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Abstract. 3D surface reconstruction from multi-view images is essential
for scene understanding and interaction. However, complex indoor scenes
pose challenges such as ambiguity due to limited observations. Recent im-
plicit surface representations, such as Neural Radiance Fields (NeRFs)
and signed distance functions (SDFs), employ various geometric priors to
resolve the lack of observed information. Nevertheless, their performance
heavily depends on the quality of the pre-trained geometry estimation
models. To ease such dependence, we propose regularizing the geometric
modeling by explicitly encouraging the mutual information among sur-
face normals of highly correlated scene points. In this way, the geometry
learning process is modulated by the second-order correlations from noisy
(first-order) geometric priors, thus eliminating the bias due to poor gen-
eralization. Additionally, we introduce a simple yet effective scheme that
utilizes semantic and geometric features to identify correlated points, en-
hancing their mutual information accordingly. The proposed technique
can serve as a plugin for SDF-based neural surface representations. Our
experiments demonstrate the effectiveness of the proposed in improving
the surface reconstruction quality of major states of the arts. Our code
is available at: https://github.com/Muliphein/InfoNorm.
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1 Introduction

3D surface reconstruction from multi-view images is an essential task in the
computer vision and graphics community, with practical applications including
content creation for virtual reality and robot-scene interaction. However, indoor
scenes present challenges due to the large and complex scenes captured from
sparse viewpoints. These challenges encompass issues such as occlusion and am-
biguity arising from limited observations. As a result, traditional Multi-View
Stereo (MVS) methods [28[36], which require substantial overlap among images,
may not produce satisfactory results in these scenarios.
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Fig. 1: 3D scene reconstruction from sparse views on Replica (first row) and Scan-
Net+-+ (second row). By enforcing the mutual information between the normals
of highly correlated scene points, the proposed method can effectively enhance the re-
construction quality of the baselines (VolSDF and GeoNeuS )

Recently, implicit scene representations, e.g., Neural Radiance Fields (NeRFs)
, have been proposed to encode 3D scenes into a set of neural network pa-
rameters, with subsequent works enhancing the representational capacity for ge-
ometry to enable surface extraction. The key idea involves incorporating signed
distance functions (SDFs) [23] into the learned radiance field. Although NeRFs
with SDF produce high-quality reconstructions of simple scenes with sufficient
images, they still underperform in large and complex scenes captured from sparse
viewpoints. More recent approaches, such as NeuRIS and MonoSDF ,
propose using monocular geometric priors to guide the learning of the radiance
field. However, they can be affected by inevitable errors and noise in the monoc-
ular geometry estimation modules.

We explore geometric regularization in a second-order perspective. We argue
that both the geometry itself and the correlation of geometry among scene re-
gions are crucial for surface reconstruction, especially when dealing with varying
indoor scenes under sparse views with noisy geometry estimates. The correlation
is expressed as mutual information between scene entities under random pertur-
bations of the network weights. More explicitly, we propose to enforce the mutual
information between the normals of two points in the scene that are considered
geometrically correlated, where the mutual information can be efficiently com-
puted by measuring the cosine similarity between the gradients of the normals
with respect to the perturbed weights. Further, we leverage a combination of pre-
trained semantic and geometric features to identify the correlated scene
regions that endorse high mutual information. This results in an easy-to-use
geometric shaping! technique that can be applied to any SDF-based neural ra-
diance fields. To thoroughly evaluate its effectiveness, we test the proposed with

1 We use the term “shaping” to refer to the process of optimizing network parameters
to enforce consistencies in the scene geometry via aligning the gradients.
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multiple state-of-the-art neural surface reconstruction models. The experimen-
tal results confirm the effectiveness of the proposed shaping technique, showing
improved surface reconstruction quality (e.g., Fig. [1) on challenging scenes with
limited views. To summarize:

— We propose to leverage second-order geometric correlation in the form of
mutual information between normals to regularize the surface reconstruction
of SDF-based NeRF representations.

— We develop a pipeline that efficiently enforces the mutual information of the
normals of points, deemed geometrically correlated with pre-trained multi-
modal features, to improve the reconstruction quality of the scene.

— We verify the effectiveness of the proposed second-order regularization tech-
nique across a broad spectrum of baselines and demonstrate its usefulness
as an easy-to-use plugin in improving 3D surface modeling.

