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Imagine a robot
entering a building it
has never seen before.
Without a map and
without GPS, how does

it know where it is or
how to navigate? This
is the classic problem
that has challenged
roboticists for decades:
a robot must build a
map of an unknown
environment while
simultaneously keeping
track of its own
location within that
map. This chicken-and-
egg dilemma is the
core of Simultaneous
Localization And
Mapping, commonly
known as SLAM. SLAM


https://evoluir.abar.org.br/

is not just a theoretical
exercise; it is a
fundamental capability
that enables
autonomous robots to
operate in real-world
spaces, from
warehouses and
hospitals to deep-sea
exploration vehicles
and planetary rovers.

In this comprehensive
article, we will explore
the fundamentals of
SLAM for mobile
robots, covering the
core problem, the
primary methods used
to solve it, and the
technological
advancements that
have moved SLAM
from research labs into
commercial
applications. Whether
you are a student, an
engineer, or simply
curious about robotics,
this guide will provide
you with a solid
understanding of what
SLAM is, why it

matters, and how it
works.

WHAT IS
SIMULTANEOUS
LOCALIZATION
AND MAPPING?

At its simplest, SLAM is
the computational
process by which a
mobile robot
constructs a map of its
environment while
simultaneously

determining its own
position within that
map. The term
Simultaneous

Localization And
Mapping for mobile
robots captures the
dual nature of the task:

the robot must
estimate both its pose
(position and

orientation) and the
map parameters from
sensor data alone,
without any prior
knowledge of the
environment.
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The challenge is that
these two tasks are
interdependent. To
localize accurately, the
robot needs a good
map. To build a good
map, the robot needs
an accurate estimate
of its position. Errors in
one directly affect the
other, leading to drift
and inconsistency over
time. SLAM algorithms
are designed to break
this cycle by treating
the problem
probabilistically, using
mathematical

frameworks to manage

uncertainty and
produce robust
estimates.

Why
SLAM
Matters

for Mobile
Robots

Autonomous
navigation is
impossible without a
reliable understanding
of the surroundings.
While some robots can
rely on external
infrastructure like
beacons or GPS, those
solutions are not
always available or
reliable. Indoor
environments,
underground tunnels,
underwater habitats,
and extraterrestrial
surfaces all lack GPS
signals. SLAM provides
the self-contained
solution: the robot
carries its own sensors
and computes its state
in real time. This
makes SLAM a
cornerstone of modern
robotics, powering
everything from



vacuum cleaners to
self-driving cars.

CORE
COMPONENTS OF
A SLAM SYSTEM

Every SLAM system
typically consists of
several key
components that work
together to estimate
the robot's trajectory
and the environment
map. Understanding
these building blocks is
essential before diving
into specific methods.

e Sensors: The
robot perceives
the world
through sensors
such as cameras
(monocular,
stereo, RGB-D),
LiDAR (2D or
3D), sonar, or
inertial
measurement
units (IMUs). The
choice of sensor
heavily

influences the
SLAM method
used.

Feature
Extraction: Raw
sensor data must
be processed to
extract
meaningful
landmarks or
features (e.g.,
corners, edges,
planar surfaces,
or visual
keypoints).
These features
serve as
reference points
for mapping and
localization.
Data
Association:
The robot must
determine
whether a new
observation
corresponds to a
previously seen
landmark (loop
closure) oris a
new feature.
Errors in data
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association can
quickly derail a
SLAM algorithm.
State
Estimation: This
is the
mathematical
engine that fuses
robot motion
predictions (from
odometry or IMU)
with sensor
measurements to
produce
consistent
estimates of
pose and map
landmarks.
Common
frameworks
include filters
(Extended
Kalman Filter,
Particle Filter)
and graph
optimization.
Loop Closure
Detection:
When the robot
returns to a
previously visited
location, it must

recognize that
place to correct
accumulated
drift. Loop
closure is critical
for building
globally
consistent maps.

PRIMARY
METHODS OF
SLAM

Over the past three
decades, researchers
have developed
several distinct
approaches to solving
the SLAM problem.
These methods differ in
how they represent
uncertainty, the type of
sensors they rely on,
and how they process
data. We will cover the

most influential
families of SLAM
algorithms.



However, it suffers
from quadratic
complexity (O(n2?)

