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This document is a supplement to the CVPR 2018 paper ”Density Adaptive Point Set Registration”. Here we provide
derivations of the proposed EM procedure and the observation weight function, based on both the empirical estimates and
the sensor model. We also provide an evaluation of re-sampling methods and an analysis of the parameters introduced by our
proposed model. Further, we present additional results and examples.

1. Derivation of EM procedure
We will here describe how the proposed objective in equation (7) in the paper, can be maximized using Expectation

Maximization. To simplify the derivation, we first study the maximization of a single term i in the objective (7) in the
paper and drop the index i to avoid clutter. We denote the likelihood in the local coordinate system of the point set as
pX(x|Θ) = pX(x|ω, θ) = pV (φ(x;ω)|θ). The objective is then to maximize,

E(Θ) =

∫
R3

log (pV (φ(x;ω)|θ))qV (φ(x;ω))

qX(x)
qX(x) dx =

∫
R3

log (pX(x|Θ))
qV (φ(x;ω))

qX(x)
qX(x) dx . (1)

Here, f(x) = qV (φ(x;ω))
qX(x) is the observation weight function. We now introduce a latent random variable Z ∈ {1, . . . ,K}

that assigns a 3D-point V to a particular mixture component k. Using the relation log pX(x|Θ) = log(pZ,X(k, x|Θ)) −
log(pZ|X(k|x,Θ)), equation (1) can be written as

E(Θ) =

∫
R3

log (pZ,X(k, x|Θ))f(x)qX(x) dx+

∫
R3

− log
(
pZ|X(k|x,Θ)

)
f(x)qX(x) dx (2)

Following the derivation in [2] we first take the expectation of both sides in equation (2) with respect to a distribution
Z ∼ p̃(k). We then add and subtract

∫
R3

∑
k p̃(k) log (p̃(k)) f(x)qX(x) dx on the right hand side of (2). Since the left hand

side does not depend on Z, and p̃(k) sums to one we get:

E(Θ) =

∫
R3

K∑
k=1

p̃(k) log

(
pZ,X(k, x|Θ)

p̃(k)

)
︸ ︷︷ ︸

=:L(p̃,Θ)

f(x)qX(x) dx+

∫
R3

−
K∑
k=1

p̃(k) log

(
pZ|X(k|x,Θ)

p̃(k)

)
︸ ︷︷ ︸

=KL(p̃||p)

f(x)qX(x) dx

=

∫
R3

L(p̃,Θ)f(x)qX(x) dx+

∫
R3

KL(p̃||p)f(x)qX(x) dx , (3)

where KL(p̃||p) is the KL divergence from p̃ to the posterior distribution pZ|X(k|x,Θ). We know that KL(p̃||p) ≥ 0 with
equality if and only if p̃(k) = pZ|X(k|x,Θ). Hence,

∫
R3L(p̃,Θ)f(x)qX(x) dx is a lower bound of E(Θ). In the E-step we

maximize the lower bound by setting p̃ = p given the current parameters Θn. This leads to equality between the objective
E(Θ) and the lower bound Q(Θ,Θn) at the current parameter estimate E(Θn) = Q(Θn,Θn). Here, Q(Θ,Θn) is the lower
bound obtained with p̃(k) = pZ|X(k|x,Θn),

Q(Θ,Θn) =

∫
R3

K∑
k=1

pZ|X(k|x,Θn) log (pZ,X(k, x|Θ)) f(x)qX(x) dx

=

∫
R3

EZ|x,Θn [log (pX,Z(x, Z|Θ))] f(x)qX(x) dx (4)
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In the M-step we maximize the lower bound (4) with respect to Θ to update the parameters Θn+1 = arg maxΘQ(Θ,Θn).
Since the exact value of the integral in (4) is intractable, we treat the observations xj as a Monte Carlo sampling. This

results in an approximation of the lower bound,

Q(Θ,Θn) ≈ Q(Θ,Θn) =
1

N

N∑
j=1

K∑
k=1

αnjkf(xj) log (pX,Z(xj , k|Θ)) , (5)

where αnjk = pZ|X(k|xj ,Θn). As described in the paper, with independent point samples we obtain the latent posteriors as

pZ|X(k|x,Θ) =
pX,Z(x, k|Θ)∑K
k=1 pX,Z(x, k|Θ)

=
πkN (φ(x;ωk);µk,Σk)∑K
l=1 πlN (φ(x;ωl);µl,Σl)

. (6)

Maximizing the lower bound will cause E(Θ) to increase unless it is at a maximum. Note that, during the whole proce-
dure described above, we only evaluated the observation weight function f(x) at the Monte Carlo sampling of Q(Θ,Θn).
Although, f(x) affects the maximization of Q(Θ,Θn), we see that it does not influence the derivation of the EM algorithm.