2 Related Work

3D Reconstruction with neural radiance fields (NeRFs). NeRF [21] is originally
designed for novel view synthesis, with its variants serving as scene representa-
tions |15/32}33,[35}/39] for tasks related to editing [2,31,44], semantic segmen-
tation [5,[14,/16,[34], 3D shape generation [204/27], and so on. We mainly focus
on neural surface representations that enable the extraction of high-quality 3D
meshes from the trained NeRFs.

Early works such as NeuS [30] and VoISDF [37] combine signed distance func-
tions (SDFs) with volume rendering to extract high-quality surfaces. Recently,
SparseNeuS [17] introduces a cascaded geometry reasoning framework that gen-
eralizes well to novel scenes. GeoNeuS [8] uses surface points from structure-
from-motion and neighbor-view patches to reconstruct surfaces, while NeuDA 3|
employs a deformable anchor to adaptively encode geometric details. NeAT [19]
broadens the scope of reconstruction to arbitrary topology, no longer confining
to watertight surfaces. Moreover, Neuralangelo [13| uses a hash grid for position
encoding and implements a coarse-to-fine optimization with numerical gradients.
Despite their promising results, most of these methods need sufficient training
views, and their performance declines when dealing with large and complex
scenes under sparse viewpoints.

Incorporating priors into NeRFs. One can augment scene representations by
introducing various priors to NeRFs. VDN-NeRF [43] normalizes the spatial
feature to align with monocular features. LERF |[11] introduces a new branch
whose outputs align with DINO [4] and CLIP |24] features. Semantic-NeRF [42]
encodes semantic information for segmentation tasks, while JacobiNeRF [34]
shapes the color gradients to encode the mutual information in terms of semantic
similarity from DINO [4] features for label propagation.

For surface reconstruction, GeoNeuS [§] incorporates patch similarity from
neighboring images and sparse surface points derived from structure-from-motion
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[25], while I2-SDF [44] combines the rendering equation with VolSDF [37] for bet-
ter novel views and geometry. To cope with complex indoor scenes, NeuRIS [29|
incorporates the normal priors as additional geometric supervision. Further,
MonoSDF [40] uses both depth and normal to improve the surface reconstruc-
tion quality. However, these methods highly depend on the quality of the sup-
plemented geometric information. In contrast, our method leverages the second-
order information in geometric prior, rather than directly using the prior as a
first-order supervision signal, which makes it more robust to errors and noise.
There are also methods utilizing strong assumptions derived for human-made
scenes. For instance, ManhattanSDF [10] works under the assumption that all
captured scenes adhere to the Manhattan-world concept, thus, predicting se-
mantic segmentation to identify walls and floors. While these methods primarily
focus on planar scenes, the proposed technique can work for general scenes under
noisy correlation information.

3 Method

We start with a discussion on the preliminaries in Sec. [3.I] to provide the back-
ground on how we can learn from posed images an implicit scene representation
(NeRF), improve 3D scene reconstruction via the combination of NeRF and SDF
representations, and employ mutual information as a constraint in the NeRF
training process. Following this, in Sec. [3.2] we delve into how mutual informa-
tion can be used as constraints on NeRF’s implied surfaces, so that we can learn
better geometries for higher-quality 3D reconstruction of the scene. Finally, we
elaborate on how we can employ off-the-shelf semantic and geometry features
to assist the encoding of mutual information through the proposed geometric
shaping framework.

3.1 Preliminaries

Neural radiance fields. NeRF [21] learns an implicit scene representation from
a set of posed images. For a specific pixel in an image, NeRF samples a list of
3D points, {z|z; = 0+ tv,t € [tpear, tfar|}, from the camera center o along the
viewing direction v within a bounded space. Specifically, it employs a Multilayer
Perceptron (MLP) to encode the volume density and color of each sampled point.
We denote all the parameters of NeRF as 60, the density function as o, and the
color function as ¢. The pixel’s rendered color C from a NeRF is calculated by
the discrete volume rendering;:

N
C(o,v;0) Zwovtl,ﬁ c(xt,,v;0),
1=1

. (1)
where w(o, v, t;;0) = H(l — o))y

Jj=1
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Here, a; = 1 — exp(—0;0;), where o; is the abbreviation of o(z:,;0) and ¢; =
t;+1 —t;. A photometric loss is utilized to minimize the discrepancy between the
rendered color and its ground truth:

Lc =||C = CJ)s, (2)

so that the parameters # can be optimized to fit the scene. Despite the ability
to handle photorealistic novel view synthesis, NeRFs suffer from noisy and un-
realistic surface extraction when it comes to 3D reconstruction, as discussed in
the literature |30L37].

