Extending Bayesian RFS SLLAM to Multi-Vehicle
SLAM

Diluka Moratuwage*, Ba-Ngu Vof, Danwei Wang* and Han Wang*
*School of Electrical and Electronic Engineering
Nanyang Technological University
Singapore
TDepartment of Electrical and Computer Engineering
Curtin University
Australia

Abstract—In this paper we present a novel solution to the
Multi-Vehicle SLAM (MVSLAM) problem by extending the
random finite set (RFS) based SLAM filter framework using two
recently developed multi-sensor information fusion approaches.
Our solution is based on the modelling of the measurements
and the landmark map as RFSs and factorizing the MVSLAM
posterior into a product of the joint vehicle trajectories posterior
and the landmark map posterior conditioned the vehicle trajec-
tories. The joint vehicle trajectories posterior is propagated using
a particle filter while the landmark map posterior conditioned on
the vehicle trajectories is propagated using a Gaussian Mixture
(GM) implementation of the probability hypothesis density (PHD)
filter.

Index Terms—Multi-Robot, SLAM, PHD.

I. INTRODUCTION

A number of Multi-Vehicle SLAM (MVSLAM) solutions
are found in the robotics literature [1] [2] [3] [4] [5] [6]
[7]1 developed by extending the conventional vector based
mono-SLAM algorithms such as extended Kalman filter based
SLAM (EKF-SLAM) [8], FastSLAM [9] and sparse extended
information filter based SLAM (SEIF-SLAM) [10]. All these
mono-SLAM algorithms solve the SLAM problem by propa-
gating a posterior probability density of a vector consisting of
the landmark map augmented with the vehicle state in time.
Hence all such algorithms require solving certain additional
sub-problems such as data association, clutter filtering and
map management in order to produce a consistent solution.
In addition, landmark detection uncertainty or data association
uncertainty are not taken into account.

In order to address these issues in the conventional mono-
SLAM solutions, random finite set (RFS) modelling was
adopted. The very first RFS based SLAM solution was pre-
sented by Mullane et al. in [11], where they modelled the
measurements and augmented vehicle-landmark map state as
RFSs. The augmented vehicle-landmark map state was prop-
agated in time using a probability hypothesis density (PHD)
filter [12] [13] from which the state of the vehicle and the
landmark locations were jointly estimated. Further improving
their original solution, in [14] [15] Mullane et al. proposed
a Rao-Blackwellised PHD filtering solution by factorizing the
full SLAM posterior into a product of the vehicle trajectory
posterior and the landmark map posterior conditioned on the

vehicle treajectory. This solution addressed the map manage-
ment, landmark detection uncertainty and false measurements
(clutter) in a single filtering step by representing the landmark
map and measurements as RFSs and modelling the landmark
map transition model more natural and appropriate manner.
Moreover this approach catered for propagation of vehicle
trajectory posterior using a particle filter and the landmark
map posterior conditioned on the vehicle trajectory using a
Gaussian mixture (GM) implementation [16] of a PHD filter.

In this paper we present a new solution to the Multi-Vehicle
SLAM (MVSLAM) problem by extending the RFS based
SLAM filter framework. The proposed solution is based on
the factorization of the full MVSLAM posterior into a product
of the joint vehicle trajectories posterior and the landmark
map posterior conditioned on the joint vehicle trajectories. The
landmark map and the measurements are modelled as RFSs
and the joint vehicle trajectories are propagated in time via a
particle filter while the landmark conditioned on the vehicle
trajectories is propagated using a GM implementation of a
PHD filter. The key idea of this paper was originally presented
at the IEEE ICRA workshop on ”Stochastic Geometry in
SLAM” in 2012. In this paper, we present a more complex
simulation scenario and a comprehensive performance analysis
is carried out by comparing the results with the MVSLAM
solution proposed by Howard [4].

II. RANDOM FINITE SET MULTI-VEHICLE SLAM
PROBLEM

We illustrate the RFS Multi-Vehicle SLAM algorithm for
the case of two vehicles although it can be extended into a
larger number of robots using the methos we present here.

Let the landmark map be denoted by the set M; =
{mp1,mgz2,...,mk,, } at time k, where [}, denotes the number
of landmarks present in the map. Let the time sequence
of poses history of each vehicle be denoted by Xl(r,z =
X x$ X7, where X7 denotes the pose of ve-
hicle r, at time k. Let the time sequence of sets of range mea-
surements obtained using range and bearing sensors mounted
on each vehicle be denoted by Z\7) = [z z{" . 7z("],

where 7" = z,gri, z,(f%, o Z/(;ZL;”} denotes the measurement



set received from vehicle r at time k, while n,(C ") denotes the

number of measurements. Let U} = [U", U7, ...,U{"]”
denote the time sequence of control commands a ;)plied to each
vehicle r,(r = 1,2) upto time k, where U denotes the
control command applied at time k. The MVSLAM posterior
probability distribution is then given by,

pk\k(Mka Xl(llzv X(2I<);|Z§1]37 1( k);a Ul(lk)a U1(2]g)7 X(l) X(Q)) (1)
where X(() ) and X(() ) respectively denote the initial poses of
first and second vehicles.

