Appendix
5.1. Enforcement of Quaternions to one hemisphere
Let Q represents the set of quaternions, in which each
quaternion, q ∈ Q, is represented as q = a + bi + cj + dk,
and a, b, c, d ∈ R. A quaternion can be considered as a
four-dimensional vector. The symbols i, j, and k are used
to denote three “imaginary” components of the quaternion.
The following relationships are defined: i2 = j 2 = k 2 =
ijk = −1, from which it follows that ij = k, jk = i, and
ki = j.
The quaternion q and −q represent the same rotation because a rotation of θ in the direction v is equivalent to a
rotation of 2π − θ in the direction −v. One way to force
uniqueness of rotations is to require staying in the “upper
half” of S3 . For example, require that a ≥ 0, as long as
the boundary case of a = 0 is handled properly because of
antipodal points at the equator of S3 . If a = 0, then require
that b ≥ 0. However, if a = b = 0, then require that c ≥ 0
because points such as (0, 0, −1, 0) and (0, 0, 1, 0) are the
same rotation. Finally, if a = b = c = 0, then only d = 1 is
allowed.

5.2. Projective Distance Estimation
Fig. 7 illustrates the projective distance estimation via
geometric method which were adopted in previous state-ofthe-art methods [32, 22, 6]. For each object we precomputed the 2D bounding box and centroid. To this end, the
object is rendered at a canonical centroid distance zr (zr
should be set larger than the object length in longitudinal
axis so that the entire object can be projected onto the image
plane). Subsequently, the object distance zs can be inferred
from the projective ratio according to zs = llrs zr , where lr
denotes diagonal length of the precomputed bounding box
and ls denotes the diagonal length of the predicted bounding box on the image plane. Given its depth component zs ,
the complete translational vector can be recovered geometrically as:
xs =

(u − cx )zs
(v − cx )zs
, ys =
fx
fy

where [u, v] is the bounding box centre, and the matrix
[fx , 0, cx ; 0, fy , cy ; 0, 0, 1] is the camera intrinsic calibration
matrix. The formulation assumes that: (i) the object centre
in 3D will be projected to the object bounding box in the
2D image; (ii) the predicted object class and rotation vector
is correctly estimated.

Figure 7: Projective Distance Estimation.

