)
C
ω = rot

(Wq ·qC,
W

ω
)

(7b)
Cg = rot

(Wq ·qC,
Wg
)

(7c)

All estimations and transformations were performed in Python 3.6 using the rigid-body-motion library (version 0.3.0,
https://github.com/phausamann/rigid-body-motion).
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