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Figure 1: Analysis and visualization of 3D coral reef models before (2019) and after (2022) a storm. (left) The models are aligned using
GO-ICP [YLCJ15], and the map between them is visualized by color-coding: we take a smooth function of the coordinates on the source and
map it to the target. Using spectral map visualization [OBCCG13] we identify and show areas on the models of prominent growth (center)
and decay (right). For example, we can see the growth of a small extrusion (light blue) and the decay of a colony (red).

Abstract
We propose an efficient pipeline to register, detect, and analyze changes in 3D models of coral reefs captured over time. Corals
have complex structures with intricate geometric features at multiple scales. 3D reconstructions of corals (e.g., using Pho-
togrammetry) are represented by dense triangle meshes with millions of vertices. Hence, identifying correspondences quickly
using conventional state-of-the-art algorithms is challenging. To address this gap we employ the Globally Optimal Iterative
Closest Point (GO-ICP) algorithm to compute correspondences, and a fast approximation algorithm (FastSpectrum) to ex-
tract the eigenvectors of the Laplace-Beltrami operator for creating functional maps. Finally, by visualizing the distortion of
these maps we identify changes in the coral reefs over time. Our approach is fully automatic, does not require user specified
landmarks or an initial map, and surpasses competing shape correspondence methods on coral reef models. Furthermore, our
analysis has detected the changes manually marked by humans, as well as additional changes at a smaller scale that were
missed during manual inspection. We have additionally used our system to analyse a coral reef model that was too extensive
for manual analysis, and validated that the changes identified by the system were correct.

CCS Concepts
• Computing methodologies → Shape analysis; Mesh geometry models;

1. Introduction

Coral reefs are an important component in the marine ecosys-

tem, and are an essential habitat for more than 25% of all marine

creatures. The effects of global warming on coral reefs has been

studied extensively [HBB∗03, HGB10, HBB∗17]. Death, bleach-

ing, and loss of structural complexity are some of the effects that

coral reefs and reef organisms suffer from due to the rising tem-
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peratures. Investigating such changes is important for evaluating

the condition of marine habitats. Recently, coral reef research has

been augmented by underwater photogrammetry, enabling scien-

tists to create 3D models of coral reefs in-situ (e.g., [FBB∗16,

BD17, FGRL∗22, FPW10, MSPS22]). Although photogrammetry

is relatively simple, comparing models over time is a challenging

problem because there are several sources of noise in 3D recon-

struction [LFM∗24]. Moreover, reefs are intricate and the marine

environment is dynamic, causing objects to move within scenes

thus changing their topologies and making the task of matching

models over time (i.e., 3D registration) challenging and meticulous.

Structure is one of the most important attributes of reefs because

it enables a high level view on the state of the ecosystem. To clar-

ify, reefs are composed of multitudes of organisms and a compar-

ative analysis of the same reef over time can take an object spe-

cific/taxonomic approach– i.e., examining the state of each coral

separately, or a structural approach i.e., assigning a scalar value

to the reef unit through various metrics (e.g., fractal dimension,

shelter-space, surface area to volume ratio [YPT∗23], where the

latter is more holistic, quicker, and cost-effective).

To identify structural changes, scientists first align 3D data-sets

of the same coral reef or coral colonies taken at different times in

a common frame of reference and then use distance between mod-

els [YPT∗23, LP20, LMHMM∗22, FBB∗16]. Our goal is to auto-

mate this process, both the correspondence (registration) and the

analysis steps, while addressing the unique challenges that arise in

the context of coral reefs.

The foremost challenge is the geometric complexity of the

reef models. Due to the fractal nature of coral growth [BR∗83,

RBSW17, YDRE17], the 3D model contains features at different

scales. Hence, our system is required to handle models contain-

ing millions of polygons without using simplification approaches

(that are prone to losing detail). Furthermore, most existing cor-

respondence approaches either require manual annotation of corre-

spondence points, or are based on learning the matching on datasets

such as humans, hands, faces etc. These datasets have very different

geometric properties than coral reefs. Therefore models trained on

these datasets will not generalize to our domain. Finally, the trans-

formation between the reefs is expected to be mostly rigid, up to

some missing or added components, whereas most contemporary

approaches target non-rigid deformations. We show that Globally

Optimal ICP [BM92] is an excellent fit for coral reef data: it ob-

tains low correspondence errors when compared with ground truth

generated by manually aligned data, without requiring manually se-

lected landmarks.

For the analysis part, i.e., change detection of coral reefs

over time, we require a multi-scale approach, that can identify

and visualize changes at different scales. Hence, the Functional

Map framework [OBCS∗12] with the corresponding visualiza-

tion [OBCCG13] is an excellent fit for our task. This choice comes

with the added challenge of choosing a functional basis, which is

(1) easily computable on huge datasets and (2) exhibits the multi-

scale nature that we require.

Together, our correspondence and analysis tools provide marine

biologists with an efficient and accurate system for investigating

the deformation of coral reefs and detecting important changes.

Figure 1 shows an example of this analysis. We show two models

from the dataset, color coded according to the map between them

(left). In addition, we show all the regions where our algorithm has

indicated growth (center), and decay (right). We zoom in to focus

on two areas of interest for each.