NeRFs with signed distance functions. To produce high-quality surfaces, it is
beneficial to use signed distance functions (SDFs) [6[23] to represent geome-
try. Consequently, the surface can be reconstructed by extracting the zero-level
set |18] of the SDF values. The combination of NeRF and SDF can be achieved
by deriving the NeRF’s densities from the SDF, or defining Laplace’s cumulative
distribution function. Accordingly, «; in Eq.[I] can be represented by a function
@ which converts SDF values to volume densities as

ai:¢($>f(x;9)’i)' (3>

Generally, NeRFs with an SDF achieve improved surface reconstruction quality,
where the key to maintaining the characteristics of SDF is an eikonal loss [9]:

1y N
Ly =5 > (V) = 17 4)
=1

Mutual information in NeRFs. Mutual information (MI) quantifies the statis-
tical dependence between two random variables, providing an estimate of how
much information they share. It has been introduced for semantic segmenta-
tion and motion modeling tasks |34,/41]. In this paper, We study the mutual
information under perturbations of the NeRF parameters, and focus more on
the geometry properties. Let I(p;) and I(p;) denote two pixels derived from the
NeRF rendering process F. And we assume that a subset of the NeRF weights,
denoted by 6P, is perturbed by a random noise vector n € R” sampled from a
uniform distribution on the sphere SP~! by a small step v < 1.0. The random
variables corresponding to the perturbed pixels can be written through a Taylor
expansion:

I(p;) = I(pi) +n

ooP”’
IF, -

06P

I(pj) = I(pj) +n

We can now characterize the mutual information between I(p;) and I(p;) under
the joint probability distribution P(I(p;), I(p;)). As derived in JacobiNeRF, the
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mutual information can be computed as:

I(L(pi), L(p;)) = H(I (p)) — H(L(pi) L (p;))

1
— log(——o
g(\/lfcoszﬂ

Here, 3 denotes the angle between 9F;/00P and OF;/00P. It is observed that:

I(1(pi), 1(p;)) o || cos B]. (5)

Therefore, to enhance the MI between two random pixels induced by NeRF
perturbations, one can enforce the absolute value of the cosine similarity. That
is, if two pixels p;, p; come with high correlation (e.g., from the same object in
the scene), their gradients regarding the perturbed parameters should be in the
same or opposite direction.

) + const..

3.2 Mutual Information Shaping of Geometry in SDF-based NeRFs

While the previous approach focuses on enforcing mutual information for image
synthesis, we explore a mutual information shaping of the geometries for quality
surface reconstruction in SDF-based NeRFs.

Specifically, we represent a scene via a NeRF backbone with an SDF head
and a color head, as shown in Fig. [2l Note that the method to be proposed is
capable of being applied to any network similar to NeRF and SDF representa-
tions. Given that the two heads partially share parameters, we denote all the
parameters as 6, and use f(x;6) and c(x,v;0) to represent the SDF and color
branches, respectively. To achieve mutual information shaping of the geometry,
we focus on manipulating the parameters of f(x;6), while keeping c(x, v;8) un-
changed. Below, we first explain why and how we compute mutual information
with surface normals derived from SDF, i.e., f(x;0), as a geometry-aware con-
straint. Next, we present a simple yet effective strategy that extracts regions
with high correlation, which need to be encoded into the weights using the mu-
tual information shaping technique. Finally, we elaborate on our loss function
and training process to reconstruct the scene from posed images.