The derivation can trivially be generalized to multiple point sets. In this case, the M-step extends to,

Q(Θ,Θn) ≈ Q(Θ,Θn) =

M∑
i=1

1

Ni

Ni∑
j=1

K∑
k=1

αnijkfi(xij) log (pV,Z(φ(xij ;ωi), k|θ)) . (7)

We then apply the optimization procedure proposed in [6] to maximize (7).

2. Derivation of sensor model
Here, we derive the expression for the sensor model described in section 3.4.1 in the paper. We denote the measures

qV (A) = P(V ∈ A) and qXi(A) = P(Vi ∈ A) for the latent scene distribution qV and the sampling density qXi respectively.
By changing the variables in the integral to the reference frame v = φi(x), the measure qXi(A) can be written as,

qXi(A) =

∫
Si∩A

gi
|S|

dSi =

∫
φi(Si∩A)

gi ◦ φ−1
i

dS

|S|
=

∫
S∩φi(A)

gi ◦ φ−1
i

dS

|S|
. (8)

Here, we have used the fact that φi(x) = Rix+ ti is an isometric bijection.
From the definition qV (A) = 1

|S|
∫
S∩A dS, we see that dqV

dS = 1
|S| on S and zero elsewhere. From (8) we thus obtain,

qXi(A) =

∫
φi(A)

gi ◦ φ−1
i

dqV
dS

dS =

∫
φi(A)

gi ◦ φ−1
i dqV =

∫
A

gi d(qV ◦ φi) . (9)

In the last equality in (9), we have performed another change of variables back to the sensor-based coordinate frame. Here,
qV ◦ φi(A) = qV (φi(A)) denotes the composed measure.

Since, qV is derived from the Lebesgue measure on the surface dS, it is σ-finite [4]. Furthermore, we also see that qV ◦φi
is absolutely continuous with respect to qXi , since the definition of gi (eq. (12) in the paper) guarantees that qXi(A) = 0 =⇒
qV ◦ φi(A) = 0. We also see that qXi(A) is σ-finite since gi is bounded everywhere except for the singularity in the origin
of the sensor reference frame (the sensor position). The singularity of gi in the origin is not a problem if we assume that Si
do not intersect the sensor center. From (9) we obtain the Radon-Nikodym derivative dqXi

d(qV ◦φi) = gi. We can thus conclude,

from the properties of the Radon-Nikodym derivative [4], that fi = d(qV ◦φi)
dqXi

= 1
gi

.

3. Derivation of empirical sample model
Here, we add more details to the description of the empirical sensor model in section 3.4.2. As it is sufficient to study

a single point set, we drop the index i. The observation weight function that we estimate is f(x) = qV (φ(x))
qX(x) . In the local

neighborhood of a point on a surface v̄ ∈ S we approximate the latent scene distribution as a Gaussian distribution in the
normal direction

qV (v) ≈ 1

|S|
N (n̂T

v̄(v − v̄); 0, σ2
n̂(v̄)) . (10)
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Assuming a rigid transformation v = φ(x) = Rx+ t we can write (10) as

qV (φ(x)) ≈ 1

|S|
N (n̂T

φ(x̄)(φ(x)− φ(x̄)); 0, σ2
n̂(φ(x̄))) =

1

|S|
N ((RTn̂φ(x̄))︸ ︷︷ ︸

n̂x

T
(x− x̄); 0, σ2

n̂(φ(x̄))) = (11)

=
1

|S|
√

2πσ2
n̂x̄

(x̄)
e
− 1

2σ2
n̂x̄

(x̄)
(x−x̄)Tn̂xn̂

T
x(x−x̄)

, (12)

where n̂x̄ is the surface normal vector at x̄ in the reference frame of the point set X .
For each 3D point x in the point cloud we approximate the sampling density as a Gaussian distribution from the L nearest

neighbors

qX(x) ≈ L

N
N (x; x̄, C) . (13)

Here, the covariance matrix is calculated as C = 1
L−1

∑
j(xj − x̄)(xj − x̄)T and x̄ is the mean of the L nearest neighbors.

