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Abstract

We propose a new algorithm for estimating the absolute
and relative pose of a multi-view camera system. We de-
rive a direct least squares solver using Grobner basis which
works both for the minimal case (set of 3 line pairs for each
camera) and the general case using all inlier 2D-3D line
pairs for a multi-view camera system. The algorithm has
been validated on a large synthetic dataset as well as real
data. Experimental results confirm the stable and real-time
performance under realistic outlier ratio and noise on the
line parameters. Comparative tests show that our method
compares favorably to the latest state of the art algorithms.

1. Introduction

Absolute pose estimation consists in determining the po-
sition and orientation of a camera with respect to a 3D world
coordinate frame, while relative pose estimation aims to
compute the same parameters with respect to a reference
camera. Relative pose estimation is needed when we have
a system of two or more cameras. Absolute and relative
poses are fundamental in various computer vision applica-
tions, such as visual odometry, simultaneous localization
and mapping (SLAM), image-based localization and nav-
igation, augmented reality. The problem has been exten-
sively studied yielding various formulations and solutions.
Most of the approaches focus on a single camera pose esti-
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mation using point correspondences. However, modern ap-
plications, especially in vision-based localization and nav-
igation for robotics and autonomous vehicles, it is often
desirable to use multi-camera systems which covers large
field of views and provides direct 3D measurements. The
absolute pose estimation of a perspective camera from n
2D-3D point correspondences is known in the literature
as the Perspective-n-Point (PnP) problem, which has been
widely studied in the last few decades [7, 19, 20, 12, 10].
Various solutions have been developed for both large n as
well as for the n = 3 minimal case (see [12] for a recent
overview). The use of line correspondences, known as the
Perspective-n-Line (PnL) problem, has also been investi-
gated in the last two decades, yielding robust and efficient
solutions (see [36] for a detailed overview). The minimal
case of n = 3 line correspondences is particularly impor-
tant as its solution is the basis for dealing with the general
PnL problem. It has been shown in [5], that P3L leads to
an 8" order polynomial, which is higher than the 4" or-
der polynomial of a P3P problem. While the use of point
and line correspondences are widespread, there are pose es-
timation methods relying on other type of correspondences,
e.g. set of regions [28, 27] or silhouettes. However, such
approaches are typically computationally more expensive
hence they cannot be used as real-time solvers.

Recently, due to increasing popularity of multi-camera
systems in e.g. autonomous driving [17] and UAVs, the
problem of multi-view pose estimation has been addressed.
Solutions to the PnP or PnL problem cover only single-
view perspective cameras, hence new methods are needed
to efficiently deal with the generalized PnP (gPnP) or non-
perspective PnP (NPnP) [4, 12, 17, 18]. As for relative
pose, lines in two images do not provide any constraints on
the camera pose [8]. However, if information is available
about some special 3D geometric configuration of the lines,
then relative pose can also be estimated [0]. In [33], relative
pose estimation is extended with a 3D line direction estima-
tion step applied for monocular visual odometry, while [2 1]
used a line-based space resection approach for UAV navi-
gation. More recently, in [38], lines of building structures



were used for trajectory estimation in a SLAM approach,
while in [26], a hybrid point and line based SLAM tech-
nique was proposed.

Several point-based [24, 10, 12] as well as mixed point
and line based methods [4, 22] exist, but little work has
been done on using line correspondences only. For ab-
solute pose of a single camera, Mirzaei and Roumeliotis
proposed the first globally optimal non-iterative solution
(AlgLS) [23] which formulates the problem as a multi-
variate polynomial system with rotation parametrized by the
Cayley-Gibbs-Rodriguez (CGR) representation. Zhang et
al. proposed RPnL [37] which was further modified into the
Accurate Subset-based PnL. (ASPnL) method [36], which
is one of the most accurate non-iterative method. Another
recent work from Wang et al. deals with the P3L [34] as
well as with the PnL [35] problem. In [35], a fast and ro-
bust solution is proposed (called SRPnL) and its superior
performance is confirmed by a comprehensive experimen-
tal comparison with many state of the art PnL solvers, like
AlgLS [23], ASPnL [36]. Therefore in this paper, we will
validate our method through various comparative experi-
ments with AlgLS and SRPnL as they perfomed the best
in [35]. For multi-view camera systems, one notable work
is the minimal NP3L solver of Lee [16], which deals with
the 6 pose parameter estimation for a fully calibrated multi-
view camera system. In [9], the same problem is addressed
with known vertical direction which leads to two fast and
robust solvers.

