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Figure 1: 3D Reconstruction and trajectory error on scene0054_-00 (ScanNet [12]). From left to right: RGB-D methods (iMAP [35],
NICE-SLAM [53], DROID-SLAM [41] and ours), ground truth scan, and monocular methods (DROID-SLAM [41] and ours).

Abstract

Neural implicit representations have recently demon-
strated compelling results on dense Simultaneous Localiza-
tion And Mapping (SLAM) but suffer from the accumula-
tion of errors in camera tracking and distortion in the re-
construction. Purposely, we present GO-SLAM, a deep-
learning-based dense visual SLAM framework globally op-
timizing poses and 3D reconstruction in real-time. Ro-
bust pose estimation is at its core, supported by efficient
loop closing and online full bundle adjustment, which op-
timize per frame by utilizing the learned global geometry
of the complete history of input frames. Simultaneously,
we update the implicit and continuous surface represen-
tation on-the-fly to ensure global consistency of 3D re-
construction. Results on various synthetic and real-world
datasets demonstrate that GO-SLAM outperforms state-of-
the-art approaches at tracking robustness and reconstruc-
tion accuracy. Furthermore, GO-SLAM is versatile and can
run with monocular, stereo, and RGB-D input.

1. Introduction

The demand for high-fidelity 3D object and scene re-
constructions grows continuously in various fields, includ-
ing robotics and augmented/virtual reality applications.
Thus, faithfully representing objects and scenes in three-

dimensional space is paramount to modelling them as con-
tinuous surfaces rather than discrete points. However, de-
spite the significant advancements in 3D reconstruction
techniques, obtaining high-quality representations in real-
time without compromising accuracy and spatial resolution
remains challenging. This fact is further demanding in on-
line reconstruction scenarios, where handling camera mo-
tions and achieving real-time performance are critical.

Dense visual Simultaneous Localization and Mapping
(SLAM) systems [28, 45, 32, 13, 46] have been intro-
duced recently, enabling real-time, dense indoor scene re-
constructions using RGB-D sensors. In particular, Bundle-
Fusion [13] is the first volumetric approach that focuses on
globally consistent 3D reconstruction on large-scale scenes
at a real-time rate. However, consumer depth sensors have
a limited working range [32, 12] and could yield extremely
noisy [27] measurements. This issues make the represen-
tation mapped by RGB-D SLAM suffer from blurring or
over-smoothed geometric details, degrading the accuracy
of pose estimation and reconstruction. In parallel, scene
reconstruction from monocular imagery is emerging as a
more convenient solution compared to RGB-D or LiDAR
sensors. Camera sensors are lightweight, inexpensive, and
represent the most straightforward configuration. Several
deep-learning approaches [38, 4, 11, 51, 39, 32, 41] have
advanced monocular 3D reconstruction. However, their sur-
face representations — point cloud, surfel-based and volu-
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metric representations — lack flexibility at shape extraction
and thus inhibit high-fidelity reconstruction.

More recently, the advent of Neural Radiance Fields
(NeRFs) also impacted dense visual SLAM, offering pho-
tometrically accurate 3D representations of the world.
The implicit representation yielded by continuous radiance
fields allows for high-quality rendering of both visible and
occluded regions, enabling extraction of the underlying
shapes at arbitrary resolution. Recent [35, 19, 53] and con-
current [20, 31, 9, 52] works demonstrate that NeRF-based
visual SLAM can yield precise 3D reconstructions and cam-
era pose estimation in small-scale scenes. However, due to
the lack of global online optimization, such as loop closure
(LC) and global bundle adjustment (BA), camera drift error
accumulates as the number of processed frames grows, and
the 3D reconstruction quickly collapses, as shown in Fig. 1.

Purposely, this paper introduces GO-SLAM, a deep-
learning-based SLAM system featuring on-the-fly, globally
consistent 3D reconstruction, facilitated by our robust cam-
era tracking and real-time implicit surface updates. As real-
world 3D scenes may be very complex, drifting cannot be
completely avoided by only locally tracking camera motion,
especially in the monocular camera setting, due to the lack
of explicit depth measurements. In addition to the local reg-
istration commonly performed by current SLAM systems,
we present an efficient loop closing to correct trajectory in
real-time, accompanied by an online full BA module to ac-
tively optimize the 3D geometry of the complete keyframes
history. In contrast to previous works performing BA or LC
with sparse visual features [26, 6, 13, 11], our end-to-end
global optimization procedure is naturally robust to chal-
lenging regions, thanks to richer features and geometry cues
(e.g., pixel-wise flow) learned by neural networks. Further-
more, GO-SLAM implements instant mapping based on a
neural implicit network with multi-resolution hash encod-
ing [24]. Its compact, multiscale representation enables up-
dating the 3D reconstruction at high-frequency according to
newly-optimized camera poses and depths from our global
optimization system, thus ensuring global consistency in the
dense map and capturing local details. Our contributions
can be resumed as follows:

* Anovel deep-learning-based, real-time global pose op-
timization system that considers the complete history
of input frames and continuously aligns all poses.