Mutual information among surface normals. We explicitly encode mutual in-
formation into the function f(z;6). However, instead of computing mutual in-
formation between the density values, we proceed by manipulating the surface
normal vectors that can be derived from f. Specifically, for a 3D point z on a
surface of the scene, its normal vector N(x;8) can be calculated as the partial
derivative of the 3D coordinate:
oy Of(x;0)

N(z;0) = = —. (6)
There are several reasons to manipulate surface normal vectors but not SDF
values: 1) Shaping the SDF values with respect to a subset #” of the parame-
ters may not effectively impose the constraints on all parameters. However, the
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Fig. 2: An overview of the pipeline, where we apply mutual information shaping on
the geometric branch to enforce consistencies that help enhance the surface reconstruc-
tion. Specifically, the model consists of the NeRF backbone, an SDF head, and a color
head. The predicted density and color are supervised by the classic eikonal loss Lg
and the photometric reconstruction loss L¢, respectively. We encode geometry-aware
mutual information into a subset of the parameters 8° of f(x) to constrain the den-
sity field learning for better surface quality, which is achieved by the proposed mutual
information loss Ljs computed on top of the estimated surface normal.

calculation of the surface normal includes the entire set of parameters in f, thus
a more global regularity. 2) Moreover, shaping f with the mutual information
between its values may induce side effects as density could be distorted to satisfy
the constraints. However, shaping the normal 0f/0x leave more space for the
SDF values to cope with the scene reconstruction task, thus minimizing potential
negative effects.

According to Eq. [5, we need to calculate the partial gradients ON/90” to
compute the mutual information. When it comes to a vector rather than a scalar,
the gradients consist of three components corresponding to the x, y, and z axes:

ON(z;0)  ONx(x;0) ONy(x;0) ONg(x;0) )
o6P aor 7 99 7 99P
For ease of computation, we concatenate the gradients into a vector, denoted as
ON for simplicity:

ONx ONy 8Nz) (8)
0oL’ 9L’ 9oL’

Since a 2D pixel is accumulated from 3D, we aggregate the normal-based infor-
mation along a viewing ray as in Eq. [l as:

N(p:) = D wlts;0)0N. (9)

xreray

ON = Concat(

Finally, we obtain that the mutual information between two normals is:
N(p:) - N(p;)
IN(pa)[[N(p;)]

Please refer to our supplementary material for a detailed derivation. From Eq.
we observe that the mutual information in surface normal vectors correlates

I(N(pi), N (pj)) o< || - (10)
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Anchor pixel Similar semantic features Similar geometric features Combined (Ours)

Fig. 3: An example of positive samples from different features. Given an anchor pixel
(marked by a blue circle in the first image) on the wall-like cabinet, semantic features
like DINO often correlate both the cabinet and the ceiling (as shown by the red area in
the second image). Meanwhile, geometric features such as (noisy) monocular normals
can not distinguish between parallel planes that are not connected (the third image).
By combining semantic and geometric features, we can obtain positive samples of the
anchor pixel with better geometric consistency, thus, high mutual correlation.

positively with the cosine similarity of their gradients to the network parameters.
This conclusion is similar to that of Eq. [} As a result, we can now identify
the pixels that are of high correlations, and increase the aggregated mutual
information during the NeRF training process.

Extracting correlated scene regions from image pizels. To extract scene regions
that need to be shaped to have high mutual information, we present a simple yet
effective approach with off-the-shelf visual features. Given the input images, we
extract pixel-wise semantic and geometric features to identify correlated scene
regions. Following previous research [34], we apply DINO [4] as the semantic fea-
ture extractor to obtain a high-level understanding of the scene regions. Mean-
while, as we shape mutual information on top of the surface normal, we employ a
monocular normal estimator |7] as the geometric feature extractor for a detailed
low-level perception of the 3D points in the scene.

DINO features can group different parts of an object, like the seat and back of
a chair, which share similar semantics. However, the surface normal vectors from
these parts have limited correlation, thus should not be constrained. Conversely,
using only geometric features can wrongly suggest high correlation between un-
related areas, like the seat and the floor. As these areas aren’t closely connected
in 3D space, there is no reason to have better surface reconstruction when en-
hancing their mutual information. Similar phenomena on wall-like structures
can be observed in Fig. 3] where we show that by combining semantic and geo-
metric features together we can better identify scene regions that are spatially
connected and have similar normal directions.