We first introduce the dataset that we use [YPT∗23], then discuss

the design considerations and the setup of our system, and finally

demonstrate the effectiveness of our approach by comparing our

registration to the ground truth, and comparing our analysis with

manual analysis tools used by biologists. To validate our approach

we apply our visualization to a very large model that was not anal-

ysed previously, and verify with a domain expert that the change

areas that we found are indeed relevant.

1.1. Related Work

Shape Correspondence. Shape correspondence is a well-

researched topic, and given the vast number of publications in

this area a thorough review is beyond our scope. For our goal,

we require a method which (1) can handle missing pieces on

both models, (2) is fully automatic, (3) can take advantage of

the fact that the large bulk of the model does not change, and

(4) can handle huge models. There exists recent work on scal-

able shape correspondence [MCPM25,GRE∗23], though we chose

to focus on spectral approaches. Many shape correspondence ap-

proaches in Computer Graphics are dedicated to non-rigid corre-

spondence [DYDZ22]. While very general, these methods are of-

ten more appropriate for articulated characters. Furthermore, these

methods frequently rely solely on intrinsic data, potentially miss-

ing important cues available for coral reefs. However, methods

for rigid correspondence are also prevalent and extensively stud-

ied [TCL∗12, PCS∗15, MAM14]. For rigid correspondence, the

gold standard is ICP [BM92] and its myriad of variations, gener-

alizations and improvements. Among these, we chose to use Glob-

ally Optimal ICP [YLCJ15], as it fulfills all of our required criteria.

We compare to a recent approach for non-rigid registration which

is geared towards huge models, and show that GO-ICP indeed per-

forms better when comparing to ground truth obtained by manual

registration.

Shape Analysis. Structural complexity deals with the amount of

structural features, their sizes, and their spatial arrangement. Com-

plex reefs harbor an array of features of different sizes spread out

through them and not clustered in one area. This attribute enables

the reef to harbor other marine organisms and provide habitat and

niche for them. Therefore, in coral reefs structural complexity cor-

relates with the ability of the ecosystem to provide services. Reefs

with high amounts of structural features are able to provide more

services, from building habitat and shelter-space for fish and to

shoreline protection. Moreover, corals are ecosystem engineers and

by growth they build the reef. Therefore, complex reefs often cor-

relate with coral cover and biodiversity [JLS94,GN13,AFDG∗09].

Structural complexity is one of the most important features of

reefs and the ecological community urgently requires new stream-

lined methods of studying the changes in reef structure over time.

The available methods primarily use model to model distance
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[FBB∗16, LP20, LMHMM∗22] which is time consuming and la-

borious, especially when trying to view changes colony-by-colony

at the reef scale. Our approach considers the map between the two

3D models as an object in its own right [OBCCG13,ROA∗13], and

not only as a means to obtain a distance. Thus, we are able to lo-

calize the changes the model undergoes, classify them as growth

or decay, and sort them by importance, by considering the spectral

properties of the map between them.

Scalable Spectral Methods. Our approach is based on converting

the pointwise map to a functional map [OBCS∗12]. The main idea

is to consider the map as taking a function on the source model

to a function on the target model, instead of mapping a point to a

point. This mapping operator is linear (unlike the pointwise map),

and can be represented in a reduced basis. The eigenfunctions of

the Laplace-Beltrami operator [RWP06, VL08] are often taken as

the basis, as they have some optimality properties in a reduced rep-

resentation [ABK15].

Computing this basis on a mesh with millions of vertices is,

however, computationally expensive. Mitigation approaches in-

clude spectrum-aware mesh simplification [LLT∗20,YS23], intrin-

sic triangulation [MBRM25, LGC∗23], spectral operator coarsen-

ing [LJO19, CLJL20], and sampling based approximation of the

eigenvectors [NBH18]. Among these, we opted for the latter, as

it was closest to working on the original geometry while still be-

ing computationally feasible. Recently, a functional map approach

which is applicable to large meshes was suggested [MO23]. We

demonstrate that computing the pointwise map using GO-ICP leads

to smaller ground truth errors than computing a functional map us-

ing this approach and then converting it to a pointwise map.

1.2. Contribution

Our main contribution is an end-to-end system for analysing 3D

models of coral reefs, including:

• Demonstrating the applicability of GO-ICP [YLCJ15] to auto-

matic coral reef registration and correspondence, including a fa-

vorable comparison to a recent functional map method for large

meshes [MO23].

• Demonstrating the applicability of FastSpectrum [NBH18] for

the spectral representation of maps between large scale models.

• Multi-scale identification of coral reef changes using spectral

map visualization [OBCCG13], which (1) correctly reproduces

interest points identified by humans, (2) identifies additional
points of interest missed by humans, and (3) allows us to analyse

a full reef that was not previously analyzed.

2. The Coral Reef Data-Set

In March 2020, a severe storm struck and caused significant dam-

age to a coral reef in the Red Sea’s bay. To assess the impact of

the storm on coral reefs, a unique 3D data-set was collected using

underwater photogrammetry, before, directly after, and two years

after the storm [YPT∗23].