Ka | m a mere n is the number

Filter-

Based

SLAM

The earliest and most
straightforward SLAM
methods use the
Extended Kalman
Filter (EKF). In EKF-
SLAM, the robot's pose
and the positions of all
landmarks are stored
in a single, large state
vector. The filter
predicts the system
state based on a
motion model, then
updates the state using
sensor observations.
The main advantage of
EKF-SLAM is its
simplicity and real-time
performance for small
environments.

of landmarks), making
it unsuitable for large-
scale maps. The EKF
also assumes Gaussian
noise and linearized
dynamics, which can
lead to inconsistency in

highly nonlinear
scenarios.
Despite these

limitations, EKF-SLAM
was foundational and
remains useful in
applications where the
environment is small
and features are
sparse, such as early
visual SLAM systems
and some underwater
vehicles.

2. Particle
Filter
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SLAM

(FastSLA

M)

FastSLAM addresses
some of EKF-SLAM's
limitations by using a
particle filter to
represent the robot's
path and separate
EKFs to estimate
landmark positions.

Each particle
represents a
hypothetical robot
trajectory, and
landmarks are

conditionally

independent given that
trajectory. This
factorization reduces
complexity and allows
FastSLAM to handle
larger environments
and non-Gaussian
uncertainty. The
algorithm proceeds by
generating particles
from a proposal

distribution, weighting
them based on how
well they match sensor
observations, and
resampling to avoid
particle depletion.

FastSLAM has been
successfully
implemented on robots
with range sensors like
laser scanners and
sonar. Its main
drawback is that it
remains
computationally
intensive for large
numbers of particles,
and data association
can be challenging in
environments with
many similar-looking
landmarks.

3. Graph-
Based
SLAM



(Least

configuration of nodes
that best satisfies all
constraints, typically

Squareeijs(ed as a nonlinear

Optimiza

lon)

Today, the dominant
paradigm for SLAM is
the graph-based
approach, also known
as GraphSLAM or pose
graph optimization. In
this framework, the
robot's poses at
different time steps
form the nodes of a
graph, and constraints
between
poses—derived from
odometry or sensor
observations—form the
edges. A separate set
of nodes can represent
landmarks (in the full
SLAM formulation) or
only poses (in the pose
graph formulation).
The goal is to find the

t squares problem
echniques like
Newton or
Levenberg-Marquardt.

GraphSLAM excels
because it can handle
large-scale
environments
efficiently by exploiting
sparsity. Modern
libraries such as g2o,
GTSAM, and iSAM can
optimize thousands of
nodes in real time.
Loop closures are
naturally incorporated
as additional
constraints, allowing
the optimizer to
distribute corrections
across the entire pose
graph. This method is
the backbone of most
state-of-the-art SLAM
systems today,
including those used in
autonomous vehicles
and advanced robotics.
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4. Visual
SLAM

Visual SLAM wuses
cameras as the
primary sensor,

making it a popular
choice for lightweight
and low-cost robots.
Visual SLAM can be
categorized into three
sub-families:

e Monocular
SLAM: A single
camera provides
rich information
but lacks direct
depth, so scale is
unknown and
must be
estimated from
motion or other
cues. Pioneering
systems include
MonoSLAM and
ORB-SLAM.

e Stereo SLAM:
Using two
cameras allows

direct depth
estimation via
disparity, but
calibration and
computational
cost are higher.
Stereo SLAM
provides metric
scale and is more
robust.

* RGB-D SLAM:
Depth cameras
(e.g., Microsoft
Kinect, Intel
RealSense)
provide both
color and depth
images,
simplifying the
mapping
problem.
Systems such as
RGB-D SLAM,
ElasticFusion,
and RTAB-Map
use dense or
semi-dense
approaches to
build detailed 3D
maps.

Visual SLAM faces
challenges in low-light



conditions, textureless
areas, and rapid
motion. However,
advances in feature
descriptors (e.g., ORB,
SIFT) and direct
methods (e.g., LSD-
SLAM, DSO) have
significantly improved
robustness.

5. LIDAR
SLAM

LiDAR (Light Detection
and Ranging) sensors
provide accurate, long-
range range
measurements and are
less sensitive to
lighting conditions than
cameras. LiDAR SLAM
is the method of choice
for outdoor robots, self-
driving cars, and
industrial mobile
platforms. Early LiDAR
SLAM used iterative
closest point (ICP) to
align consecutive
scans. Modern systems
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like LOAM (Lidar
Odometry and
Mapping) and its
successors (LeGO-

LOAM, A-LOAM) extract
edge and planar
features from 3D point
clouds and perform
real-time, low-drift
odometry. Graph
optimization with loop
closure ensures global
consistency.