While robust minimal solutions based on line correspon-
dences for absolute pose [23, 37, 36, 16, 9, 35] or absolute
and relative pose with known vertical direction [1] exists,
none of these methods estimate full absolute and relative
poses simultaneously in a multiview system. In this paper,
we propose a direct least squares solution to this problem.
First, a direct solver using Grobner bases is proposed which
works for any n > 3 number of lines suitable for hypoth-
esis testing like in RANSAC [7]. The poses can be further
refined through a few iterations of an iterative least squares
solver, which runs efficiently due to the optimal initializa-
tion provided by our direct solver. The performance and
robustness of the proposed method have been evaluated for
n > 3 lines as well as for M > 1 camera systems on large
synthetic datasets as well as on real data.

2. Perspective Lines and Camera Pose

Given a calibrated perspective camera, its camera matrix
P = K[R|t] consists of the internal calibration matrix K
and the camera pose [R|t] w.r.t. the world coordinate frame
W. A homogeneous 3D point X is mapped by P into a
homogeneous 2D image point x’ as [8]

x' = PX = K[R[t]X, (1)

Co
Figure 1. Projection of a 3D line in a 3 cameras system.

where =’ denotes the equivalence of homogeneous coordi-
nates, i.e. equality up to a non-zero scale factor. Since we
assume a calibrated camera, we can multiply both sides of
(1) by K—! and work with the equivalent normalized image

x = K 'x¥ 2 K 'PX = [R[t]X. )

The above equation is the starting point of perspective pose
estimation [12, 20, 19, 14]: given a set of 3D-2D point cor-
respondences (x; <> X;), one can recover the 3D rigid
body transformation (R, t) : YW — C acting between the
world coordinate frame »V and the camera coordinate frame
C.

3D lines may have various representations in the projec-
tive space [25, 3]. In this paper, 3D lines will be represented
as L = (V,X), where V is the unit direction vector of the
line and X is a point on the line [29, 9, 1].

The projection of L in a perspective camera is a 2D line
I which can also be represented as [ = (v,x). Note that
the point x is not necessarily the image of the 3D point X!
Both the 3D line L and its perspective image [ lie on the
projection plane 7 passing through the camera projection
center C (see Fig. 1). The unit normal to the plane 7 in the
camera coordinate system C is denoted by n, which can be
computed from the image line [ as

(Vv X x)

n=_——;. 3)
v < x]|
Since L lies also on , its direction vector V is perpen-
dicular to n. Hence we get the following equation which
involves only the absolute pose (R, t) [9, 1]

n'RV =n'V¢ =0, 4)

where R is the rotation matrix from the world WV to the
camera C frame and V¢ denotes the unit direction vector of
L in the camera coordinate frame. Furthermore, the vector
from the camera center C to the point X on line L is also
lying on m, thus it is also perpendicular to n:

n(RX+t)=n'X"=0, (5)



where t is the translation from the world W to the reference
camera C frame and X¢ denotes the point X on L in the
camera coordinate frame.