We now perform an eigenvalue decomposition of C to obtain

C = BDBT = (b̂1, b̂2, b̂3)

σ2
1 0 0

0 σ2
2 0

0 0 σ2
3

 (b̂1, b̂2, b̂3)T =

3∑
i=1

σ2
i b̂ib̂

T
i and (14)

C−1 = (b̂1, b̂2, b̂3)

σ−2
1 0 0
0 σ−2

2 0
0 0 σ−2

3

 (b̂1, b̂2, b̂3)T =

3∑
i=1

σ−2
i b̂ib̂

T
i , (15)

where the eigenvalues are sorted in descending order. The sample distribution in (13) can be expanded to

qX(x) =
L

N
√

2π detC
e−

1
2 (x−x̄)TC−1(x−x̄) =

L

N
√

2πσ2
1σ

2
2σ

2
3

e−
1
2 (x−x̄)T(

∑3
i=1 σ

−2
i b̂ib̂

T
i)(x−x̄) . (16)

The eigenvector b̂3 corresponding to the smallest eigenvalue σ3 approximates the surface normal, and the squared eigen-
value corresponds to the variance in this direction. We set n̂x̄ = b̂3 and σ2

n̂(v̄) = σ2
3 . By inserting this into (11) we get

qV (φ(x)) ≈ 1

|S|
√

2πσ2
3

e−
1
2 (x−x̄)Tσ−2

3 b̂3b̂
T
3(x−x̄) , (17)

The observation weight function can now be calculated from (16) and (17)

f(x) =
qV (φ(x))

qX(x)
≈ N

√
2πσ2

1σ
2
2σ

2
3

L|S|
√

2πσ2
3

e
1
2 (x−x̄)T(

∑3
i=1 σ

−2
i b̂ib̂

T
i)(x−x̄)− 1

2 (x−x̄)Tσ−2
3 b̂3b̂

T
3(x−x̄) =

=
Nσ1σ2

L|S|
e

1
2 (x−x̄)T(

∑2
i=1 σ

−2
i b̂ib̂

T
i)(x−x̄) =

Nσ1σ2

L|S|
e

1
2 (x−x̄)T(

∑2
i=1 σ

−2
i b̂ib̂

T
i)(x−x̄)

∝ σ1σ2e
1
2 (x−x̄)T(

∑2
i=1 σ

−2
i b̂ib̂

T
i)(x−x̄) . (18)

This is equivalent to equation (13) in the paper.

4. Experiments
In this section we present more detailed results and analysis, complementary to the experiments provided in the main

paper. We provide an evaluation of different re-sampling methods at varying sampling rate. Further, we analyze the impact of
the parameters introduced by our proposed model. We present additional results for both pairwise and multi-view registration.

For quantitative comparison between different methods we provide recall curves for both pairwise and multi-view regis-
tration. In addition to rotation error recall curves (see section 4.1 in the main paper for description), we also provide recall
curves for the translation error. The translation error is calculated as the Euclidean norm of the difference between the ground
truth and the found translation.
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Figure 1. Failure rates (a) and average inlier error (b) as a function of the sample rate using the FPS re-sampling method.

4.1. Re-sampling evaluation

In the main paper we compare our approach to existing methods with re-sampling preprocessing. However, the selection
of re-sampling technique is cumbersome and depends both on the dataset and the registration method. We evaluate JRMPC
[6], ICP [1] and CPD [8], using FPS [5], GSS [7] and the voxel grid re-sampling at different sampling rates. The evaluation
is performed for pairwise registration on the same dataset as in the main paper, with a reduced number of pairs compared to
the experiment in the main paper. This includes the facade and office datasets from TLS ETH and the indoor and outdoor
dataset from VPS. In figure 1-3, we present the performance both in terms of failure rate and mean inlier error as a function
over the sampling rate.