* An efficient alignment strategy that enables instanta-
neous loop closures and correction of global structure,
being both memory and time efficient.

* An instant 3D implicit reconstruction approach, en-
abling on-the-fly and continuous 3D model update
with the latest global pose estimates. This strategy fa-
cilitates real-time 3D reconstructions.

* The first deep-learning architecture for joint robust
pose estimation and dense 3D reconstruction suited for
any setup: monocular, stereo, or RGB-D cameras.

2. Related Work

Here, we review the literature relevant to our work.
Online 3D Reconstruction and SLAM. Real-time,
dense, and globally consistent 3D reconstruction is cru-
cial in the SLAM literature. As a core element for high-
quality reconstruction, the underlying representation can be
approximately categorized as depth point [25, 26, 6, 51,
, 4, 38, 11, 41], height map [17], surfel [32, 45] and
volumetric representation [28, 29, 13]. Especially some
of them [26, 6, 13, 32, 11], make an effort for globally
consistent reconstruction by implementing global BA and
LC systems. However, due to discrete and limited surface
representations (e.g., point-, surfel- or voxel-based), these
methods suffer from the accumulation of errors in cam-
era tracking and distortion in the reconstruction. DROID-
SLAM [41] achieves impressive trajectory estimations by
using neural networks to leverage richer context from im-
ages, yet it performs global bundle adjustment only offline,
at the end of camera tracking. However, for some challeng-
ing cases, it gets hard to eliminate the drift error with offline
refinement solely, as shown in Fig. 1, pointing out the im-
portance of online BA for on-the-fly drift correction.
NeRF-based Visual SLAM. Neural implicit fields
(NeRF) have recently emerged as one of the promising
and widely applicable methods for 3D representation, open-
ing up many new research opportunities including novel
view synthesis [23, 44, 43, 2, 3, 49, 36, 16, 24], multi-
view 3D reconstruction [8, 7, 37], and large-scale scene
reconstruction [42, 54, 21, 50, 30, 1, 48]. A common re-
quirement of these methods is the posed images. [22, 47]
tries to relax this constraint starting from imperfect cam-
era poses on small objects. More recently, using neural im-
plicit representation in visual SLAM [35, 53, 52, 31, 9, 20]
has achieved better scene completeness, especially for un-
observed regions, and it has also allowed for continu-
ous 3D modeling at arbitrary resolution. Two pioneer
works, iMAP [35] and NICE-SLAM [53], extend the neu-
ral implicit representation to RGB-D SLAM system, which
learns camera pose tracking and room-scale mapping from
scratch. Concurrent works [20, 52], by removing the re-
liance on depth sensor input, achieve visual SLAM when
only RGB sequences are available. Instead of naive pose
optimization with NeRF, Orbeez-SLAM [9] resorts to vi-
sual odometry from ORB-SLAM?2 [26] for accurate pose
estimation. However, the lack of many of the core capabili-
ties of modern SLAM systems, such as LC and global BA,
inhibits the ability of these methods to perform large-scale
reconstructions. Concurrent to our work, NeRF-SLAM [31]
integrates DROID-SLAM [41] for camera tracking. How-
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Figure 2: Architecture Overview. Our GO-SLAM framework consists of three parallel threads (a): front-end tracking
(including keyframe initialization and loop closing), back-end tracking, and instant mapping. The front-end tracking thread
uses the video stream as input and iteratively updates the pose and depth of the current frame while determining whether
it should be promoted as a new keyframe. Moreover, it also actively performs efficient loop closing (b). The back-end
tracking thread focuses on generating globally consistent pose and depth predictions through full bundle adjustment (c).
Simultaneously, instant mapping updates the 3D reconstruction on-the-fly according to the latest geometry changes.

ever, it also inherits its limitations, i.e., the absence of on-
line loop closing and full BA, which restricts its ability to
perform globally consistent 3D reconstruction.

3. Method

Our GO-SLAM framework, depicted in Fig. 2, uses
a keyframe-based SLAM paradigm to achieve real-time,
globally-consistent 3D reconstruction. This is made possi-
ble by the online drift-corrected pose tracking and instant
mapping capabilities of our system. By performing full
bundle adjustment and loop closing, pose optimization can
be carried out globally. Meanwhile, instant mapping adapts
to continuous changes in optimized global poses and depths.

3.1. Tracking with Global Optimization

Loop closing and global bundle adjustment are crucial
for robust pose estimation and long-term map consistency.
In this work, we extend the tracking component of DROID-
SLAM [41] by several key features. These enhancements
effectively reduce the drift and pave the way for a glob-
ally optimal map. In the front-end tracking, we initialize
a keyframe if sufficient motion is observed — there, we also
introduce LC — while the back-end is equipped with full BA
for online global refinement. Fig. 3 shows the effect of both
LC and BA on tracking and 3D reconstruction qualitatively,
correcting the large errors occurring in their absence.