The absolute pose (R,t) has 6 degrees of freedom
(3 rotation angles («, 8,v) and 3 translation components
(tz,ty,t,) along the 3 coordinate axes). Thus to solve for
the pose using (4) and (5), we need a minimum of 3 line cor-
respondences {(L;,[;)}?_,, which is called the P3L prob-
lem. The solution is obtained in two steps: first the rotation
R is solved using (4), which in general involves solving
a system of 8-th order polynomials. Then translation is ob-
tained from (5) by backsubstituting R, which yields a linear
system of equations in terms of t [36, 16, 37, 34]. Clearly,
the main challange is the solution for R due to the nonlin-
earity of the equations as well as the additional constraints
on R to be a valid rotation (i.e. orthonormal) matrix. Al-
though for special line configurations (e.g. orthogonal, par-
allel or intersecting lines) [36] or with additional knowledge
of e.g. the vertical direction [9, 1], a lower order polynomial
may be achieved, usually the P3L polynomial will not be
lower than 8 for general line configurations [5].

Let us have a closer look at the parametrization of ro-
tations as the final form of (4) depends on this. It is well
known, that the rotation group SO(3) has 3 degrees of free-
dom. The most popular parametrization is Euler angles,
which represents R via 3 rotation angles around the co-
ordinate axes. Unfortunately, this representation involves
trigonometric functions which would yield trigonometric
equations in (4). One approach is to letting these trigono-
metric functions of one angle « to be two separate un-
knowns [20, 36, 37, 9], which —together with the trigono-
metric constraints— lead to polynomial equations. Alterna-
tively, one can solve directly for the 9 elements of R in
(4) —as a linear system— and then enforce orthonormality on
the solution yielding again to (different) polynomial equa-
tions [35, 36]. Herein, in order to eliminate trigonometric
functions, let us substitute s = tan(«/2) [14, 2, 9, 1], for
which cos(a) = (1—s2)/(1+s2) and sin(a) = 2s/(1+52),
yielding a second order polynomial in s for one rotation
around a coordinate axis.

3. Direct Least Squares Solver

In order to reduce the number of unknowns to 2 in (4),
we eliminate one rotation in R by defining an intermedi-
ate coordinate system M [37, 36, 35] in which the rota-
tion angle around the X axis can be easily obtained. First,
let us select a line pair (Lg, ly) with the longest projection
length as longer edges are less affected by noise on their
endpoints [37, 36, 35]. The origin of M is located at the

Algorithm 1 The proposed MRPnL algorithm.

Input: M: the number of the cameras > 1 and the refer-
ence camera C
N¢, 2D-3D lines pairs (n?i , X, and V) for each cam-
era C;

Output: The absolute pose (R, t) : W — Cy and the rela-
tive poses (R, t;) : Co — C;

1: Normalize the 3D line points X; by N.

2: Rotation: Determine the intermediate rotation R, and
apply it to the input line pairs. Then R is calculated
and the two remaining rotation R is obtained by solv-
ing the polynomial system of equations (13), which to-
gether provides R.

3: Translation: By back-substituting the rotation, solve the
linear system of equations (5) for Cy or (17) for the
other cameras via SVD.

4: Optional refinement of the absolute and relative poses
for all cameras and lines simultaneously by solving the
system (19) in the lest squares sense (see Section 3.3).

5: Denormalize to get the final pose estimates.

origin of W and its axes (X u, Y mq, Zipg) are

1
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where the Y axis of M aligns with n§. The rotation
Ra = [Xm, Y, Zaq] " rotates the normals and direc-
tion vectors into the intermediate frame M. The rotation
R around X axis within M is then easily calculated be-
cause it is the angle between the Z axis and V!, hence
the rotation matrix acting within the intermediate coordi-
nate frame M is composed of the rotations around the re-
maining two axes as

(1+s%)(1+ 7”2)R/V1 = RZ'//\A(S)RQA(T) =

1-s2)(1-72) —2r(1-s? 2s(r? +1)
2r(s? +1) (s2+1)(1—1?) 0
—2s(1 —1?) 4sr (1—s%)(r2+1)