More explicitly, we combine semantic and geometric features with an inter-
section operator. It is simple yet effective. The process of identifying correlated
scene regions (in normal) is implemented as positive pixel pair selection from
input images. Given a randomly selected pixel from an image, we first extract
similar pixels from neighboring images using semantic and geometric features,
respectively. This extraction is implemented by applying two thresholds, 8s and
Bg, to filter the cosine similarity for semantic and geometric features. We then
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feed the intersection of the top similar pixels from each feature type into NeRF’s
training process as positive samples, allowing us to shape them with high mu-
tual information. In order to leverage the contrastive learning framework to
encourage mutual information, we randomly select pixels not involved in the
aforementioned process to serve as negative samples (independent pixels that
are not correlated to the anchor pixel).

Loss functions for training. The aforementioned contrastive learning process is
performed with a tailored InfoNCE loss [22]:

2 exp({] cos(dNy; ONiy )[])
2 exp(|] cos(ON;, ON;)[[)

where 7, i+, and j denote the anchor, positive, and negative pixels, respectively.
This loss function effectively enhances mutual information (according to Eq.
among correlated pixels, while maintaining low mutual information among in-
dependent pixels. Finally, to train the NeRF backbone and retain the character-
istics of the SDF, we adopt the basic photometric loss (Eq. [2)) and the eikonal
loss (Eq. . The latter two are derived from single images, while the former can
be calculated from either single images or a set of neighboring images. The full
loss function is defined as the weighted sum of three loss terms:

L=Lc+ A gLg+ ALy (12)

Ly = —log (11)

With the above, all network parameters 6 can be trained end-to-end.

4 Experiments

In this section, we evaluate the effectiveness of our method through experiments
conducted on multiple datasets with various baselines. First, we introduce the
two datasets used to conduct the experiments in Sec. Next, we detail the
implementation of the proposed method in Sec. [1.2] where we adapt a spectrum
of state-of-the-art models for validating the effectiveness of the geometric shap-
ing. Then, we report the comparisons between the baselines and our models in
Sec. Lastly, we conduct a series of ablation studies in Sec. [£:4] to verify the
necessity of each component in our method.

4.1 Datasets

We evaluate the proposed method using two public datasets from the literature:
ScanNet-++ [38] and the Replica [26] dataset. For the ScanNet-++ dataset, we
choose 8 representative scenes, while for the Replica dataset, we select 4 rep-
resentative scenes. The scenes from both datasets represent a variety of indoor
settings, including offices, bedrooms, and so on. As our focus is on scene recon-
struction from sparse views, we uniformly sample 50-85 images from the official
(and Replica from Semantic-NeRF [42]) scanning sequences for each scene to use
as input in our evaluation. For detailed statistics of each scene, please refer to
our supplementary material.
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Evaluation metrics. Following previous works [13},30,/40], we evaluate the qual-
ity of surface reconstruction using two metrics: Chamfer distance and F-score.
Chamfer distance is a measure that evaluates the difference between recon-
structed and ground-truth points sets. F-score is a statistical metric that in-
tegrates precision and recall, providing a more comprehensive understanding of
the reconstruction quality.

4.2 Implementation Details

As the proposed geometric shaping can be easily integrated into any network
similar to NeRF with SDF representations, we select several state-of-the-art
models as our baselines and apply the proposed to them for demonstrating the
effectiveness of our approach. We first choose NeuS [30] and VolSDF [37], the
two representative pioneers for NeRFs with SDFs. We also apply our method
to the following works: GeoNeu$ [8], I>-SDF [44], NeuRIS [29], MonoSDF [40],
and Neuralangelo [13]. In addition to the basic loss functions for NeRF and
SDF, GeoNeuS incorporates patch similarity from neighboring views and sur-
face points derived from structure-from-motion. I>-SDF integrates the rendering
equation with VolSDF. We disregard its normal and depth loss terms. NeuRIS
utilizes monocular normal estimation as a supervision on the geometry, and dis-
cards the low-quality normal information that lacks sufficient confidence through
multi-view patching. MonoSDF employs both depth and normal estimation, for
which we set the decay of the normal and depth at 30k iterations to prevent the
method from degeneration. Neuralangelo utilizes a multi-resolution hash grid
and numerical gradient. We set the hash encoding dictionary size to 20, and the
encoding dimension to 4. For all the base models mentioned above, we enhance
them by incorporating our proposed mutual information loss during training.
The resulting methods are respectively labeled as NeuST, VolSDF*, GeoNeuS™,
and so on.