Front-End Tracking. Our system takes as input a live
video stream, which can be either monocular, stereo, or
RGB-D, and applies a recurrent update operator based on
RAFT [40] to compute the optical flow of each new frame
compared to the last keyframe. If the average flow is larger
than a predefined threshold 7y;,.,, a new keyframe is cre-
ated out of the current frame and added to the maintained
keyframe buffer for further refinement.

We use the set of keyframes {KF} }7 </ created so far

to build a keyframe-graph (V, &) for performing LC. This
process involves two steps: (1) select high co-visibility con-
nections between the most recent Nj,.,; keyframes, and
(2) detect loop closures between local keyframes and his-
torical keyframes outside the local window. Accordingly,
we compute a co-visibility matrix of size Njpeqr X Ngp
between Nj,cq; local keyframes and all the Nxr created
keyframes to find valuable edge connections, as shown in
Fig. 2 (b). In practice, the co-visibility is represented by
the mean rigid flow between keyframe pairs using effi-
cient back-projection, and those with low co-visibility, i.e.,
mean flow larger than 7.,, are filtered out. Among lo-
cal keyframes — the red-borders sub-matrix in Fig. 2 (b) —
we build edges for keyframe pairs temporally adjacent or
with high co-visibility. To avoid redundancy, once an edge
connection (e.g., KF; <+KF;) is added to the keyframe-
graph, we suppress all possible neighboring edges between
{KF;} et and {KFy} 0! where 7ipear is a
hyper-parameter denoting a temporal radius. The loop de-
tection step is quite similar. We sample edges from the un-
explored part of the co-visibility matrix in descending or-
der of co-visibility and suppress neighboring edges with
radius 77,0p. More strictly, to accept a loop candidate,
we detect consecutively three loop candidates and validate
them if their mean flow is lower than 7.,. The value of
Tloop 15 determined empirically based on the observation
that keyframes within a local window observe almost the
same scene. We set 75p 1O Nigeal which allows for only
one loop closure between the recent local region and one
revisited region. In addition to the edge connections within
local keyframes, several extra loop edges can be added to
the keyframe graph depending on how many times the cur-
rent local region is revisited. In general, the number of
edges in the graph is linear to Nj,.q; With an upper-bound
Niocal X Niocai + few loop closures. Through neighbor-
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Figure 3: Qualitatives examples of LC and full BA on scene0054_00 (ScanNet [12]) with a total of 6629 frames. In (a), a
significant error accumulates when no global optimization is available. With loop closing (b), the system is able to eliminate
the trajectory error using global geometry. Additionally, online full BA optimizes (c) the poses of all existing keyframes. The
final model (d), which integrates both loop closing and full BA, achieves a more complete and accurate 3D model prediction.

hood suppression and co-visibility filtering, we further limit
the number of edges in the keyframe-graph to0 scqge - Niocals
so that the efficiency of optimization of the entire keyframe
graph, i.e., the whole front-end tracking, can be further en-
sured.

Afterward, we use the differentiable Dense Bundle Ad-
justment (DBA) layer proposed in [41] to solve a non-linear
least squares optimization problem over the cost function in
order to correct the camera pose G € SFE(3) and inverse
depthd € ]Rf *W of each keyframe in the keyframe-graph:

BG.d)= Y [ph - LGy oI (prd)] .
(i.4)€€
M

where (i,7) € & denotes any edge in keyframe-graph,
II. and TI;! are the projection and back-projection func-
tions, p; is the back-projected pixel position from keyframe
KF;, G;; is the pose transformation from KF; to KF;,
p;; and w;; are estimated flow and associated confidence
map, ¥;; = diagw;; and ||-||s; is the Mahalanobis dis-
tance which weights the error terms based on the confidence
weights w;;. The cost function allows the update of cam-
era poses and dense per-pixel depth to maximize their com-
patibility with flow p;; predicted by the recurrent update
operator. For the sake of efficiency, we only compute the
Jacobians with respect to the depths and poses of the local
keyframes. After computing residuals and Jacobians at each
iteration, a damped Gauss-Newton algorithm is applied to
find the optimal poses and depths of all local keyframes.
Back-End Tracking. Simultaneously optimizing over-

all historical keyframes can be computationally expensive,
as observed in [206, 6, 41]. To address this issue, we follow
a similar approach as previous SLAM algorithms [26, 6]
by running the full BA online in a separate thread, allow-
ing the system to continue tracking new frames and loop
closing. Similarly to the proposed front-end tracking, we
start a new keyframe-graph and insert keyframe pairs with
high co-visibility, as well as temporal adjacent keyframes,
as shown in Fig. 2 (c). When a new edge is built, we sup-
press the redundant neighboring edges with radius 7g;opq1-
As the trajectory error of the latest keyframes has been cor-
rected with global geometry featured by loop closing, it
eases the real-time requirement for the full BA. Our pro-
posed full BA is efficient up to tens of thousands of input
frames, as shown in Fig. 4.