®

and we obtain the new form of (4) as

(Rymn)  RMRMR V) = nMTRMVM = 0. (10)



Expanding the above equation gives a 4-th order polynomial
of (s,r) with coefficients in terms of VM and n™:

aTu:
- 4T -
Ving4+ Vang + Vgng 1
2V1n2—2V2n1 r
2V3n1—2V1n3 S
—Ving —Vaong 4+ Vgng r?
—Ving+ Vong — Vgng 52 =0 (11
V1 ny — VQ Ng — Vg Nz 827’2
2V1 n2+2 VQ Ny 527‘
2Vsn; +2V; ng sr2
L 4 Vs ng | | sT |

Each line pair generates one such equation, yielding a sys-
tem of IV equations, which is solved in the least squares
sense. For this purpose, let’s take the sum of squares of the

above system
N

e(s,r) = (aju)’ (12)
i=1
and then find arg min, ;) e(s, ). The first order optimality
condition for (12) is

de(s,r) ZN b Tu
Ve(s,r) =] 5.2 = R (13)
[3 g; )] [Zi_l br;rur

where for each line pair

b, 'u, =
- - T r -
2 a1Qq 1
6 asay r2
2a1a7 + 2asa4 + 2 asag 52
dajas + 2 a4> r
2a1a9 + 2a4a5 S
6 asar + 6 agag + 6 agag 22
darag +4asas +4agar + 4asas + 2 ag? s2r
6 asag + 6 asas sr?
4 a9? r3
2asay s
2asag + 2asaz 53
4darag + 4asas + 4asag sr
4 ag? r3gt
8agag r3s3
S8asag + 4 ag? r3s2
8asasg r3s
6 agar r2st
6agag + 6 arasg r2s3
4dasag + 2a7? rst
4azag + 4asag + 4arag rsd

(14)

and similarly bs ' ug can also be expressed in terms of the
coefficients a of each line pair. Thus the solution of the

system of 2 polynomial equations (each of them is 7-th or-
der) in (13) provides the rotation parameters (s, rr). Herein,
we use the automatic generator of Kukelova et al. [13] to
generate a solver using Grobner basis[13, 15] for the sys-
tem in (13). Once the solution(s) are obtained, the complete
R, acting between the world VW and camera C frame, is ob-
tained as R = R [, RMRIR .

The translation t is then obtained by backsubstituting R
into (5) yielding a system of linear equations, which can be
solved by SVD decomposition. While in (4), all quantities
are already normalized (n and 'V are of unit length), (5) con-
tains the 3D point X given in an arbitrary world coordinate
system W, which needs to be normalized for numerical sta-
bility [8]. Therefore, we transform our 3D line segments
into a unit cube around the origin of W by a normaliz-
ing transformation IN composed of a translation —[u, v, 2]7
with [u,v,2]7 being the centroid of the 3D scene points;
followed by a uniform scaling s = m, where h
is the height, w is the width, and d is the depth of the 3D
data. The solution is then obtained in this normalized space,
hence the result (R, t) need to be denormalized. Since the
equations used to solve for the rotation are unaffected by
this normalization (thanks to uniform scaling!), R is the fi-
nal rotation, while the translation t needs to be corrected by

.1t
applying [0 1] N.
Although (13) might have several solutions, the solver
will only return the real ones and then one has to select

the geometrically valid (R, t) based on the visibility of the
lines and the backprojection error (18) [36, 16, 35,9, 1].

