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Abstract

A long-standing concern with GPS-based location sensing is its
vulnerability to satellite signal loss. This may arise from adversar-
ial attacks or natural causes such as urban canyons. Today, there
are no real alternatives to GPS for providing absolute global co-
ordinates. We address this concern by introducing TerraSLAM, a
new global positioning system that uses a 3D GIS model to bridge
relative and absolute coordinate systems, thereby enhancing visual
SLAM to function as a global positioning solution. TerraSLAM of-
fers localization accuracy and efficiency comparable to GPS-RTK
even in GPS-denied settings. Extensive evaluation on drone lo-
calization scenarios shows that TerraSLAM achieves an average
global positioning accuracy of 0.21m and a 99th percentile within
0.67m, outperforming advanced GPS solutions by over 70% (0.72m)
and 80% (3.62m). Additionally, when integrated with ORB-SLAM3,
the localization latency per frame is 16.7ms, achieving a 60% re-
duction compared to the baseline of 41.3ms. Code is available at
https://github.com/cmusatyalab/TerraSLAM.
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1 Introduction

The Global Positioning System (GPS[1]) and related Global Naviga-
tion Satellite Systems (GNSS!), like BeiDou[2] and Galileo[3], pro-
vide essential global and absolute geospatial coordinates—longitude,
latitude, and altitude (Fig.1(a))—that are foundational for modern
industries such as aviation, maritime, and transportation[1]. Today,
numerous autonomous devices like drones, robots, and vehicles

IFor simplicity, we use GPS to represent GNSS solutions in this work.
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Table 1: Overall System Performance Comparison

Accuracy (m) Latency (ms) Global Coordinates

Solution
Mean P99 Mean P99 Normal GPS-Denied
GPS 3.77 10.61 <10 <10
DGPS 0.72 3.62 10-15 10-15

RE[14, 15] 05-1 23 10-20  20-30
Radar[16,17] 0.1-05 1-2  20-30 30-40
SLAM[18-20] 0.1-0.5 1-2  30-50 60-80
TerraSLAM 021  0.67 167 319
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Ground truth from GPS-RTK with post-processing[21].

need GPS for tasks like surveying[4], disaster response[5], and
autonomous driving[6], all of which require precise and reliable
global geospatial coordinates for navigation.

However, as demonstrated in Table 1, GPS frequently encoun-
ters localization errors over 10 meters in environments like urban
canyons or dense foliage, failing to meet the precision demands
of autonomous technologies[7-9]. While differential GPS (DGPS)
and real-time kinematics (RTK) enhance accuracy, they rely on
densely pre-deployed ground stations, increasing costs and lim-
iting universality[10, 11]. In scenarios like military zones where
satellite services are typically attacked and denied, devices cannot
receive GPS signals, rendering all GPS-related technologies ineffec-
tive. Generally, GPS unreliability and denial are escalating issues,
impacting a wide range of areas and technologies[1, 12, 13].

As alternative localization solutions for mobile devices, a broad
spectrum of systems based on RF signals[14, 15, 22-24], radar[16, 17,
25, 26], and vision[8, 27-29] have recently emerged. Among them,
visual Simultaneous Localization and Mapping (SLAM), noted for
its precision and minimal sensor dependency (i.e., only a monocu-
lar camera), has become pivotal in drone flight control and robotic
operations[30-32]. As shown in Fig.1(b), SLAM processes continu-
ous image sequences to determine the camera’s pose and generate
an environmental model (i.e., a set of 3D map points)[18-20].

Unfortunately, these technologies merely provide coordinates
within user-specified, relative, and local coordinate systems, rather
than geospatial, absolute, and global ones like GPS. For instance,
SLAM yields relative locations based on the camera’s initial frame[30].
To pursue global coordinates, they inevitably depend on GPS; hence
still face GPS shortcomings. We therefore ask:

“As computer vision techniques—particularly visual SLAM—rapidly
advance, how can we transform SLAM from local positioning into a
global localization method comparable to GPS?"

In this work, we answer this question and demonstrate that
SLAM'’s advanced capabilities can enable mobile devices to locate
in geospatial space. Recent advancements in 3D geographic infor-
mation system (GIS) present the key opportunity. 3D GIS services
are extensively leveraged in urban planning, industrial inspection,
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(a) GPS Global Coordinates (b) SLAM Local Coordinates

(c) 3D GIS Model
Figure 1: TerraSLAM is the rst work exploiting (c) to bridge
the gap between (a) and (b).

and agriculture to visualize geospatial data with 3D models, en-
hancing user interaction and improving property management
e ciency[ 33 34. Prominent platforms like Google EartBf and
ArcGIS[36] showcase the wide coverage of GIS services.