III. FORMULATION OF PROPOSED RANDOM FINITE SET
MULTI-VEHICLE SLAM SOLUTION

The Multi-Vehicle SLAM posterior (1) is evaluated by
factorizing as a product of the joint vehicle poses posterior
and the landmark map posterior conditioned on the vehicle
poses as follows,
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This factorization makes it possible to propagate the joint
vehicle trajectories posterior using a particle filter that can
accommodate complex non-linear motion models. Moreover,
by representing the measurements and the landmark map
as RFSs and modelling the landmark map transition model
using finite set statistical (FISST) methods, it is possible to
evaluate the landmark map posterior in the presence of false
measurements (clutter) with data association and landmark
detection uncertainty.

A. RFS Landmark Map Transition Model

Let the RFS representing the landmark map at time k — 1
be denoted by M} _1, then the landmark map transition model
at time k is given by,

M =TR(XxV, Xy U U
Ch—1EMp_1
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where the RFS T'y(X ,gl),X (2 )) denotes the newly appearing
landmarks in the joint sensor FOV, while the Bernoulli RFS
Y (Cx—1) denotes the predicted state of the landmark (1 €
M.

B. RFS Landmark Measurement Model

Let M} denote the predicted landmark map, while C,ET)
denote the RFS representing the clutter received from ex-
teroceptive sensor mounted on rth vehicle at time k, then
corresponding measurements can be represented by the RFS,
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where Gér)(ck) is a Bernoulli RFS representing the measure-
ment corresponding to landmark (j € Mj.

IV. THE PHD FILTER FOR LANDMARK MAP POSTERIOR
ESTIMATION

The landmark map posterior conditioned on the vehicle
trajectories is evaluated using a PHD filter [12]. Let the PHD
of the landmark map posterior at time k is given by,

1 2 1 2
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then the number of landmarks in the map M}, in a region S
can be obtained by,

Nkuc=/Dk\k@klZiii,Z§?£7X£?£7X(2))d<k (6)
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A. Landmark Map Prediction

The landmark map prediction posterior density is given by,
pk\k—l(Mk|Z§:11z—1’ Zf;z_p X(():lk):’ X(()ng)
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and the corresponding predicted PHD can be obtained using
the PHD of the landmark map at time k£ — 1 as,
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where bk(Ck|Xk1),X,(€2)) denotes the intensity of the newly
appearing landmarks in the joint sensor FOV.

B. Landmark Map Update
The landmark map update posterior density is given by,
pre(Mil Z43), 203, X530, X53)
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Assuming the number of false measurements produced by each
vehicle is Poisson distributed at an average of A("), and their
physical distribution given by c(r)(z(r)), the corresponding
updated PHD can be obtained using two methods as follows.

1) Iterative update method: The resultant PHD can be
obtained by iteratively updating the predicted PHD (8) [13]
using each vehicles’ observations as follows.
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where, the abbreviations Dy —1(Cx) and D
by,

Digr—1(Cr) = Dir—a (G 2851, 22 x8), x 2y (12)
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and, P(l) P(z) g,(cl)(z(l)) and g,(cz)(z(l)) are given by,
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where Pg) denotes the probability of detection of a landmark

by rth vehicle which is often considered as a constant, while
g,(;)(z(r)) is the measurement likelihood function.

Hence the PHD of the measurement updated landmark map
posterior (5) is approximated as,
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This is a less computationally intensive approach for evalu-
ating the PHD of the landmark map update posterior. Although
computationally efficient, this method produces different PHDs
under reordering of the sensor updates.
2) General multi-sensor update method: The PHD update

can be obtained using the general multi-sensor update method
[17] as follows,
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where the summation is taken over all so called "binary parti-
tions” P of Zy, = Z,, (1) U Z (see [17] for more information).
The notation, ”PHs Z;c” stands for 7P partitions Zj, into binary
cells W”, where W € P has one of the following forms,

W = {zél)}, W = {z,(f)}, W = {z](cl),z,(f)} (19)

The values of py ((x) and wp are given by,
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For any function h(Cx), Dyjp—1[h(Ck)] is given by,
Dijre—1[P(Cr)] :/h(gk)DMkfl(Ck)de (25)

As usual Pg) = Pg)(gk|X,£T)) denotes the probability of
detection of a landmark (i, by rth vehicle and is consid-
ered as a constant whose value depends on W. If W is a
singleton observation, then the probability of detection of the
corresponding sensor is set higher than the other. If W contains
two elements, that suggests the observation received is from a
feature in the overlapping area of the sensor FOVs and hence
the probability of detection of both sensor are set to a higher
constant.