4.3 Comparisons

Results on the ScanNet++ dataset. The quantitative comparisons are reported
in Tab. [ We also visualize the surface reconstruction results in Fig. [ for qual-
itative comparisons. We can observe that by applying the proposed mutual in-
formation shaping on the geometry, the surface reconstruction quality can be
improved across all baselines, as measured by mean Chamfer distance, F-score,
and the visuals.

NeuS and VolSDF tend to produce rough surfaces and excessively smoothed
boundaries. However, with our geometry-aware mutual information, the surfaces
become smoother, while the boundaries are more crispy. Compared to GeoNeusS,
a method that uses patch-similarity among neighboring views and requires suf-
ficient textures, our method provides significant improvements. Applying the
proposed technique to I?-SDF can also enhance its reconstruction quality.

As for more recent works, we find that NeuRIS is somewhat sensitive to the
quality of normal estimation. It can either be affected by noise in the normal
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Table 1: Quantitative results on the ScanNet++ dataset. Each cell includes the orig-
inal baseline number in black, followed by the improvement using our mutual informa-
tion. Positive and negative improvements are marked in green and orange, respectively.
The last column shows the average improvement over all scenes, validating the effec-

tiveness of the proposed shaping for better geometric reconstruction (despite a small
potion of noise on a few scenes).

‘ Oa7c 0al8 Gee2 7h64 56a0 9460 a08d e0ab ‘ Mean
0.08-0.04 0.05-0.03 0.030.01 0.06-0.04 0.01-0.00 0.24-0.14 0.04-0.03 0.02-0.00 | 0.07-0.03
0.90-0.83  0.31-0.29 0.04+0.02 0.10-0.03 0.03-0.01 0.14+0.03 0.39-0.38 0.04-0.00 | 0.24-0.19
0.03-0.02 1.03-1.02 0.28-0.27 0.05-0.03 0.02-0.01 0.22-0.20 0.01-0.01 0.26-0.25 | 0.24-0.23
0.27-0.240.22-0.03 0.04-0.01 0.47-0.45 0.03-0.02 0.13-+0.05 0.03-+0.02 0.30-0.07 | 0.19-0.09
0.01-0.00 0.01-0.00 0.03-+0.02 0.07-0.04 0.04-0.03 0.41-0.21 0.03-0.01 0.03-0.00 | 0.08-0.03
0.01-0.00 0.01+0.02 0.02-0.01 0.02-0.00 0.01-0.00 0.05-0.02 0.01-0.00 0.01-0.00 | 0.02-0.00
T10.17-0.01 0.84-0.66 0.52-0.33 0.05-0.01 0.04 0.02 4.76-2.85 0.33 1 0.050.12 1 0.03] 0.85-0.48
0.49-0.06 0.48 +0.10 0.67+0.00 0.58 +0.16 0.81-0.01 0.58-0.02 0.67+0.17 0.75+0.09]0.63+0.07
0.45--0.35 0.47-+-0.27 0.67-+0.00 0.55-+0.05 0.71+0.06 0.52-+0.18 0.48-+0.35 0.70--0.02]0.57-+0.16
0.69--0.20 0.47--0.44 0.52--0.34 0.70--0.06 0.87--0.03 0.68+-0.23 0.75-0.14 0.37--0.51{0.63+0.24
0.330.520.28 10.00 0.58 1 0.15 0.41 +0.43 0.75 1 0.10 0.65 1 0.07 0.65 1 0.07 0.40 + 0.25]0.51 + 0.20
0.7210.03 0.68 0.01 0.650.01 0.69 1 0.06 0.85 1 0.01 0.24 1 0.17 0.64 1 0.13 0.69 ' 0.090.65 | 0.06
0.92-0.01 0.88-0.01 0.8110.040.79 1 0.06 0.89 +0.00 0.88 + 0.05 0.91+ 0.00 0.89-0.01 |0.87 + 0.01
Neuralangelo |13]7]0.42 0.050.14  0.30 0.35 1 0.12 0.63 1 0.05 0.71-0.01 0.1710.22 0.29 1 0.06 0.51-0.01 [0.40 1 0.10

Table 2: Quantitative results on the Replica dataset.