The coral reef models were captured from 2019 to 2022. Data

from 2019 were collected before the storm and used as a baseline

for comparison, while the 2020 data were obtained three months

after the storm to assess immediate impacts. In 2022 models were

captured to evaluate the recovery of the reefs. Overall, seven shal-

low reefs were documented, with three models captured for each

reef over the years, resulting in a data-set of 21 textured models

called Reefs4D [YPT∗23]. In our paper we used six of these mod-

els (C1-C5 and Kza5m), yielding a data-set of 18 models.

The 3D models were reconstructed using Structure from

Motion (SfM) algorithms in a commercial software: Agisoft

Metashape [Agi18], applied to a sequence of 2D images captured

with a Nikon DSLR camera. In addition, the models were scaled

to uniform dimensions using scale bars with known dimensions,

which are embedded in the scene and used for calibration during

the reconstruction process. The models from 2019 and 2020, which

correspond to the periods before and after the storm, were manu-

ally registered and utilized as the ground truth (GT) in our algo-

rithm. The manual registration process was carried out using the

CloudCompare software [Clo22]. There, four corresponding points

on both models were selected manually, and used as anchors for

ICP [BM92] registration. We note that the floor near the corals may

change due to the storm and different parts of it may be removed

during acquisition and reconstruction. The models have over one

million vertices, and models from different years have, in some

cases, different resolutions. The Reefs4D dataset is available at

https://zenodo.org/records/14616671.

3. Background

3.1. Notation

A triangle mesh is given by M = (V,F), where V,F are the vertices

and faces, respectively, and we+ denote n = |V |,m = |F|. A point-

wise map between two triangle meshes is denoted by T21 : M2 →
M1, and maps vertices on M2 to vertices on M1. We encode the

map as a binary row stochastic matrix P21 ∈{0,1}n2×n1 , denoted

pointwise correspondence matrix. The matrix element P21(i, j) is 1

if and only if T21 maps the i-th vertex of M2, to the j-th vertex of

M1. C21∈R
k2×k1 denotes the functional map from functions on M1

to functions on M2 represented in a reduced basis of sizes k1,k2, re-

spectively. Φi∈R
ni×ki is the reduced basis of mesh Mi. We usually

denote M1 as the earlier mesh chronologically, for example, M1 is

a reef mesh from 2019 and M2 from 2020.

3.2. GO-ICP

GO-ICP [YLCJ15] is a globally optimal algorithm for rigid point

cloud registration, based on the well-established ICP (Iterative

Closest Point) algorithm [BM92]. ICP converges to a local mini-

mum that depends on the initialization. GO-ICP, on the other hand,

uses a Branch and Bound (BnB) approach, combined with ICP, to

find the global transformation (rotation and translation), that min-

imizes the objective. BnB segments the problem into manageable

sub-problems and evaluates their respective bounds, to identify the

optimal solution within the subset. By alternating between ICP and

BnB, GO-ICP effectively avoids local minima, and the algorithm

converges to a globally optimal solution (if given enough itera-

tions).
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Figure 2: Framework overview: we first register the two meshes using GO-ICP and obtain a pointwise map. Then we compute an approxi-
mation of the Laplace-Beltrami eigenvectors using the FastSpectrum algorithm. The pointwise map together with the eigenvectors is used to
compute a functional map, which is then analyzed for visualizing the differences between the models.

3.3. FastSpectrum

FastSpectrum [NBH18] is a method for approximating the low-

est eigenvalues and their corresponding eigenfunctions of the

Laplace–Beltrami operator. The approach involves sampling points

on the input shape to construct locally supported functions, and

then modifying these functions via a partition of unity. This process

reduces the search space to a manageable subspace of functions

on the mesh. The final step solves a low-dimensional eigenprob-

lem to approximate the eigenfunctions, significantly reducing com-

putational complexity. As proven in the paper, the approximated

eigenvectors are orthonormal with respect to the mass matrix of the

mesh.

3.4. Spectral Map Visualization

This approach [OBCCG13] takes as input a map T between two

shapes, converts it to a functional map C, and then uses the singular

vectors and singular values of C (projected back to the input sur-

face), for visualizing the differences between the shapes. The main

idea is that the singular values of C imply both the type of change,

i.e., expansion or shrinkage, and its importance.

Notably, functional maps indicate the linear change of basis in

the spectral domain R
k that is required to map between functions

on one shape to functions on the second shape. Hence, their SVD

decomposition (much like the SVD decomposition of linear trans-

formations in R
3), indicates both the directions of change - through

the singular vectors, and the importance of the change through the

singular values.

For example, the functional map corresponding to an isometry,

i.e., a pointwise map that preserves geodesic distances, is an orthon-

romal matrix [ROA∗13], namely all its singular values are 1. More

generally, functional maps that contract the source shape have sin-

gular values smaller than 1, with corresponding singular vectors

whose support on the shape highlights where the contraction oc-

curs. Similarly, functional maps that expand have singular values

larger than 1 with similarly corresponding singular vectors. We use

these singular values and singular vectors to highlight the changes

between coral reefs.

4. Method

4.1. Overview

The overview of our method is summarized in Figure 2. We get as

input two models, M1,M2 and register them using GO-ICP, obtain-

ing a pointwise correspondence matrix P21. We use FastSpectrum

to compute an approximation to the eigenvectors and eigenvalues

of the Laplace-Beltrami operator, getting Φ1,Φ2. Using the point-

wise map and the eigenvectors we compute a functional map C21,

which is then analysed using SVD to obtain the main shrinkage

and growth distortions. The shrinkage changes are visualized using

color coding cS
1,c

S
2, respectively.