3.2. Instant Mapping

The proposed instant mapping aims at updating the
global 3D reconstruction in real-time by incorporating
newly-optimized geometry from tracking. However, this
goal presents two challenges for the mapping thread: 1)
ensuring that the updated reconstruction remains globally
consistent, and ii) enabling fast rendering of the recon-
structed scene. Updating all existing keyframes at once is
the simplest approach to ensure global consistency, but it
can quickly become impractical as the number of keyframes
increases. Therefore, it is crucial to prune the keyframe can-
didates for updating selectively. Additionally, high-speed
rendering of the scene is necessary to meet real-time re-
quirements. To achieve these goals, we introduce our novel
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Figure 4: Number of unoptimized keyframes at each
timestamp with full BA. Experiment on scene0054_00
(ScanNet [12]) with 6629 frames (357 total keyframes).

keyframe selection strategy and discuss our use of spatial
hashing [24] and rendering networks in the remainder.

Keyframe Selection. At the beginning of each update
of the 3D reconstruction, the instant mapping thread first
takes a snapshot of all existing keyframe poses and depths
tracked, to ensure that the geometry remains consistent dur-
ing the mapping period. For keyframe selection, we pri-
oritize those with the most relevant optimization updates,
following the principle established by previous works [13].
Firstly, we ensure that the latest two keyframes and those
not optimized by mapping are always included. In addi-
tion, following [13], we sort all keyframes in descending
order of pose difference between the current and last up-
dated state and select the top 10 keyframes from the sorted
list when accessing. Furthermore, to prevent the mapping
from forgetting previous 3D geometry, we also select 10
keyframes using a stratified sampling [23] from all the avail-
able keyframes.

Rendering. Drawing inspiration from the recent ad-
vancements in implicit neural network techniques [23] —
Instant-NGP [24] in particular — we can construct 3D
models from scratch with remarkable speed and accuracy.
Specifically, given depth D (converted from inverse depth
d), pose G, and image I for each selected keyframe, we
randomly select M pixels for training. We then generate
Nray = Nstrat + Nimyp total sampling points along the
emitted ray crossing each pixel, where Ng;.q¢ points are
sampled using stratified sampling and N, points are se-
lected near the depth value following [53]. For each 3D
sampling point x, we map it to multi-resolution hash en-
codings [24] he, ., (x) with trainable encoding parameters
Onash ateach entry of the hash table. As the hash encodings
he,,., (x) have explicitly stored the geometric and inten-
sity information for each spatial position, we can predict a
signed distance function (SDF) ®(x) and color £2(x) using
shallow networks.

More specifically, our SDF network feo o which con-

sists of a single multi-layer perceptron (MLP) with learn-
able parameters O 4y, takes the point position x and corre-
sponding hash encodings he,,., (x) as input and predicts
the SDF as:

(I)(X)’ g= fesdf (Xv he .. (X))a ()

with g being the learned geometry feature vector. The color
network fo_,, . processes g, x and the gradient of SDF n
with respect to x to estimate color §2(x) as

Qx) = foru,. (x,1,8). 3)

where O, is the set of learnable parameters of the color
network, i.e., a two-layers MLP.

The depth and color of each pixel/ray are calculated by
unbiased volume rendering following NeuS [43]. Specifi-
cally, for point x;, ¢ € {1,---, Nyq,} along a ray, given
the camera center o, view direction v, and sampled depth
D, it can be formulated as x; = o + D;"Yv. At the
same time, the unbiased ray termination probability at this
point is modeled as w; = aiH;;ll (1 —«; ), where the opac-
ity value «; is computed as:

o = e (220~ oBCs1) )
o(®(xi))
where ¢ is the modulated Sigmoid function [43]. With the

weight w, the predictions of pixel-wise color ¢ and depth D
are accumulated along the ray:

“)

ray 7ay

Z Q(x;), D= qu DI, 5)

O>

Training Losses. To optimize the rendering networks,
taking keyframe image I and depth D as ground truth, the
RGB and depth losses L. and L., imposed on the selected

M pixels are L. = 57 foil |cm — €m|, cm € Tand

Edep Z |D (6)

m 1 A /Dvar

respectively, with D% = va’fy w; (D, — D;'%)? being
the predicted depth variance used for down- welghtlng un-
certain regions in the reconstructed geometry [35, 53]. Fur-
thermore, we also introduce regularization to the predicted
SDF, following [30, 42]. Specifically, to encourage the gra-
dient of SDF to unit length, we adopt the Eikonal term [ 8]:

Lezk MN Z

T i

Hnan| @)