‘ office0 officel room0 rooml ‘ Mean
%NeuS 0.005-+0.001 0.023-0.012 0.068-0.038 0.130-0.087 10.057-0.035
’gVolSDF 0.004 +0.006 0.016-0.004 0.080-0.071 0.034-0.025 0.033-0.023
g GeoNeuS * 0.023-0.021 0.014 -0.009 0.040 -0.035 0.002 -0.0000.020-0.017
< I*-SDF 0.032-0.009  0.056-0.033 - - 0.044-0.021
% NeuRIS * 0.014-0.006  3.975-3.963 0.025-0.017 0.015 0.002/1.007-0.996
6 MonoSDF * 0.003-0.000 0.005 -0.001 0.004 -0.000 0.004 -0.001]0.004-0.001
Neuralangelo |13]7]0.024-0.018 0.030-0.019 0.146-0.012 0.082-0.047 |0.070-0.024
NeuS 0.9240.00 0.80+0.01 0.78-0.03  0.72--0.0& | 0.80-0.02
EVolSDF 0.94-0.04  0.78 0.0l 0.78 1 0.16 0.82 0.07 |0.83 0.05
o GeoNeuS * 0.89-+0.08 0.91 0.04 0.90 0.09 0.98 +0.01 0.920-0.05
S 1%-SDF 0.7210.09  0.56 1 0.20 - - 0.64 0.11
¢ NeuRIS [29]* 0.7940.06  0.01-0.68 0.89+0.05 0.77--0.03 | 0.61+0.20
MonoSDF [40]* | 0.96-0.00 0.90 +0.02 0.98 +0.00 0.95 ~0.02 | 0.950.01
Neuralangelo [13]7] 0.89  0.07 0.49 0.36 0.65/0.15 0.71 0.18 |0.69 0.19

or completely disregard the normal information due to low confidence. Particu-
larly, when images are sparse, the regions covered by fewer viewpoints tend to
lose supervision. Our mutual information scheme does not depend on the ab-
solute values of the surface normal, but on the similarity among these values.
This makes it more robust to noise and less likely to discard low-quality but use-
ful normal information. Consequently, our method enhances the reconstruction
quality of NeuRIS. MonoSDF achieves the best overall performance among the
baselines because it uses both depth and normal estimations as geometry su-
pervision. However, our method still offers improvements. Notably, it produces
smoother planes and clearer boundaries. This indicates that not only the su-
pervision of geometric cues is important, but also the correlation between the
geometric entities matters.
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MonoSDF NeuRIS [2-SDF GeoNeuS VolISDF NeuS

Neuralangelo

Reference image Baseline Baseline* (Ours) Ground truth

Fig. 4: Visual results on the ScanNet++ dataset. Each row shows a comparison with
a different baseline, from top to bottom, NeuS +, VolSDF *, GeoNeuS +,
I-SDF +, NeuRIS +, MonoSDF +, and Neuralangelo T. Red boxes are
overlaid to help the contrast.
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F

Reference image NeuS NeuS* (Ours) Ground truth

Fig. 5: Reconstruction results after 10K iterations in the training process with (NeuS™)
and without (NeuS) the proposed geometric shaping technique.

Last but not least, the experiments on Neuralangelo demonstrate the poten-
tial of our method in working with hash grid encoding and numerical gradient.
This highlights our method’s versatility and ease of use, which can be broadly
applied in various reconstruction architectures.

Results on the Replica dataset. In Tab. |2| we report the numerical results on
the Replica dataset, with respect to NeuS , VolSDF , GeoNeuS , I2-
SDF [44], NeuRIS [29], MonoSDF [40], and Neuralangelo [13]. As observed, the
proposed geometric shaping technique still provides positive improvements when
incorporated into these baselines, aligning with the conclusion drawn from the
ScanNet+-+ data. Qualitative examples can also be found in Fig.

4.4 Analyses

Ablation studies. We select
three representative scenes
from the ScanNet++ dataset
and conduct ablation studies Table 3: Ablation studies on three scenes from
to evaluate the effectiveness ScanNet+-+. The best and second-best results are

of our method designs. We marked in bold and underlined.