3.1. Multi-view Case and Relative Pose

When the 3D lines are viewed by a system of M cal-
ibrated perspective cameras, each 3D line L has up to M
images [;,7 = 1...M. One of the cameras is the refer-
ence camera Cy therefore the absolute pose of the camera
system (R, t) is defined as the rigid transformation acting
between VW and Cy, while individual camera frames C; are
related to the reference camera frame via the relative poses
(R, t;) : Co — Ciyi = 1,...,M — 1. Of course, the
equations (4), (16) and (5) remain valid for Cy, while for the
other cameras C;, the projection of L yields similar equa-
tions but the unknown relative pose (R;,t;) will also be
involved. Hence (4) becomes:

n/ R,V =n/R;RV =0 (15)
from which we get

(Raq,n;) ' RM (R RARV) = nM TRMVME =

(16)
which —after a similar derivation as in the single camera
case— yields also a system of polynomial equations of the
same form as in (13), hence the same solver can be used



to solve for each camera C;,4 = 1,..., M — 1. Once the
solutions are obtained, each R; is backsubstituted into the
corresponding linear system similar to (5):

n] (R;X% 4+ t;) =n (R{(RX +t)+t;) =0 (17)
which is solved for t; by SVD.
3.2. Robust Outlier Filtering

In real applications, putative line correspondences are
extracted that are corrupted by outliers as well as noise.
While noise is handled well by our least squares for-
mulation of the equations, outliers must be removed
via RANSAC [7] or the M-estimator sample consensus
(MSAC) algorithm [30], which relies on a minimal solver
and a backprojection error. The minimal set consists of
3 line-pairs, providing 2 equations for the rotation in (4)
or (16), and 3 equations for the translation in (5) or (17).
The equations are then solved as outlined before and out-
liers are filtered using the backprojection error of the 3D
lines. Herein we used the error measure proposed in [16]
that practically calculates the mean of the shortest distances
dx, and dy, from the 2D line segment endpoints x, and x,
to the corresponding infinite line determined by the back-
projected 3D line onto the normalized plane:

dx, + dx,
2(||Xe - XSH)
Note, that the error is normalized with the length of the 2D

line segment, hence making the measure independent of the
length of the detected 2D line segment.

(18)

3.3. Pose Refinement

We will now formulate a least-squares refinement for the
multi-view case, based on the equations (4) and (15) by sim-
ply stacking for each line pair in Cy (4), (5) and for each
camera ¢ = 1,...,M — 1 and each line pair in C; (15)
and (17) containing the absolute pose (R, t) and the rela-
tive poses (R, t;):

Vj=1,...,Ng, :
n* "RV, =0
nT(RX; +t) =0
S M-1;Vi=1,...,Ng, :
n§'"R;RV; =0
n{' " (R;(RX; +t) +t;) =0

Viel, . (19)

A least-squares solution is then obtained by minimizing the
squared error of the system, which can be solved via stan-
dard algorithms like Levenberg-Marquardt with the initial-
ization obtained from the direct solver. Note, that this step
is optional, and only executed for the overdetermined n > 3
case if the line parameters are noisy. Experiments show, that

Figure 2. Mllustration of 10% 2D noise on 10 random lines placed
on 1 plane. Red is original, blue one is the noisy.

the initialization given by the direct solver is sufficiently
stable, hence only a few iterations are needed to reach the
optimum. The proposed algorithm, that we call Multi-view
RPnL (MRPnL) is summarized in Algorithm 1.

4. Experimental Results

For the quantitative evaluation of the proposed method,
synthetic datasets were generated using the calibration pa-
rameters of a real perspective camera, with available phys-
ical parameters (sensor size), enabling us to represent our
3D scene in an equivalent metric space. Multiple sets of
1000 samples were generated containing 3D-2D line pairs.
The 3D scene was created with a typical urban or indoor en-
vironment in mind, where only few planar surfaces are usu-
ally visible in a camera at once, thus we created 3 planes,
placing them randomly (with a rotation of +30° around all
3 axes and £[1—2] m horizontal and vertical translation and
+[0.5 — 1.5] m in depth) in the 3D space, each containing
20 random line segments, with a minimum length of 0.5 m.
The 2D data was then generated by capturing images of the
scene, practically projecting the 3D lines with a virtual cam-
era of 2378x1580 pixel resolution. In each scene we placed
5 cameras with a random rotation of +50° around all 3 axes,
and random translation of £1 m in the horizontal and verti-
cal direction, while in the optical axis’ direction at [4 — 6] m
from the scene.