4.2. Pre-Processing

We first pre-process the input meshes (raw data) to be manifold

using Meshlab [CCC∗08]. This is required, since we compute the

Laplace-Beltrami operator, as well as an approximation to its eigen-

vectors and eigenvalues.

4.3. Registration

Mesh Normalization. The GO-ICP algorithm requires that the in-

put data is normalized in the unit cube. We used two methods for

centering and scaling the data:

• Ground Truth Data (2019 to 2020): These meshes had been

manually registered and were used as ground truth for testing our

algorithm. As part of the manual registration, the meshes were

centered around the origin using the distance from M1 (2019)

as the reference point. To maintain the relative scale between

the meshes, we scaled them using a combined scaling factor that

considers both M1 and M2 (2020). We calculated and compared

their maximum absolute distances from the origin, applying a

safety margin (avoiding boundary issues) by scaling down the

larger distance. This preserves the manual registration within the

unit cube prior to the application of random transformations used

to test our algorithm.

• Other Data (2019 to 2022 and 2020 to 2022): Each mesh in

these datasets was centered individually at the origin. We applied

a combined scaling factor to these datasets as well, to preserve

the relative proportions of the meshes.

The authors of GO-ICP recommend sub-sampling the target mesh

© 2025 The Authors.
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M2 for better performance. Given that our 3D models are signifi-

cantly larger than those used in the original paper, we experimented

with several sub-sampling sizes, and concluded that using 1/150 of

the number of vertices of M1 is the most effective sampling size.

In the GO-ICP process, we opted not to use trimming, although it

was recommended, because the algorithm performed satisfactorily

without it. Finally, after the registration process, we transformed

the registered M2 back to its original size using the inverse trans-

formation of M1 to the cube. This step was based on the assumption

that M2 was accurately registered to M1.

We fine-tuned the remaining GO-ICP parameters to optimize for

the performance vs. the accuracy, using a single shape pair. This

involved conducting 100 runs of the algorithm on our ground truth

data and evaluating the outcomes by calculating the transformation

errors relative to the random transformations computed in the pre-

processing stage. The errors were quantified as the percentage of π
for rotation and as a percentage of the diagonal of M1’s bounding

box for translation.

4.4. Spectral Data Computation

The spectral basis used for functional maps varies depending on

the application. The most common basis is given by the lowest k
eigenvectors of the Laplace-Beltrami operator of the mesh. How-

ever, given the large number of vertices, the standard computation

process proved to be excessively time-consuming (on the order of

hours for computing 300 eigenvectors on a mesh with 700K ver-

tices). Instead, we use the FastSpectrum algorithm [NBH18], which

is specifically designed to manage dense meshes by sampling them

and then extracting approximate eigenvectors, where we use 300

sample points. This leads to a reasonable computation time, on the

order of a few minutes, for the reef models. The outputs of this

stage are the spectral bases Φi ∈R
ni×ki , for i∈{1,2}, where ni is

the number of vertices of Mi, and ki the number of basis vectors

that we compute for Mi.

For effective map analysis, k1 should be considerably larger than

k2, as recommended in the map visualization paper [OBCCG13].

Hence, we use k1 between 230− 250 (according to the number of

eigenvectors returned by FastSpectrum, which is always smaller

than the sample size), and k2 = 30 for all the experiments.

4.5. Map Computation

The next step is to compute the pointwise map T21 from the aligned

meshes, the pointwise correspondence matrix P21, and the corre-

sponding functional map matrix C21. We use the K-Nearest Neigh-

bors (KNN) on the aligned meshes for computing the pointwise

map T21 : M2 →M1, by pairing each point of M2 with its closest

point in M1. The pointwise correspondence matrix P21 ∈R
n2×n1 is

derived in a straight-forward manner from T21 as described in Sec-

tion 3.1. The functional map is given by C21 = Φ†
2P21Φ1∈R

k2×k1 .

4.6. Functional Map Analysis and Visualization

In the final stage of our system, we analyze the functional map

C21 [OBCCG13]. As it is a linear map from R
k1 to R

k2 , its singu-

lar vectors identify the main directions of change, and the singular

Table 1: The number of vertices of the models in our dataset.

Model 2019 2020 2022

C1 874K 630K 1.8M

C2 3.2M 326K 1.1M

C3 2.4M 468K 1.9M

C4 1.7M 506K 1.6M

C5 1.5M 286K 1.1M

Kza5m 3.2M 3.5M 3M

values represent the scale of the change. For example, if C21 is a

rotation matrix (if we take k1 = k2), then all its singular values are

1, and the corresponding pointwsie map is an isometry – imply-

ing that no intrinsic change has occurred. Similarly, the distance

between the singular value and 1 indicates the amount of change.

See [OBCCG13] Theorem 4.1 for the theoretical underpinning of

this approach.