3 : _ Chamfer (m)} F-score 1
.COI'IdUCt ablatlon Stl’ldles us 6ee2 7b64 9460 Mean|6ee2 Th64 9460 Mean
ing two top-performing base-  \_ry 0.029 0.070 0.405 0.168[0.65 0.69 0.24 0.53
lines: NeuRIS and MonoSDF.  NeuRIS* (color) 0.023 0.038 0.315 0.125]0.72 0.68 0.34 0.58

NeuRIS* (SDF) 0.127 0.053 0.360 0.180|0.47 0.61 0.30 0.46
The results are reported — Neuris+ w/o normal | 0.036 0.025 0.338 0.133|0.66 0.75 0.32 0.58

in Tab. @ Instead of using NeuRIS* w/o DINO 0.061 0.033 0.381 0.158]0.63 0.72 0.32 0.56
NeuRIST (Full) 0.044 0.033 0.198 0.092(0.66 0.76 0.41 0.61

the surface normal formula 0.020 0.016 0.046 0.028(0.81 0.79 0.88 0.83
*{color)

MonoSDF
to inject mutual information,  MonoSDF 0.024 0.019 0.033 0.025|0.79 0.78 0.87 0.81

first ‘ basi MonoSDF+ (SDF) 0.588 0.029 3.443 1.353/0.38 0.65 0.21 0.42
we Hrst periorm a DaslC MU-  \onoSDF+ w/o normal0.128 0.023 0.066 0.072|0.68 0.73 0.80 0.74

tual information Shaping sep- MonoSDF* w/o DINO |0.064 0.016 0.022 0.034|0.78 0.83 0.93 0.85
. MonoSDF* (Full) 0.014 0.020 0.023 0.019)0.85 0.85 0.93 0.87

arately in the color and SDF

values. These two variations

are labeled as base™ (color)

and base™ (SDF), respectively. Interestingly, we find that, even though color is
not directly related to geometry, by shaping it, we can still obtain improvements
on the geometry in some cases. Moreover, shaping directly on the SDF values
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severely degrade the reconstruction quality, which evidences that the shaping
on SDF values could incur a competition with the goal to faithfully learn the
geometry within the neural radiance field. We further examine the effectiveness
of combining semantic and geometric features to identify geometrically highly
correlated regions. As demonstrated in Fig. |3 using only one type of the features
can lead to incorrect correlations. Tab. [3] also shows that eliminating any one
of the features can decrease the performance, confirming the effectiveness of our
positive-negative sample selection mechanism levering the multimodal features.

Time and memory consumption. Our
method provides benefits for 3D re-
construction with limited additional
effort. Specifically, it only increases Table 4: Time and memory consumption.

the optimization time and memory |Training Time (h) VRAM (GB)

usage during the training process, Neus [30]* 3.00+0.37 7.89-+1.68

without affecting the model architec- ~ VoISDF BT 3.18+1.96  16.36+4.68
. GeoNeusS [8|T 3.26+0.16 5.724+3.56

ture and final storage. The time and 2 gpp faar+ 3471284 10.08.18.09

memory consumption are reported in  NeuRIS [29]* 3.70+0.20 11.73+4.12

: / +
Tab. @ It is observed that the over- MonoSDF 40 2.65+1.32 12.83+9.42

Neuralangelo [13|* 3.12+2.06 16.44+1.00

head on the training time highly de-
pends on the architecture used in
each basline. For example, the train-
ing time increase on NeuRIS is marginal while more significant on VolSDF. These
studies provide comprehensive information on the trade-offs between training
time and performance gain. However, we do find that baselines with the pro-
posed shaping technique can achieve a better performance (e.g., early geometries
from NeuS and NeuS™ shown in Fig. [5) at the same training steps due to the
effective regularization by mutual information.

5 Conclusion

We explore the usage of the second-order geometric correlations as a regulariza-
tion and introduce a mutual information shaping technique of the normals for
better surface reconstruction quality. With a simple yet effective correlated point
selection mechanism that does not depend on accurate geometry information,
we can perform a contrastive learning that maximizes the detected correlations.
In return, we can observe a boost in the geometric quality of the reconstructed
surfaces in state-of-the-art neural scene representations.

Extensive evaluations on various baselines and datasets show the effectiveness
of our method, which improves 3D reconstruction quality without resorting to a
more sophisticated surface modeling. The overhead caused by the shaping of the
normals varies with different neural architectures of the scene representation,
e.g., some are marginal, and some are significant, which we deem as a limitation
of our current pipeline. We believe that an acceleration in computation can be
achieved using a coarse-to-fine strategy, which we leave as a future work.
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