LiDAR SLAM is highly
reliable but comes with
higher cost and power
consumption. The
recent availability of
solid-state LiDARs is
driving down prices,
making LiDAR SLAM
more accessible for
mobile robots of all
sizes.

6. Visual-
Inertial
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SLAM (VI-
SLAM)

Combining a camera
with an inertial
measurement unit
(IMU) provides
complementary
strengths: the IMU
handles high-frequency
motion and short-term
accuracy, while the
camera corrects for
drift and provides
absolute map
information. Visual-
inertial SLAM, or VI-
SLAM, is extremely
popular for drones,
smartphones, and
augmented reality
applications. Systems
like VINS-Mono and
ORB-SLAM3 maintain
tightly coupled fusion
inside a sliding window
fiter or a graph
optimization
framework. The IMU
also helps during rapid

rotations or textureless
scenes where visual
tracking fails.

CHALLENGES AND
LIMITATIONS
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Despite tremendous
progress, SLAM is far
from a solved problem.
Several key challenges
persist that
researchers continue
to address.

e Long-term
consistency:
Over hours or
days of
operation, drift
can accumulate
even with loop
closures.
Maintaining truly
persistent maps
requires
techniques like
lifelong SLAM
and change
detection.
Dynamic
environments:
Moving people,
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vehicles, or
objects violate
the static world
assumption
underlying most
SLAM algorithms.
Modern
approaches use
robust backend
optimization and
motion
segmentation to
filter out
dynamic
features.

e Perceptual
aliasing: Many
places may look
identical (e.g.,
industrial
corridors, forest
scenes), making
reliable loop
closure detection
difficult. Place
recognition
systems using
machine learning
(e.g., NetVLAD,
DBoW?2) help
reduce false
positives.

e Scalability:
While graph-
based methods
scale well, very
large maps
(hundreds of
kilometers)
require efficient
memory
management
and hierarchical
mapping
structures.

* Resource
constraints:
Small robots with
limited
computational
power and
battery life need
SLAM systems
that are both
accurate and
frugal.
Lightweight
visual-inertial
systems and
specialized
hardware are
part of the
solution.
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APPLICATIONS OF
SLAM IN MOBILE
ROBOTICS

SLAM has moved
beyond research and is
now an integral part of
many real-world
products and systems.

* Domestic
robots: Robotic
vacuum cleaners
like Roomba use
simplified SLAM
(often via
infrared sensors
or low-res
cameras) to map
homes and
navigate
efficiently.

e Autonomous
vehicles: Self-
driving cars use
LiDAR SLAM
combined with
GPS and HD
maps to achieve
centimeter-level
localization in
complex urban
environments.
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e Warehouse

logistics: Mobile
robots in Amazon
fulfillment
centers and
similar facilities
use SLAM to
navigate tight
aisles, avoid
obstacles, and
coordinate with
other robots.
Augmented
reality (AR): AR
headsets and
smartphones use
visual-inertial
SLAM to
understand the
user's
environment and
place virtual
objects
accurately in the
real world (e.g.,
Apple ARKit,
Google ARCore).
Search and
rescue: Aerial
drones and
ground robots
equipped with
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SLAM can
explore collapsed
buildings or
disaster zones
where GPS is
unavailable,
providing critical
situational
awareness.

¢ Underwater
and aerial
exploration:
Autonomous
underwater
vehicles (AUVs)
and drones use
sonar or LiDAR
SLAM to map
ocean floors,
coral reefs, or
forest canopies
without human
intervention.

FUTURE
DIRECTIONS

The field of SLAM
continues to evolve
rapidly. Three trends
are particularly
exciting:

e Deep learning
integration:
Neural networks
are being used
for feature
extraction, depth
estimation, place
recognition, and
even end-to-end
mapping.
Learned SLAM
systems can
handle
previously
challenging
scenarios like
low-texture
surfaces or
severe motion
blur.

e Semantic
SLAM: Instead of
building purely
geometric maps,
robots are
beginning to
populate maps
with semantic
labels (e.g.,
walls, doors,
chairs
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