Although computationally more demanding, this approach
produces an invariant PHD for any ordering of the sensor
updates. Computational load can be minimized using sensor
consistency gating [17].

C. Implementation of the PHD filter

The PHD prediction and udpate equations are implemented
using a GM implementation of the PHD filter [16]. The PHD
of the landmark map posterior at time k¥ — 1 and the newly
appearing landmarks in the joint sensor FOV are represented
by a mixture of Gaussians, then the resultant measurement
updated PHD at time k can be obtained as a mixture of
Gaussian components from which the landmark locations and
the number of landmarks can be obtained [16] in order to solve
the MVSLAM problem.



V. PARTICLE FILTER FOR JOINT VEHICLE TRAJECTORIES
AND LANDMARK MAP POSTERIOR ESTIMATION
The joint vehicle trajectories posterior is evaluated using a
particle filter, which can be represented by a set of weighted
particles denoted by €2 as follows,
, ) YN
1), 2), s
0 = {ulf X520}

1=

(26)

where, Vs denotes the number of particles and w,[j] is the
weight of ith particle which can be obtained as,

uf!

, @2n
2 2 1),[2 2),[%

< lk-1(2, 2 ’IZlk 20 X X
where Uy (2", 22128, 28 X8 X)) s the
normalization constant in (9). Assuming the number of ele-
ments in My is Poisson distributed, extending the approach

proposed by Mullane et al. in [14] [15], it can be shown that,
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where Np,_1 and Ny respectively denote the number of
landmarks present in the predicted landmark map and the
number of landmarks present after updating the landmark map.

Now since the PHD of the landmark map posterior is
conditioned on the joint vehicle trajectories, the joint landmark
map and vehicle trajectories posterior at time k£ can be written
as,

(e
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VI. SIMULATION RESULTS

Performance of the proposed MVSLAM algorithms are
evaluated using simulations and the results are benchmarked
against the MVSLAM algorithm proposed by Howard [4].
From here onwards the proposed MVSLAM solutions are
referred to as RFS-MVSLAM-I and RFS-MVSLAM-II re-
spectively denoting the solutions based on iterative update
method and the general multi-sensor update method, while
the benchmarked MVSLAM solution by Howard is referred to
as RB-MVSLAM. In order to improve the performance under
measurement clutter, the RB-MVSLAM algorithm is combined
with a real-time implementation of feature elimination method
based on negative evidence strategy proposed by Montemerlo
[9].

Two vehicles with identical control and sensor parameters
(given in Table.l) are driven on two different trajectories on a
simulation environment consisting of 41 randomly place land-
marks. It is assumed that the number of false measurements
generated by each vehicle is Poisson distributed and posess a
uniform spatial distribution in the sensor FOV. Probability of
detection of a landmark is assumed to be constant and set to

TABLE I

PARAMETERS USED IN THE SIMULATION

Vehicle Parameters Values
Velocity v 4m/s
Sensor FOV Range () 0 - 120m
Bearing (b) —7/2 - +7/2
Control Noise Velociy (o) 0.3m/s
Steering Angle (o,) 29
Measurement Noise  Range (o) 0.3m
Bearing (o}) 0.59
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(a) Low clutter condition ()\(’") =1
Fig. 1. Ground truth of the vehicle trajectories (in blue) with randomly placed

landmarks (black stars) under low (A(") = 1) clutter (in green) condition,
where r = 1, 2 denotes the vehicle number. The number of landmarks present
in the simulation enviornment is 41.

0.99 and probability of survival of a landmark from current
time step to the next is also assumed to be constant and set to
0.99.

VII. CONCLUSION

In this paper we have presented a novel Multi-Vehicle
SLAM (MVSLAM) solution by extending the RFS based
SLAM filter framework using two recently developed multi-
sensor fusion techniques in finite set statistics (FISST). The
RFS representation of the landmark map and measurements
enables modelling of the landmark map transition model and
observation model in a more natural manner, resulting a
Bayesian MVSLAM algorithm with inbuilt map management,
data association and clutter filtering. The performance char-
acteristics obtained via the simulation results suggests that
the proposed solutions produces robust results under false
measurements with data association and landmark detection
uncertainty.
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Fig. 4. A comparison of estimated vehicle trajectories (in red), superimposed on ground truth (in blue) with estimated features (cyan circles) and actual features
(black stars), of a sample run of each algorithm under low and high clutter conditions.
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