Besides, to supervise the SDF for accurate surface recon-
structions, we approximate the ground truth SDF of sam-
pling point x; by computing its distance to the keyframe’s
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| 360 desk desk2 floor plant room 1py teddy xyz | avg fri/desk fr2/xyz fr3/office
ORB-SLAM2[26] | X 0071 X 0023 X X X X 0010 Kintinuous[?5] 0037 0029  0.030
ORB-SLAM3 [6] X 0017 0210 X 0034 X X X 0.009 BAD-SLAM[32] 0017 0011 0017
DeepV2D [39] 0243 0.166 0379 1.653 0203 0246 0.105 0316 0.064 | 0.375 ORB-SLAM2[26] 0016 0004  0.010
DeepFactors [11] | 0.159 0.170 0253 0.169 0305 0364 0043 0601 0.035 | 0.233 iMAP [35] 0049 0020 0058
DROID-SLAM [41] | 0.111 0018 0042 0.021 0.016 0049 0026 0.048 0012 | 0.038 NICE-SLAM [53] ~ 0.027 0018  0.030
Ours | 0.089 0016 0.028 0025 0026 0052 0019 0.048 0010 | 0.035 GO-SLAM (ours)  0.015  0.006  0.013

Table 1: ATE[m] on the TUM RGB-D [

] benchmark. The left table shows the results of monocular SLAM on sequences

from the freiburgl set. The right one reports the accuracy for RGB-D SLAM on sequences from freiburgl, freiburg2 and

freiburg3 respectively. ‘X’ denotes tracking failure, ‘-’ no available data. Results of monocular SLAM [26, 6, 39, 11,

RGB-D SLAM [28, 32, 26, 35, 53] are taken from [41] and [

depth D,,, i.e., b(x;) = D,, — D;?f For SDF learn-
ing, we have |®(x;)| < |b(x;)|, Vx;. To satisfy this bound,
for near-surface points (|b(x;)| < Ttrune, Where Teryne 18
a hyper-parameter denoted the truncation threshold, set to
16¢cm), the SDF loss is defined as L,,cq, = |P(x;) —b(x;)],
while for elsewhere, i.e., free space, we apply a relaxed loss:

[’free = Inax (e_ﬁq)(Xi) -1, q)(Xz) - b<xi)a O) ()
where [ is a hyper-parameter to apply a penalty when the

predicted SDF ®(x;) is negative in free space. Therefore,
our full SDF loss is defined as:

1 »Cnear
MN, Z { ACfree

ra .
Y m,i

if ‘b(xz)| S Ttrunc
otherwise.

Lgap = &)

Our instant mapping thread continuously optimizes the
scene reconstruction over all sampled pixels of all selected
keyframes. Specifically, for each set of selected keyframes,
we run the mapping process for a fixed number N, of
iterations. Our total loss is defined as:

L= Ac'Cc + )\depﬁdep + )\eik‘ceik + Asdf'csdfa (10)

with L¢, Liep, Leik, and Lgqp being loss balance weights.
Given the pose and depth of each selected keyframe, our
mapping thread directly uses them without refinement since
our full BA and LC have exploited the global geometry to
optimize both, being naturally robust in handling occluded
regions and back faces.

4. Experimental Results

This section investigates our experimental evaluation, in-
cluding implementation details, datasets, and key findings.

4.1. Implementation Details

Our system runs on a PC with a 3.5GHz Intel Core
i9-10920X CPU and an NVIDIA RTX 3090 GPU. For
tracking, we utilize pre-trained weights from DROID-
SLAM [41], whereas the rendering networks are trained

] and
] respectively.

from scratch. The experiments are performed with the
following default settings unless otherwise specified: lo-
cal window size Nj,.qi = 25 for RGB-D and stereo in-
put, Nioeqr = 50 for monocular mode, neighboring radius
Tlocal = 1, Tglobal = 5, co-visibility threshold 7., = 25.0,
the factor used to constrain the maximum allowed edge
Sedge = 8, sampling points along a ray Ngirqt = 24,
Nimp = 48, pixel samples M = 200, penalty parame-
ter B = 5.0, iterations Nz, = 2, and the loss weights
Ae = 1.0, Agep = 1.0, Aeir; = 0.1, Agqr = 1.0. The mesh
reconstruction of a scene is achieved by running marching
cubes on the SDF values of the queried points. The supple-
mentary material provides more details about SLAM con-
figuration and also qualitative results on various datasets.

4.2. Datasets

We evaluate our GO-SLAM system on several datasets
with different input modalities, including the TUM RGB-D,
EuRoC, ETH3D-SLAM, ScanNet, and Replica. The TUM
RGB-D benchmark [34] is a small-scale indoor dataset with
accurate ground truth obtained from an external camera mo-
tion capture system. The EuRoC dataset [5] contains 11
indoor stereo sequences recorded from a micro aerial vehi-
cle (MAV). The ETH3D-SLAM dataset [32] provides real-
world RGB-D image sequences captured with synchronized
global shutter cameras. The ScanNet dataset [12] features
richly annotated RGB-D scans of real-world environments,
including challenging short and long trajectories. Finally,
the Replica dataset [33] provides high-fidelity 3D models
of photo-realistic indoor scenes, enabling us to assess the
reconstruction performance of our approach. For TUM
RGB-D, EuRoC, and ETH3D-SLAM, images are resized
to 384 x 512 resolution, while 240 x 320 and 320 x 640 for
ScanNet and Replica datasets, respectively.