To this end, we compute the singular value decomposition,

USV T = C21, where U ∈R
k2×k2 ,V ∈R

k1×k1 are orthogonal matri-

ces of left and right singular vectors, respectively, and S∈R
k2×k1 is

a rectangular diagonal matrix of singular values. The singular val-

ues on the diagonal of S, denoted by s1,s2, ...,sk2
indicate the type

of change that the map encodes: growth for si > 1 and shrinkage

for si < 1. The larger |si − 1| is, the larger the change is. In Sec-

tion 5.2 we show the singular value graphs for the coral reef dataset

and discuss the implications.

The right singular vector vi∈R
k1 encodes the area on the surface

where the change implied by the corresponding singular value si
is localized. To visualize it, we color-code the vertices on M1 us-

ing the function ci
1 = (Φ1vi)

2 ∈R
n1 , and the vertices on M2 using

ci
2 = P21ci

1 ∈R
n2 (the square is taken element-wise). This coloring

visualizes the important regions of shrinkage and growth for each

singular vector, showing corresponding colors on M1 and M2.

To visualize all the changes indicating growth we take cG
1 (v) =

maxi{ci
1(v) |si > 1}, where v∈V1. Similarly, to visualize all the

changes that indicate shrinkage, we use cS
1(v) = maxi{ci

1(v) |si <
1}. For the corresponding colors on M2 we use cG

2 = P21cG
1 and

cS
2 = P21cS

1. See for example Figure 1.

We note that the choice of k2 determines the maximal number of

changes that we detect, as it determines the dimensions of C21, and

thus the number of singular vectors. This is a limitation, as we may

miss changes if k2 is too small as we can see in Section 5.5. In our

experiments k2 = 30 was usually sufficient.

5. Experimental Results

The statistics of the dataset, specifically the number of vertices for

all the models, is given in Table 1. We did not perform any process-

ing on the meshes, except for making them manifold and, in the

registration phase, normalizing them to fit within a unit cube. We

implemented the registration and analysis code in Python. We used

a machine with an Intel(R) Core(TM) i7-6850K CPU @ 3.60GHz

and an NVIDIA GeForce GTX 1080 GPU, where the GPU was

only utilized for FastSpectrum. We did not perform any additional

optimization of the code.

© 2025 The Authors.
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Table 2: Statistics of GO-ICP on GT data

Model Translation Err Rotation Err GO-ICP Time FastSpectrum Time Fmap Time Analysis Time Total Time

[M1 bbx diagonal] [%π] [sec] [sec] [sec] [sec] [sec]

C1 0.3 0.3 67.8 55.5 19.5 9.6 152.5
C2 0.7 1.6 172.8 135.6 43.3 19.7 371.5

C5 0.1 0.5 107.8 70.5 18.0 11.2 207.5

Kza5m 0.4 0.2 192.6 314.2 86.7 47.8 641.2

Table 3: Timing of ScalableFM on GT data

Model Process Mesh Time Approx Spectrum Time ZoomOut ScalableFM Total Time FMAP to Pointwise Map

[sec] [sec] [sec] [sec] [sec]

C1 70.7 4.8 10.6 86.0 1644.7

C2 137.7 12.5 11.5 161.7 1441.7
C5 85.8 5.8 12.3 189.7 748.6

Kza5m 248.1 4.3 7.5 260.0 6392.1

5.1. Registration

To validate the efficacy of GO-ICP on our dataset we use the man-

ually labeled ground truth, which is available for the models C1,

C2, C5 and Kza5m, for the map between 2019 and 2020. We nor-

malize and center the models as described in Section 4.1, and then

randomize a rotation and a translation, which is applied to M2. The

transformed M2 and M1 are provided as input to GO-ICP. To evalu-

ate the error, we compute the difference between the result and the

input rotation as a percentage of π. Rotations are represented us-

ing the angle-axis representation, and the rotation error is given by

angular distance (see GO-ICP [YLCJ15], Eq.(6)). The difference

between the translations is given as a percentage of the diagonal of

the bounding box of M1. We repeat this experiment 100 times for

each pair, and average the results.

Table 2 shows the results. We note that all the models except for

C2 achieved 0.5% or less error, for both rotation and translation.

From the C1-C5 models, C2 has the highest resolution in 2019,

and the second lowest resolution in 2020. This has led to somewhat

larger average errors of 0.7% and 1.6% for translation and rotation

errors, respectively. Increasing the number of samples improved the

results, however we opted to use the same parameters for all mod-

els as the obtained results on C2 were still satisfactory. Figure 13

has additional data on the distribution of the errors across the ex-

periments, and the correlation between the time spent in GO-ICP

and the resulting error.

Table 2 additionally shows the time spent in each part of our

algorithm. We note that, as expected, GO-ICP and FastSpectrum

(total time on both models) are the heaviest components, account-

ing for around 80% of the time. In total, even on the largest model

(Kza5m), where both 2019 and 2020 have more than 3M vertices,

the whole computation took around 10 minutes.

5.1.1. Comparison to ScalableFM

Scalable Functional Maps (FM) [MO23] is a correspondence

method for dense non-rigid models, which assumes that an ini-

tial map is available for a subset of the vertices. The algorithm

uses FastSpectrum with a modification in the sampling technique

to compute a sampling of the vertices. Then, instead of taking the

full reconstructed eigenvectors (as we do), it restricts computation

to the reduced space. Finally, it computes the full functional map

using ZoomOut [MRR∗19].