Our key insight is illustrated in Fig.1. As shown, most points
in 3D GIS models possess global geographic coordin@®4sAd-
ditionally, these models can align with point clouds generated by
SLAM to calculate a coordinate transformation matrix. Such a dual
linkage provides the connection between local SLAM and global
GPS coordinates (detailed in Y4.1). However, translating the insight
into a practical system and elevating visual SLAM to a general-
purpose localization service on par with GPS face two challenges.

Extreme heterogeneity between SLAM and GIS models. Envi-
ronmental point clouds generated by SLAM and those from 3D GIS
models exhibit signi cant di erences in density, scale, and orienta-
tion. Additionally, those pre-established GIS models are frequently
outdated across various regions. Creating a transformation matrix
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global coordinates with accuracy and e ciency comparable to GPS-
RTK, especially in GPS-denied environments. TerraSLAM contains
two key plug-in modules, as described below.

Firstly, we introduce é&semantic-based World Alignmérame-
work to align 3D environmental point clouds from SLAM with
those from the GIS model with semantic information assistance.
On this basis, we calculate a transformation matrix that converts
localization results from local to global coordinates (Y4); Secondly,
we propose dlierarchical SLAM Acceleratistrategy, which en-
compasses a suite of methods designed to speed up SLAM, while
maintaining high accuracy (Y5).

We have applied TerraSLAM to drone localization scenarios,
evaluating its capability to obtain geospatial coordinates in various
environments. Table 1 presents the overall performance compari-
son of TerraSLAM relative to current practices. The experiments
involved over three hours of drone ight data, capturing more than
360,000 video frames. Evaluation results show that TerraSLAM
achieves an average localization accuracy of €.2dth a 99% tail
accuracy of 0.67, improving accuracy by 71% and 81% over main-
stream DGPS, respectively. Additionally, TerraSLAM reduces the
average frame processing delay to 16.7ms, a 60% decrease compared
to the original ORB-SLAMS3.

In summary, this paper makes the following contributions.
1® We propose TerraSLAM, the rst system to elevate SLAM out-
puts from constrained, human-de ned local coordinates to univer-
sal, global coordinates even in GPS-weak or denied environments.
188 We show that GIS models can bridge SLAM and GPS coor-
dinates. We further propose two plug-in modules for a practical
system that makes the accuracy and e ciency of TerraSLAM com-
parable to GPS-RTK.
1888We deploy TerraSLAM in drone localization scenarios, and
present extensive evaluation results to demonstrate its superior
performance.

2 Background and Related Work

2.1 Localization Services

GPS and related GNSS localization services are vital for navigation
and mapping, using trilateration from three or more satellites to
determine positions. However, inaccuracies often arise from atmo-
spheric delays a ecting satellite signatf| Di erential GPS (DGPS)

between such heterogeneous point clouds is generally regarded as reduces errors by referencing ground-based or cellular statidrgh [

an NP-hard problenf}, 37 and traditional Iterative Closest Point
(ICP) based solutions [38] fail to address these discrepancies.

Considerable discrepancies in SLAM and GPS localization
latency. As avisual-based technique, SLAM achieves high-precision
localization via computationally intensive methods for local and
global location optimizationBl, 3. On mobile devices, this of-
ten exceeds 4@ per frame, paling in comparison to GPS chips
which can operate at over 60Hz (18B). Such ine ciency also
hinders SLAM from replacing GPS, in services requiring frequent
localization, like drone ight control[39, 40].

We tackle the above challenges and propdseraSLAM, the
rst system to elevate visuaSLAM, originally a local positioning
technology, to deliver global geospatidldrra-) coordinates by
fully leveraging the GIS model as a bridge. TerraSLAM can deliver

GPS Real-Time Kinematic (RTK) achieves centimeter-level preci-
sion via carrier phase enhancement and, when raw data is fur-
ther post-processed, can reach sub-centimeter accutaltyRecent
enhancements use lters to optimize DGPS exploiting historical
trajectoriesp]]. However, all these methods rely heavily on GPS
signals and falter in satellite denial scenarios[1, 12, 13].

As sensors proliferate on mobile devices, diverse localization
technologies employing inertial measurement units (IM43[ 44,
radio frequency (RF) signalkf, 15 23 24, 45 46, visual images8,

27 29 47, millimeter-wave radarlL6 25 26, and LiDARE8 5]

have developed, achieving accuracy down to sub-meter and cen-
timeter levels. RF-Di usionb? establishes a time-frequency di u-
sion theory, and proposed the rst generative di usion model for
RF sensing and localization with millimeter-level accuracy. How-
ever, these methods provide locations only within local rather
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