4.3. Evaluation Metrics

Following the common protocol in the SLAM literature
[53, 26, 41], we evaluate the estimated trajectory by align-
ing it to the ground truth and then calculating the cam-
era pose accuracy based on the Absolute Trajectory Error
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| MHOI MHO2 MH03 MHO04 MHO5 | VIOl V102 V103 | V201 V202 V203 | Avg V103 V202 V203
ORB-SLAM2[26] | 0.035 0018 0028 0.119 0060 | 0.035 0.020 0.048 | 0.037 0035 - - ORB-SLAM3 [6] 0037 0022 X
SVO[15] 0.040 0070 0270 0.170  0.120 | 0.040 0.040 0.070 | 0.050 0.090 0.790 | 0.159 DSO [14] 0903 0.132 1152
ORB-SLAMS3 [6] 0.029 0019 0024 0085 0052 | 0.035 0025 0061 | 0.041 0028 0521 | 0.084 DROID-SLAM [4]] 0020 0.013  0.014
DROID-SLAM [41] | 0.015  0.013 0035 0048 0.040 | 0.037 0.011 0.020 | 0.018 0.015 0.017 | 0.024 Liet al. [20] X 0178 X
Ours | 0016 0014 0.023 0.045 0045 | 0.037 0.011 0.023 | 0.016 0.010 0.022 | 0.024 GO-SLAM (ours) ~ 0.018 0.011 0.017

Table 2: ATE [m] on the EuRoC dataset [5]. In the left table, the results of all methods were obtained by running them on
stereo video. In the right table, we report the trajectory error of monocular SLAM. ‘X’ denotes tracking failure. Results of
[26, 6, 15,41, 14] and [20] are adopted from [4 1] and [20] respectively.
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Figure 5: Qualitative results. Top: V1_02_Medium (Eu-
RoC), bottom: Helmet (ETH3D). DROID-SLAM [41] re-
constructions obtained with TSDF-Fusion [10].

(ATE) RMSE. The reconstruction metrics include Accuracy
[em], Completion [cm], Completion Ratio [< 5cm %], and
F-score [< 5cm %]. For the evaluation, we remove regions
not observed by any camera. Furthermore, using ground
truth trajectory for depth rendering, we evaluate the Depth
L1 metric [53] by computing the absolute error between
rendered depths from estimated and ground truth meshes.

30 | —— Ours: AUC 33.12

—— DROID-SLAM: AUC 32.84
—— BAD-SLAM: AUC 30.89
—— ORB-SLAM2: AUC 17.84
—— ElasticFusion: AUC 2.69
—— BundleFusion: AUC 2.59

N
=3

# Successful Datasets

0.75 1.00

ATE RMSE [cm]

Figure 6: RGB-D ETH3D-SLAM test benchmark. Num-
ber of successful trajectories (y-axis) as a function of the
ATE RMSE (x-axis). Maximum ATE RMSE: 2cm. Results
by published SLAM systems [41, 32, 26, 45, 13] and ours.

4.4. Comparison with state-of-the-art SLAM

Here, we evaluate GO-SLAM in synthetic and real-
world scenarios and compare it to state-of-the-art SLAM
systems in monocular, stereo, and RGB-D settings.

TUM RGB-D (Monocular & RGB-D). In this dataset,
we compare with monocular and RGBD SLAM systems.
In Tab. 1 (left), we focus on the former methods: traditional
SLAM [26, 6] with point-based representation fails on cam-
era tracking on most of the challenging sequences. Among
all deep-learning-based methods [39, 11, 41], GO-SLAM
with online LC and full BA achieves the lowest average tra-
jectory error. Furthermore, following [53], we also evaluate
our method on RGB-D input. Tab. 1 (right) illustrates the
clear superiority of our pose estimation compared to recent
NeRF-base RGB-D SLAM [35, 53], effectively shrinking
the gap with traditional SLAM systems.