Figure 1 shows the performance of the registration methods using FPS re-sampling for different sampling rates. For
JRMPC the robustness increases as the sampling rate decreases, with the lowest failure rate at sampling rate 0.05 (see figure
1a). In 1b we see that the average inlier error increases as the sampling rate is significantly reduced. The best performance
gains are observed for CPD, both in terms of robustness and accuracy, while ICP is only marginally affected.

Further, figure 2 shows the robustness and accuracy for the registration methods using voxel grid re-sampling. We varied
the voxel side length between 0 to 1.5 meters. For JRMPC we observe similar performance as in the FPS case, with the
lowest failure rate at a voxel side length of 1.0 meters. As in the FPS case, the accuracy is degrading for low sampling rate
(e.g large voxel side length). CPD strongly benefited from the voxel grid re-sampling for large voxel sizes, with the best
performance recorded at 1.25 meters.

Finally, the GSS re-sampling method did not improve the robustness for JRMPC and CPD as we see in figure 3. With a
sampling rate at 0.5, we observe a small improvement in robustness for ICP.

From the results of the re-sampling evaluation we deduce that both the choice of sampling rate and the re-sampling
approach have a significant impact on the performance of point set registration methods. The best performing re-sampling
setting for JRMPC is FPS with a sampling rate of 0.05. For CPD and ICP the best performance is achieved using voxel grid
re-sampling, with voxel side length 1.25 and 0.5 meters respectively. In the following experiments, we denote the methods
using these re-sampling settings as the empirical upper bounds.

4.2. Parameter analysis

Our density adaptive approach introduces two additional parameters to the JRMPC framework. First, we introduce a
threshold T , which is used for clipping all observation weights larger than T times the mean of the weights. This way we
reduce the impact of potential outliers. Second, we introduce L, which is the number of neighbors used for calculating the
empirical observation weights.

Table 1 shows the performance of our method in terms of average inlier error and failure rate for different values on T
and L. The experiment was performed for pairwise registration on the facade and office datasets from TLS ETH, the VPS
indoor dataset, and the VPS outdoor dataset, with a reduced number of pairs compared to the experiment in the main paper.
We see that by increasing T the robustness is slightly improved, to the cost of lower accuracy. By increasing the number of
neighbors L the accuracy is improved, to the cost of reduced robustness. We set T = 8 and L = 10 for the experiments in
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Figure 2. Failure rates (a) and average inlier error (b) as a function of grid side length using the voxel grid re-sampling method.
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Figure 3. Failure rates (a) and average inlier error (b) as a function of the sample rate using the GSS re-sampling method.

T L avg inlier err failure rate

6 10 1.49 43.8
8 10 1.49 42.3
10 10 1.56 41.3
12 10 1.59 42.0
8 5 1.53 42.0
8 20 1.46 42.8
8 40 1.45 43.5

Table 1. Analysis of the parameters T and L for our DARE method. By increasing T the robustness is slightly improved, to the cost of
lower accuracy. By increasing the number of neighbors L the accuracy can be improved, at the cost of reduced robustness. Overall, our
method is not sensitive to the values of these parameters.

the main paper.
In the experiments we have observed that our DARE approach occasionally benefits from re-sampling when T is set to a

lower value. This is expected, since a lower T -value leads to a behavior more similar to JRMPC.

4.3. Pairwise Registration

In table 1 in the main paper we present numerical values for the methods in terms of average inlier angular error and
the failure rate on the combined VPS and TLS ETH dataset. In figure 4 we provide the corresponding recall plot. For all

5



0 1 2 3 4

Threshold (°)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

R
e

c
a

ll

Total Recall Plot

DARE

JRMPC

JRMPC-eub

ICP

ICP-eub

CPD

CPD-eub

(a) Rotation recall

0 0.1 0.2 0.3 0.4

Threshold (m)

0

0.1

0.2

0.3

0.4

0.5

0.6

R
e

c
a

ll

Total Recall Plot

(b) Translation recall
Figure 4. Recall curves with respect to (a) the angular error and (b) translation error on the joint facade and office dataset in TLS ETH and
the indoor and outdoor dataset in VPS. Our DARE method shows improved results with respect to the baseline JRMPC, with and without
re-sampling both in terms of rotation and the translation error.

methods, the results are also presented using empirically optimized re-sampling for each method from the experiment in
section 4.1. Methods using empirically optimized re-sampling denoted by adding -eub in the method name. We see that our
density adaptive method consistently improves over the baseline JRMPC with and without re-sampling, both in with respect
to the rotation and translation error.