The estimated pose was evaluated in terms of the angu-
lar distance e, that represents the overall rotation error, and
also in terms of translation error as the norm of the differ-
ence between the ground truth and estimated translation. To
evaluate the robustness of the methods against noisy line
detections, random noise was added to the line parameters.
Practically we simulated noise by corrupting one endpoint
of the line (similarly in 2D and 3D) as adding a random
number to each coordinate of the point up to the specified
percentage of the actual coordinate value. The unit direc-
tion vector was also modified in the same manner. We show
results for 3%, 10% and 15% 2D and 3D noise levels, that
translate to an average shift on the image of 22px with 3%
noise up to 110px with 15% noise (example of 10% noise
can be seen in Fig. 2).
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Figure 3. Rotation and translation error, and CPU time for MRPnL
with and without refinement, SRPnL, and the globally optimal Al-
gLS with 3% noise and n = 3 lines, except for Algls n = 4. First
column is with 2D noise, second column with 3D noise.

4.1. Comparison with State-of-the-Art

First, the performance of the proposed MRPnL direct
solver and MRPnL LM containing the refinement step in
Section 3.3 is evaluated for single camera case. Wang et
al. published a recent comparison [35] of 6 state of the
art methods with their SRPnL. method, which proved to be
dominating both in terms of CPU time as well as efficiency
and robustness. Therefore herein, we only focus on com-
paring the proposed MRPnL algorithm with the most com-
petitive methods from [35]: SRPnL and AlgLS [23].

The Matlab implementation of the competing methods
are available from [35]. For a fair comparison, we used the
automatic generator of Kukelova et al. [13], that provides
a Matlab-based solver, but we remark that we also success-
fully used Kneip’s generator [! 1], which produces a solver
in C++ that is much faster. All experiments were done on
an ¢7 computer with 16 GB of RAM.

Comparisons were performed in two different setups,
first using the minimum number of line matches that each
algorithm requires, then using all 60 line pairs of the scene,
with only a single camera, since the formulation of SRPnL
and AlgLS doesn’t cover multi-view setups.

For the first setup, using n = 4 lines for AlgLS and
n = 3 for the other methods, the obtained results are shown
in Fig. 3. Results on plots are always sorted based on the er-
ror from best to worst. In this setup all the methods perform

very similar in terms of median errors of the pose param-
eters, only AlgLS produces lower errors due to the higher
number of line-pairs it is using (n = 4). The methods are
robust for up to 3% 2D noise, where the median € already
reaches above 2°, only exception is AlgLS with 1.52°. In
terms of runtime, MRPnL is the fastest with 2.4ms, then
SRPnL follows with 3.5ms as the highest median runtime
among multiple data sets. MRPnL LM takes more time
(8.3ms), but is still much faster than AIgLS (53ms).

Using n = 60 line-matches, AlgL.S and MRPnL LM
have the best results with the lowest median rotation and
translation errors, with 15% noise MRPnL LM handles bet-
ter the 3D noise, while AlgLS favors the noise in 2D do-
main, both of them having the median e below 1.5° with
2D noise and 1.05° with 3D noise (see Fig. 4 for results).
The only other method that handles well 15% noise both in
2D and 3D domain is MRPnL (median € 2.5° and 2.17° re-
spectively, and translation error of 0.21m and 0.1m), while
SRPnL can only obtain similar errors with up to 5% noise.
Since MRPnL robustly provides a good initialization, LM
refinement usually performs only 5 iterations, keeping the
runtime comparable with SRPnL. and MRPnL.