EuRoC (Stereo & Monocular). Tab. 2 (left) shows
the camera trajectory error of GO-SLAM for all stereo se-
quences compared to stereo SLAM methods. While exist-
ing systems based on neural implicit representation are de-
signed for monocular [52, 20, 31, 9] or RGB-D [35, 53]
input only, our method predicts trajectories comparable to
state-of-the-art stereo SLAM [26, 6, 15, 41], while also
producing globally dense and consistent 3D reconstruc-
tion, as shown in Fig. 5. Compared to the noisy result of
DROID-SLAM with several holes and floating points, GO-
SLAM produces a more complete, smoother surface and a
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Scene ID 0000 0054 0233 0465 ‘ 0059 0106 0169 0181 ‘ Av
# Frames 5578 6629 7643 6306 ‘ 1807 2324 2034 2349 ‘ &
iMAP* [35] 55.95 70.11 86.42 85.03 32.06 17.50 70.51 32.10 56.21
a NICE-SLAM [53] 8.64 20.93 9.00 2231 12.25 8.09 10.28 12.93 13.05
8 DROID-SLAM [41] (VO) 8.00 29.28 6.75 11.37 11.30 9.97 8.64 7.38 11.59
&~ DROID-SLAM [41] 5.36 8.89 4.90 8.32 7.72 7.06 8.01 6.97 7.15
Ours 5.35 8.75 4.78 8.15 7.52 7.03 7.74 6.84 7.02
ORB-SLAM3 [6] 73.93 243.26 25.01 181.86 90.67 178.13 60.15 104.93 119.74
g DROID-SLAM [41] (VO) 11.05 204.31 71.08 117.84 67.26 11.20 16.21 9.94 63.61
§ DROID-SLAM [41] 5.48 197.71 72.23 114.36 9.00 6.76 7.86 7.41 52.60
Ours 5.94 13.29 5.31 79.51 8.27 8.07 8.42 8.29 17.59

Table 3: ATE[cm] on ScanNet dataset [

]. For DROID-SLAM [

], we also report results for the visual odometry (VO)

variant, which does not include the final global bundle adjustment. Results of iMAP* and NICE-SLAM are from [53].

RGB-D | Mono.

iMAP* [35] NICE-SLAM [53] Ours | Orbeez-SLAM [9] NeRF-SLAM [31]f DROID-SLAM [4]] Lieral [20] NICER-SLAM[52]} Ours
ATE RMSE[cm] | - 1.95 034 | 0.42 0.46 1.88 0.39
Depth L1[cm] | 7.64 353 338 | 11.88 449 - - - 4.39
Accem] | 6.95 2.85 2.50 5.03 4.03 3.65 3.81
Comp.[cm] | 533 3.00 3.74 8.49 4.20 4.16 4.79
Comp. Ratio[<Sem %]|  66.60 89.33 88.09 64.72 79.60 79.37 78.00
Avg. FPS 1 10 <1 8 | ~20 10 21 3 <1 8

Table 4: Reconstruction results and ATE[cm] on the Replica dataset (average over 8 scenes). The results of iIMAP* [35]

are adopted from NICE-SLAM [
concurrent works yet unpublished.

Sampling Strategy | Avg.

Latest Stratified Top-Ranked ‘ F-score 1
v X X 49.55
v 4 X 83.13
v v 4 85.56

Table 5: Impact of keyframe selection. We report average
F-score achieved by different sampling strategies.

cleaner reconstruction. In the Tab. 2 (right), we also report
the results of monocular SLAM. Specifically, NeRF-based
SLAM [20] without online BA fails in most cases, while
our approach gives accurate predictions in all sequences.

ETH3D-SLAM (RGB-D). The ETH3D-SLAM dataset
provides a public online leaderboard for RGB-D SLAM
evaluation. The results in Fig. 6 demonstrate the signif-
icant advantage of our deep-learning-based method over
published RGB-D SLAM systems with point- [26], surfel-
[32, 45] or voxel-based [13] representations. Similarly to
our approach, BundleFusion [13] targets globally consis-
tent reconstruction. However, its pose estimation is highly
susceptible to errors, resulting in inferior reconstruction as
shown in Fig. 5, whereas our method yields smoother re-
construction with photometrically convincing rendering.

ScanNet (Monocular & RGB-D). For an exhaustive

evaluation, we test SLAM methods on both short (se-
quences with less than 5000 frames) and long, complex se-

], while results for other methods are taken from the respective original papers. I denotes

quences. Tab. 3 shows that, although DROID-SLAM [41]
performs well on short sequences and RGB-D inputs, its
accuracy drops dramatically when processing longer se-
quences in the monocular setting, even performing a final
global bundle adjustment. In contrast, GO-SLAM consis-
tently yields the best results, thanks to online loop closing
and full BA. Furthermore, as anticipated in Fig. 1, due to
the absence of global optimization to eliminate the accumu-
lated trajectory error, NeRF-based SLAM, e.g., IMAP, and
NICE-SLAM [53] provide significantly poorer results for
pose estimation and 3D reconstruction.