We use the ground truth (GT) models as the input initial map

to ScalableFM. Note that ScalableFM normalizes the input models

to have unit surface area, which incidentally also localizes them in

the unit cube. Following the guidelines in the paper, we sample the

meshes to 3000 vertices and extract approximately 250 eigenvec-

tors, as we do in our algorithm. The rest of the parameters are the

same as provided in the demo code. For the initial map, we create

a functional map of size 100× 100 based on K-nearest neighbors

Figure 3: Ground truth mapping error of ScalableFM in compar-
ison to our approach. We calculate the distances of vertices in M1

(2019) to their corresponding vertices in M2, expressed as a per-
centage of the diagonal length of M2’s bounding box (x axis). The
y axis shows the cumulative distribution of the error.
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(KNN) of the samples, as implemented in the ScalableFM demo.

The final output from the ZoomOut algorithm is a 200×200 func-

tional map. We use the ScalableFM demo to extract the full point-

wise map from the functional map for comparison with our results.

First, we compare ScalableFM and our optimal results, using

Go-ICP for registration of the GT models (2019 to 2020) subject

to random transformations, as described in Section 5.1. To mea-

sure the accuracy of the mappings, we use the distances of vertices

in M1 (2019) to their corresponding vertices in M2, expressed as a

percentage of the diagonal length of M2’s bounding box. Explicitly,

we compute err =
‖X1[p2p,:]−X2‖×100

diagonal_len(M2)
, where Xi∈R

ni×3 represents

the 3D coordinates of the vertices of Mi. Figure 3 displays the cu-

mulative distribution plots of this error metric for each of the four

coral meshes analyzed, for ScalableFM and our GO-ICP results.

Figure 4 shows qualitatively the mapping result of ScalableFM

(b) compared to our mapping result (c). The source 2019 models

are shown in (a), and the maps are color-coded using a smooth

function of the x,y,z coordinates of the source. Notably, the Scal-

ableFM mappings exhibit significant distortions, despite the use of

GT models as input.

In this phase, we measured the time efficiency of the ScalableFM

algorithm in a single run, detailed in Table 3, and found that the

results were faster than those from our existing pipeline (see Ta-

ble 2). However, the computation of the pointwise correspondence

matrix from the functional map requires significantly more time,

taking approximately 25 minutes or longer. This extended duration

is critical as we need to compute P21 for subsequent comparison

with our visualization pipeline. The timing for ScalableFM is cate-

gorized in Table 3 into “Process Mesh Time” for all normalization

and sampling processes, “Approx Spectrum Time” for the modified

FastSpectrum, and “ZoomOut” for the KNN, initial mapping, and

ZoomOut refinement.

Next, we test our visualization pipeline using the outputs from

ScalableFM to compare it to our visualization results. We use the

outputs of ScalableFM, which include the P21 mapping and the ap-

proximated full eigenvectors to compute a functional map of size

k2 × k1, as required by our approach (note that the functional map

that ScalableFM outputs is square by default).

For our algorithm, we need P12 to map the singular vectors from

M2 to M1. Therefore, we run ScalableFM again with the inputs

swapped to obtain P12 as output. Figure 5 illustrates that the Scal-

ableFM map is not accurate enough to be applicable in our visual-

ization pipeline. We observe areas marked as changed in M2; how-

ever, due to mapping errors, an unrelated area is highlighted as cor-

responding in M1. For example, we can see in (a) an incorrect cor-

respondence in mesh C1 for singular value s > 1. The comparison

with the ground truth clearly indicates that our method outperforms

ScalableFM in terms of mapping accuracy. We can see in this ex-

periment that if the registration is not good in a way that introduces

large area distortions, the visualization will highlight that. For an

additional example see Fig. 2(e) in [OBCCG13], where this method

was used for finding problematic regions in the map. However, if

we trust the registration method (as we do in our method, since we

validated v.s. the ground truth), then this approach will correctly

visualize the changes that the surface has undergone.

5.2. Singular values

The distribution of the singular values of the functional map en-

codes information about the trends exhibited by the map. In Fig-

ure 6 we show the singular value graphs of all the maps we com-

puted (for all 6 models, 3 maps for each model).

Note for example that the 2019-2020 maps exhibit mostly sin-

gular values smaller than 1 (e.g., C3 has no singular values above

1). This indicates that most of the changes were losses or decays.

This is expected, as this map encodes the change that the storm

caused, which was detrimental to the reef. On the other hand, the

map of C2 from 2020-2022 exhibits considerably more moderate

changes, with most of the singular values in the neighborhood of 1,

and many singular values above 1. Indeed, the previous analysis has

shown that this period included recovery and growth [YPT∗23].

Thus, the singular values graph provides important insight in one

view regarding the change that the reef has undergone in the period

that has passed between the capture of the first and second model.

A deeper understanding of the location of the changes is obtained

by considering the singular vectors, as we show next.