Based on the data presented in [35], we can confirm that
the CPU time of the methods does not change significantly
for n < 200 lines. Since in a realistic dataset of an urban
environment we shouldn’t expect to have such many inlier
pairs (e.g. the large scale dataset presented by [22] also uses
an average of 130 lines per image), we did not find an eval-
uation with hundreds of lines relevant.

4.2. Multi-view Case

The multi-view configuration presented in Section 3.1
with LM refinement (Section 3.3), was tested on data with
10% 2D noise using 5 cameras. Results are shown in Fig. 5,
where —as a baseline— we also show the results achieved
with a single camera. Clearly, the accuracy of pose esti-
mates are consistent over all cameras. As for the CPU time,
one can see that it scales with the number of cameras but
still remains under 56 ms for 5 cameras, which is slightly
faster than AlgLS for a single camera. It is thus clear
that the proposed MRPnLL LM algorithm performs well in
a multi-view setup, median rotation errors remain below 1°
and the translation below 22 cm.

4.3. Robustness to Outliers

Since in a multi-view system, filtering the outliers has
to be performed for each view independently from the oth-
ers, we evaluate the robustness to outliers on a single cam-
era only. The proposed MRPnL direct solver proved to be
the fastest and more robust to noise than SRPnL, thus it is
well suited for outlier detection in a RANSAC algorithm
(see Section 3.2). In our experiments, we used the built in
M-estimator sample consensus (MSAC) algorithm function
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Figure 4. Rotation and translation error, and CPU time for MRPnL with and without refinement, SRPnL and the globally optimal AlgL.S
with 15% noise and all 60 lines used, first row with 2D noise, second row with 3D noise.

> 1
% MRPnL LM Camera 1, m=0.212 MRPnL LM 5 Cameras, m=0.0558 ‘
~ ——MRPnL LM Camera 2, m=0.192 ——MRPnL LM Single Camera, m=0.00786
2. EO 8 MRPAL LM Camera 3, m=0.201 0.08
2 = V-0 [|—MRPiL LM Camera 4, m=0.207
© ——MRPnL LM Camera 5, m=0.886 = ——MRPnL LM Camera 5, m=0.193
‘(7, 2 I~ = =MRPnL LM Single Camera, m=0.931 e I~ = =MRPnL LM Single Camera, m=0.212 — 0 06
© 506 @0
3 S 7| €
S T04 i= 0.04
c
E = 0.2 0.02
IS
& 0 0
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
Test cases Test cases Test cases

Figure 5. Overall rotation and translation error, and CPU time for MRPnL LM in a multi-view setup with 5 cameras, using 10% 2D noise.

of Matlab [30] together with the backprojection error pre-
sented in (18).

The synthetic dataset previously defined was extended
by adding a specific number of outlier 2D-3D line-pairs
with randomly generated coordinates, to obtain the outlier
ratio of: 30% and 60% (26, 90 outliers respectively). The
threshold for RANSAC was experimentally determined as
the average between the maximum of the inliers’ and min-
imum of the outliers’ backprojection error calculated with
the reference pose. In our tests, RANSAC with MRPnL was
able to robustly filter out all outliers in most test cases, since
there was a clear separation between the inliers and outliers,
but we found that only a smaller inlier set can be obtained if
the outlier lines are taken randomly from the same planes as
the inliers, thus they are not different enough from the cor-
rect lines. Pose estimation errors of MRPnL on the obtained
inliers with 10% noise and 60% outlier ratio are very simi-
lar to the baseline results obtained using only the inliers, we
can observe an increase only in median translation errors, as
shown in Fig. 6. The expense of such filtering is visible in

the runtime plot in Fig. 6, where 30% outliers can be filtered
relatively fast, but 60% outliers in almost two seconds.