Replica (Monocular & RGB-D). Finally, Tab. 4 shows
pose and reconstruction performance achieved by GO-
SLAM on the Replica dataset [33]. Our system achieves
comparable accuracy with respect to existing RGB-D meth-
ods [53] and concurrent monocular [52, 20] ones. How-
ever, none of the latter runs in real-time, whereas GO-
SLAM achieves a frame rate of 8 FPS with maximum GPU
memory consuming 18 GB. Although iMAP [35] alone
can achieve a similar speed as GO-SLAM (10 FPS), it
yields much worse results. In particular, close to ours,
NeRF-SLAM [31] is a concurrent, monocular SLAM sys-
tem based on DROID-SLAM [41], running at nearly 10
FPS. However, their system lacks BA, which GO-SLAM
provides. Moreover, NeRF-SLAM and Orbeez-SLAM [9]
lack dense 3D reconstruction results, limiting the compari-
son. We can only compare on depth rendering quality, for
which GO-SLAM achieves better results.
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Lo Laep Lsqp  Leik ‘ Avg. F-score 1
v X X X 34.64
v v X X 83.50
v X v X 84.00
v v v X 84.83
v v v v 85.56

Table 6: Impact of single losses. We report average F-score
achieved with different losses configurations.

Skipping Avg. Avg. ATE
Frames Speedup F-score T RMSE [cm] |
None 1x 85.56 7.02
12 2x 84.67 7.08
3/4 4x 84.80 7.16
7/8 8% 84.41 7.28

Table 7: Impact of frames skipping. We report average
F-score and ATE when running in real-time.

4.5. Ablation Study

We conclude by studying the impact of the novel designs
in the proposed GO-SLAM with RGB-D input.

Keyframe Selection. In Tab. 5, we investigate the im-
pact of different keyframe selection strategies by comput-
ing the mean F-score in eight sequences of the Replica
dataset [33]. The experimental results prove that updating
the 3D model with the latest keyframes or stratified sam-
pling is not sufficient to obtain the best results. Monitoring
the pose and depth of each frame continuously and updating
the 3D model according to the largest change is crucial for
globally consistent reconstruction.

Losses. Tab. 6 evaluates on Replica the effectiveness of
each loss term. Results show that the RGB loss alone can-
not lead to satisfying results. Geometric supervision, such
as depth or SDF loss, provides similar accuracy while inte-
grating all terms produces the best results.

Skipping frames to run in real-time. Tab. 7 shows our
GO-SLAM accuracy when skipping RGB-D frames to run
at 2x,4x,8x speed. Remarkably, both mapping accuracy
(avg. F-score on Replica [33]) and tracking performance
(avg. ATE RMSE on ScanNet [12]) only experience min-
imal degradation, proving that GO-SLAM is 1) robust to
large view changes and 2) ready for real-time usage.

Loop Closing and Full BA. Finally, we study the im-
pact of our efficient loop closing and online full BA on
eight scenes of ScanNet [|2]. Our baseline DROID-SLAM
(VO) [41] (without LC and Full BA) achieves high speed
but suffers from a large trajectory error, as shown in Tab. 8.
Our efficient LC significantly reduces drift with negligible
speed reduction. Introducing Full BA slows down GO-
SLAM, but improves global pose estimation significantly.

Avg. ATE RMSE [cm] | avg. FPS 1

w/o LC & w/o Full BA 11.59 30
w/ LC 8.83 20

w/ Full BA 7.11 12

w/ LC & w/ Full BA 7.02 10

Table 8: Impact of loop closing and full BA. We report
average ATE and FPS with/without our main contributions.

Method CPU Processing  GPU Consuming ~ Avg. Comp.
Frequency [GHz] Memory [G]| FPST Ratio[<5cm %] 1

iMAP* [35] 3.80 10.13 10 66.60

NICE-SLAM [53] 3.80 11.72 <1 89.33

DROID-SLAM [41] 3.50 14.34 21 70.52

Ours 3.50 15.63 8 88.09

Table 9: Hardware requirements and performance. All
results are obtained by running on NVIDIA RTX 3090 GPU
and Replica dataset [33] with RGB-D input.

Finally, our full system integrating LC and full BA achieves
the best results in pose estimation and 3D reconstruction
(see Fig. 3), while enabling real-time performance.

4.6. CPU/GPU Requirements.

We conclude by measuring hardware requirements on
the Replica dataset [33]. In Tab. 9 we present several met-
rics including CPU requirements, maximum GPU memory
consumption, average frames per second, and final accu-
racy, showcasing the performance of various SLAM algo-
rithms during the reconstruction of an entire scene. Specifi-
cally, our SLAM system stands out by achieving an optimal
balance between CPU/GPU requirements and SLAM per-
formance, combining high accuracy with speed.

5. Conclusions

We introduced a novel, real-time deep-learning-based
SLAM algorithm that achieves globally consistent recon-
struction with monocular, stereo, or RGB-D input. Our
approach explicitly detects loop closures and performs on-
line full BA to minimize trajectory error. Based on NeRF,
our 3D reconstruction provides an efficient, compact, and
multi-resolution representation. Moreover, our approach
continuously updates the dense 3D reconstruction to adapt
to the newly-optimized global geometry at high frequency.
Our experiments demonstrate the algorithm’s robustness in
reliably tracking and densely mapping even in large-scale
scenes, especially on long monocular trajectories with no
depth information, achieving state-of-the-art performance
on various datasets.
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