5.3. Visualization with Singular Vectors

As described in Section 4.6, the singular values are ranked from 1 to

k2, where si > 1 indicates growth changes from the most to the least

significant, and si < 1 signifies shrinkage from minor to major de-

cay. We examined k2=30, covering 30 singular values representing

changes. Figure 7 (top row) illustrates the changes in the C2 model

from 2019 (top row) to 2022 (bottom row). (d), (e), and (f) depict

decay observed in larger values of i with si < 1, showing visually

structural changes where large parts of the branching corals have

collapsed. For the value of i = 2 and si > 1 (b) we see boundary

difference. Figure 7 (bottom row) further illustrates these dynam-

ics in the Kza5m model, spanning 2019 (top) to 2022 (bottom).

5.4. Visualization: Comparison with GT

In our main experiment, we compare the reef changes that were

detected by our algorithm with those identified by biologists. The

ground truth (GT) includes the (x,y,z) coordinates of locations

marking decay of the coral reef between 2019 and 2020. We use

the GT of five models (C1-C5). We exclude Kza5m, which contains

over 700 corals and is challenging to track manually, and therefore

did not have ground truth annotations.

Figure 8 shows cS
1 on all 2019 models, namely the regions on

M1 where si < 1, indicating shrinkage. GT points are overlaid as

spheres: red for true positives (changes identified by both our algo-

rithm and manual inspection) and black for false negatives (changes

noted manually but missed by our algorithm). Our algorithm accu-

rately detected all marked changes in two models (C2 and C5), but

missed 5 out of 36 in C1, 10 out of 59 in C3 and 1 out of 6 in C4.

Figure 9 shows some examples of these true positives and false

negatives, corresponding to Fig. 8. We show for each example: our

coloring based on the singular vectors (top two figures), the image

texture (bottom two figures), where the 2019 models are the left

two figures, and 2020 models are on the right. Figures (b), (d), (e),
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(c)(a) (b)

C1

(c)(a) (b)

C5

(c)(a) (b)

C2

Kza5m

(c)(a) (b)

Figure 4: Visual comparison of correspondences with ScalableFM algorithm on the models C1 (top-left), C2 (top-right), C5 (bottom-left)
and Kza5m (bottom-right) between 2019-2020. (a) 2019, (b) 2020 ScalableFM (c) 2020 Ours. Note the discontinuities evident in the maps
in (b). The maps are color-coded using a smooth function of the x,y,z coordinates of the source. See results section for more details.

and (f) illustrate successfully detected removals, highlighting our

algorithm’s successes. On the other hand, In (a) and (c), we ob-

serve missed changes: (a) shows an undetected broken part in C1,

and in (c) although three colonies were removed from C3, our al-

gorithm detected only two, mistakenly identifying the three similar

changes as a single event. Note, though, that the missing encrust-

ing coral (that looks like “suction cups”) is visible almost exclu-

sively in the texture image, and not as a geometric deformation,

since its polyps are too small compared to the resolution of the re-

construction. Therefore, this change is missed by our algorithm. It

is also possible for false negatives to arise if there are more notable

changes than the top k=30 changes that we identify. Hence k must

be set by the user for the specific size and use case of the map, i.e.,

for maps with many expected changes choose k>30.

Finally, our algorithm detects true changes that were missed dur-

(a) (b) (c) (d)

2019

2020

Figure 5: Visualization pipeline using the ScalableFM mapping re-
sults. Top (resp. bottom) row shows the 2019 (resp. 2020) meshes.
(a) C1 mesh with singular value s > 1, (b) C1 mesh with s < 1, (c)
C2 mesh with s > 1, (d) C2 mesh with s < 1. Note that since the
mapping is incorrect the highlighted regions in the 2019 meshes do
not correspond to those of the 2020 meshes.

ing manual inspection. These include delicate changes that can be

overlooked due to the methodologies currently used by biologists

or simply human error. See e.g., Fig. 10, C2 model; the change is

notable, suggesting that its omission was likely an oversight.

5.4.1. Outliers

We identified several changes that biologists did not mark in their

ground truth (false positives), including differences in coral bound-

aries (variations in the boundaries obtained during the 3D recon-

struction), and non reef elements such as scale bars and color charts

used for photogrammetry reconstruction. Examples of such bound-

ary changes, significant enough for our algorithm to identify, are

shown in Figure 11 (a,b) and Figure 7 (c). Examples of non-reef

elements appear in Figure 11 (c,d).

Figure 6: Singular values of the functional maps between early and
later years (2019-2020,2019-2022,2020-2022) for all the models.
Note that most of the 2019-2020 graphs show singular values below
1, indicating shrinkage and loss, as expected following the storm.
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2019

(c)

2022

(d) (e) (f)

i=2
s=1.06

i=27
s=0.26

i=28
s=0.23

i=30
s=0.09

(a) (b)

(c) (d)(a) (b)

i=16
s=0.98

i=20
s=0.95

i=24
s=0.9

2019

2022

Figure 7: Examples of visualizations with s values for the model C2 (up) and Kza5m (down) between the years 2019 to 2022. For C2 we
show (a) the map (b) the textured models, (c)-(f) s coloring from the SVD on the functional map representing the changes - growth and decay.
For Kza5m we show (a) the map, and (b)-(d) zooms of decay changes. See the results section for more details.