Complementary to the results on the combined VPS and TLS ETH dataset, we present recall plots for each dataset
separately. We provide results for the facade dataset in TLS ETH, office dataset in TLS ETH, VPS indoor dataset, and
VPS outdoor dataset. Our approach (DARE) is compared with the following methods: JRMPC [6], ICP [1] and CPD [8].
The recall curves for the separated datasets are summoned in figure 4.3.

Figure 6 shows a qualitative comparison of our approach, when performing pairwise registration, on the facade dataset in
TLS ETH. The baseline JRMPC method fails to register the point clouds. Our approach successfully performs the registration
task on this dataset. We also provide a situation where our approach fails to align the point sets. Figure 7 shows a pairwise
registration example on the VPS outdoor dataset. In this example, the point sets had a very limited overlap due to the
placement of the Lidar sensor during acquisition. As we can see in figure 7, both the baseline JRMPC and our approach
struggle, since none of the methods is designed to handle these extreme cases.

Another failure case for our DARE method is shown in figure 8. In this example the registration procedure has converged
in a local minimum, where two of the aligned walls in the office room are shifted. This partly explains the reduced recall
with respect to the translation error in comparison to the recall with respect to the rotation error, seen in figure 4.

4.4. Multi-view registration

Finally, we present results, in case of multi-view registration, on the VPS indoor dataset. We compare our DARE approach
with JRMPC and our color based approach DARE-color to CPPSR [3]. We also compare our approaches to JRMPC and
CPPSR with the optimal re-sampling settings from 4.1.

The evaluation is performed over 500 registrations. The ground-truth is generated by first selecting a random rotation axis
for each point set. We then rotate the point sets with rotation angles within 0-45 degrees around the rotation axes and apply
random translations drawn from a multivariate normal distribution with standard deviation 1.0 in all directions. Figures 9
and 10 shows recall curves on the VPS indoor and outdoor datasets respectively. Our DARE method provides improved
registration results compared to both CPPSR and JRMPC.
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(a) Facade: Rotation recall
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(c) VPS indoor: Rotation recall
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(d) VPS outdoor: Rotation recall
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(f) Office: Translation recall
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(g) VPS indoor: Translation recall
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(h) VPS outdoor: Translation recall
Figure 5. Recall curves for the individual dataset with respect to the rotation error (top row) and the translation error (bottom row). Our
DARE method shows improved results with respect to rotation and translation error compared to the baseline JRMPC, even when using
empirically optimal re-sampling settings.

(a) Initital point sets (b) Failed JRMPC registration (c) Successful DARE registration
Figure 6. Pairwise registration example on the facade dataset in TLS ETH. To distinguish between the different point sets they are colored
in red and blue. Despite the large initial transformation error, seen in (a), our DARE method (c) successfully registers the two point sets.

(a) Initiat point sets (b) Failed JRMPC registration (c) Failed DARE registration
Figure 7. Pairwise registration example on the indoor dataset in VPS with very limited overlap and large initial transformation error. Both
the baseline JRMPC and our approach fails to align the point sets.
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Figure 8. Failure example for our DARE method on the office dataset. The registration procedure has converged in a local minimum, where
two of the aligned walls in the office room are are shifted, leading to a large translation error.
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Figure 9. Recall curves with respect to (a) the angular error and (b) translation error on the indoor dataset in VPS. Our DARE and DARE-
color (DARE with color) approaches show significant improvement compare to both JRMPC and CPPSR. Our approach also shows
improved results compared to optimal re-sampling.
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Figure 10. Recall curves with respect to (a) the angular error and (b) translation error on the indoor dataset in VPS. Our DARE and DARE-
color (DARE with color) approachess show significant improvement compare to both JRMPC and CPPSR. Our approach also shows
improved results compared to optimal re-sampling.
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