4.4. Real Data

To evaluate the proposed algorithm on real data, we used
a 2D-3D dataset captured in an outdoor urban environment,
containing a dense 3D pointcloud of the scene, captured
with a Riegl VZ400 Lidar (with an attached Nikon DSLR
providing reference RGB images), and 2D 4K resolution
video sequences captured by a flying UAV along differ-
ent trajectories. We extracted intermittent frames from the
video sequence (16 frames from a sequence of 1800), to
better evaluate the robustness to changing scene and light-
ing conditions. The ground truth pose of each camera was
estimated with UPnP [12] using reflective markers placed
on the scene, automatically detected by the scanner in 3D,
and manually selected and matched in 2D. For many multi-
view localization and visual odometry applications the most
important criteria of a good result is the correct projection
between 2D and 3D domain. This can be evaluated easily by
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Figure 7. MRPnL LM trajectory estimation results on 16 frames
of a longer drone sequence. Ground truth camera poses and the
trajectory are shown in green, the estimated ones in red, while the
used 3D lines (81 in total) are also visible (better viewed in color).

forward projection error measured in the marker points (for
the ground truth poses the maximum error was 12 cm, and
the median 4 cm). 2D lines on the frames were extracted us-
ing OpenCV LSD detector [32]. In order to have a known
inlier set, 2D-3D matching is done by manually matching
2D lines to lines detected on the LIDAR reference RGB
images, that directly provides the corresponding 3D lines.
Other methods (e.g. [22]) rely on VisualSFM, and use the
estimated camera poses to project 2D lines into 3D, while
with our approach, learnable line segment descriptors [31]
could also be used for automatic 2D-2D matching.

Despite the fact that only a relatively small number of
lines were used (an average of 13 lines and maximum 21
lines per image, compared to e.g. [22], where they used 130
lines and 50 points per image), the proposed MRPnL solver
can estimate the absolute and relative poses quite robustly,
15 out of the 16 frames have a maximum forward projection
error of less than 30 cm, the median forward projection error
being 8 cm. Applying the LM refinement to the whole sys-

400
Test cases

Figure 6. MRPnL LM pose estimation results on the inlier line-pairs obtained by RANSAC with 10% noise and r = 30% r = 60% outlier
ratio, compared to the baseline results without RANSAC on the inlier set (r = 0%).
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tem increased the algorithm runtime from 80ms to 480ms,
but all error measures show improvement, median forward
projection error is reduced to 7.4 cm. Results of the camera
path estimation can be seen in Fig. 7, where green marks
the ground truth trajectory and camera positions and red the
estimated one. All the used 81 3D lines are also shown in
random colors.

Up to 30% outlier ratio is well tolerated in the real case
too, showing similar results as above, even if the outliers
are quite similar to the inliers, since they are randomly se-
lected from the same visible scene planes. Results show
similar performance to the synthetic experiments, errors in-
crease only when the number of inliers gets drastically re-
duced by the outlier filtering due to no clear separation be-
tween inliers and outliers. We have shown, that the pro-
posed MRPnL method is able to handle the challenging path
estimation of 4DoF quadrotor UAVs that can have an unsys-
tematic movement, making sudden turns, floating around in
any direction.

5. Conclusion

A novel algebraic approach has been proposed for com-
puting the absolute and relative poses of a multi-view per-
spective camera system using line correspondences, which
works without reformulation both for minimal problems (3
line pairs per camera) as well as for the general n > 3 and
multiple camera cases. Unlike previous approaches [37, 36,
35], rotation is solved first through a two-variate 7-th order
system of polynomial equations using a Grobner basis di-
rect LSE solver, which reduces numerical error propagation
and works both for minimal and general line sets. Then the
translation is solved via a linear system. Experimental tests
on large synthetic as well as real datasets confirm the state
of the art performance of the proposed algorithm. Compar-
ative results show that our method outperforms recent al-
ternative methods (AlgLS [23], ASPnL [36], SRPnL [35])
in terms of speed, accuracy, and robustness. Furthermore,
unlike these methods, our algorithm works for multi-view
scenarios and is robust up to 60% outlier ratio when com-
bined with a RANSAC-like method.
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