5.5. Analysis of A New Coral Reef Using Our System

We evaluate the performance of our algorithm on the Kza5m coral

reef mesh. This model presents significant challenges for manual

registration due to its intricate structure, overlapping corals, and

high structural complexity. These complexities have deterred ex-

pert investigation, and as a result, there is no established ground

truth (GT) for this mesh. For testing, we employed three layers in

CloudCompare: 2019 and 2020 with texture, and our visualization

as a layer indicating coral reef decay. The output of the S-ACORD

method includes two data types: ’add’ and ’fall.’ ’Add’ indicates

a positive addition, e.g., coral growth, to the mesh in the subse-

quent year, while ’fall’ signifies corals broken off by the storm.

We analyzed 20 instances of the ’fall’ data (k = 11 to k = 30, see

Figure 14), finding that most of them (19 out of 20) correctly iden-

tified actual changes, such as coral colony removal or deformation,

thereby facilitating change detection for the user. However, one de-

tection, detection 23 indicated no actual change, which we assume

is due to issues with the 3D reconstruction.

To summarize, when testing our method on the Kza5m model,

we found that it effectively helps the user to focus on areas of

change. This method excels particularly in scenarios involving

complete colony removal and also in detecting areas where the

mesh is deformed. However, there is a limitation due to the pre-

defined limit on the number of changes (‘add’ and ‘fall’) k, set at

30 in our study. For instance, as illustrated in Figure 12, a part of

the reef that fell was not marked as a change (false negative) when

k = 30. It was only when k was increased to 31 that the method

identified and marked it as a ’fall’ change.

6. Conclusions and Future Work

We presented a system for automatically computing correspon-

dences between 3D models of coral reefs, analysing them and vi-

sualizing the main regions of change. Furthermore, the changes are

presented in an order of importance, from largest to smallest. We

have shown that our registration surpasses a closely related alterna-

tive when compared to ground truth generated manually. In addi-

tion, we showed that our approach finds the regions of interest that

were marked by humans, as well as additional regions of interest of

smaller scale that were missed by them.

Further, our algorithm enables the analysis of models that are too
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intricate for a human observer to study manually, such as Kza5m.

In this model, there are over 700 objects which make it very hard

for a biologist to inspect each coral. Our method performed well

on this model, and provided a reliable and helpful output regarding

changes in that reef site over time, that were manually validated.

Our approach does not consider the texture image at all, although

it is an important signal that can help overcome lower resolution

captures. Furthermore, corals have various morphologies: branch-

ing corals are most easily detected via geometrical analysis while

encrusting corals, generally, are better visible in the texture. As

a result, combined with the lower resolution capture of the 2020

models, our algorithm missed some of the features in the C3 coral.

We believe that adding texture to the algorithm is an interesting av-

enue for future work. Another promising direction is replacing the

spectral basis with one which is more appropriate for the type of

maps that we are interested in. Specifically, we identify the growth

and decay using the surface area, however these can be perhaps

also identified volumetrically. Future work may take into account

more extrinsic geometry by working with other functional bases,

e.g. those which take the volume into account [WBCPS18] or those

that incorporate crease information [HSA∗23]. We also plan to ex-

plore the applicability of our algorithm to other complex structures,

such as detecting changes in cortical surfaces. This would extend

the utility of our approach from coral reef analysis to broader ap-

plications in medical imaging and biological research.

We believe there is much more that can be done with ecolog-

ical 3D data in general, and reef analysis in particular. On one

hand, real-world biological and ecological data is usually diverse

and challenging, leading to new problems in graphics and geom-

etry processing. On the other hand, as underwater data collection

means have improved, the large bottleneck now is data analysis.

Climate change is causing rapid ecosystem changes while manual

(a) C1 (b) C2 (c) C3

(d) C4 (e) C5 (f) Kza5m

Figure 8: Comparison of our results with GT human analysis. We
show the 2019 Models colored using our algorithm, showing decay
(si < 1) with respect to the corresponding 2020 models. The col-
ored areas indicate regions where the support of the singular vector
(i.e., non-zero regions) is localized. The spheres mark the GT points
identifying changes that were detected by humans. Model (f) does
not have a GT due to its size and complexity. Red spheres mark true
positive and black mark false negative. Colored boxes focus on ex-
amples that are zoomed in Figure 9.

data analysis does not scale. Thus detecting these changes while

they are happening is difficult, which delays response. We hope that

our approach will inspire more cross-disciplinary collaborations,

encouraging further work on the important topic of automatic coral

reef analysis, using the new emerging data and the wide variety of

geometry processing algorithms.
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 s=0.6479, A large colony was removed

 s=0.8107, Colony deformation

 s=0.8385, Colonies were removed (and a scale bar)
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Figure 14: Evaluation of ’fall’ detections in the Kza5m coral mesh. We assessed 20 ’fall’ detections (when s < 1), arranging the images from
the detection with the largest singular value (detection 30) indicating the most significant decay change, to the smallest (detection 11) where
s is very close to 1. For each detection, the display starts with the detection number, followed by four images (in a row): the first two images
are from 2019 and 2020, respectively, with highlights indicating detected changes, and the subsequent two images show the original texture
from 2019 and 2020. Below each set of images, the singular value and a biologist’s evaluation of the detection are displayed. We can see that
the algorithm detected 19 out of 20 changes correctly with only one false positive that was caused by the 3D reconstruction.
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