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A. Thingi10K

To test the effectiveness of our approach we applied our method
to a set of meshes from the Thingi10K [ZJ16] dataset. For this,
we chose all single-component, manifold meshes with more than
100K vertices. We automated constraint selection by identifying
the largest bounding box axis, fixing the lowest 5% of vertices,
and marking the highest 5% as dynamic along this axis. The dy-
namic constraints were rotated 180 degrees and translated, creating
an extreme bending scenario (Figures 1, 2, 3, 4). We also rotated
the dynamic constraints by 90 degree to create a twisting scenario
(Figures 5, 6, 7, 8). We measured the elapsed time and the resulting
energy of both the classic ARAP algorithm and the hierarchical ap-
proach at specific convergence criteria (10−6 to 10−10) on the high
resolution level and used a fixed convergence criterion of 10−6 on
the coarse levels.

Figures 1-8 show the ARAP energy curves on the finest level
using our hierarchical approach. We can see that the hierarchical
approach usually converges to a lower energy but in some cases
this is not the case.

References
[ZJ16] ZHOU Q., JACOBSON A.: Thingi10k: A dataset of 10,000 3d-

printing models. arXiv preprint arXiv:1605.04797 (2016). 1

© 2026 The Author(s). Computer Graphics Forum published by Eurographics - The European Asso-
ciation for Computer Graphics and John Wiley & Sons Ltd.
This is an open access article under the terms of the Creative Commons Attribution License, which
permits use, distribution and reproduction in any medium, provided the original work is properly
cited.

https://orcid.org/0009-0002-4803-750X
https://orcid.org/0000-0001-6511-9385
https://orcid.org/0000-0002-9854-8466


2 of 9 H. Meyer, B. Bickel, M.Alexa / Hierarchical Optimization of the As-Rigid-As-Possible Energy

0 500 1000
0.088

0.090

0.092

0.094

0.096

0.098

0.100

0.102

0.104

0 2000 4000 6000

0.0025

0.0050

0.0075

0.0100

0.0125

0.0150

0.0175

0.0200

0 200 400 600
0.040

0.045

0.050

0.055

0.060

0 500 1000 1500

1.206

1.207

1.208

1.209

1.210

1.211

0 1000 2000

1.200

1.202

1.204

1.206

1.208

1.210

1.212

1.214

0 500 1000 1500 2000

0.034

0.036

0.038

0.040

0.042

0.044

0.046

0.048

0 500 1000 1500 2000

0.085

0.090

0.095

0.100

0.105

0.110

0.115

0.120

0 500 1000 1500 2000

0.085

0.090

0.095

0.100

0.105

0.110

0.115

0.120

0 500 1000 1500 2000 2500

0.390

0.395

0.400

0.405

0.410

0 2000 4000

0.004

0.006

0.008

0.010

0.012

0.014

0 500 1000 1500 2000 2500

0.49

0.50

0.51

0.52

0.53

0 200 400 600
0.0575

0.0580

0.0585

0.0590

0.0595

0.0600

0.0605

0.0610

0.0615

0 200 400 600 800

0.016

0.018

0.020

0.022

0.024

0 500 1000

0.0015

0.0020

0.0025

0.0030

0.0035

0.0040

0.0045

0 1000 2000 3000 4000

0.001

0.002

0.003

0.004

0.005

0.006

0 500 1000 1500 2000
0.008

0.010

0.012

0.014

0.016

0.018

0 200 400 600 800

0.0035

0.0040

0.0045

0.0050

0.0055

0.0060

0.0065

0 200 400 600

0.0035

0.0040

0.0045

0.0050

0.0055

0.0060

0.0065

0 500 1000 1500 2000 2500

0.002

0.004

0.006

0.008

0.010

0.012

0 500 1000 1500

0.039

0.040

0.041

0.042

0.043

0.044

0 1000 2000 3000

0.004

0.006

0.008

0.010

0.012

0.014

0.016

0 250 500 750 1000 1250

0.0045

0.0050

0.0055

0.0060

0.0065

0 2000 4000 6000

0.030

0.035

0.040

0.045

0.050

0.055

0.060

0 500 1000 1500

0.115

0.120

0.125

0.130

0.135

0 100 200 300 400 500
1.2575

1.2600

1.2625

1.2650

1.2675

1.2700

1.2725

1.2750

1.2775

0 100 200 300

0.003

0.004

0.005

0.006

0.007

0.008
+1.177e1

0 50 100 150
0.175

0.176

0.177

0.178

0.179

0.180

0 500 1000 1500

0.009

0.010

0.011

0.012

0.013

0.014

0.015

0 2000 4000 6000

0.002

0.003

0.004

0.005

0.006

0.007

0 500 1000 1500

1.170

1.172

1.174

1.176

1.178

1.180

1.182

0 2000 4000 6000

0.002

0.004

0.006

0.008

0.010

0.012

0 500 1000

0.003

0.004

0.005

0.006

0.007

0.008

0.009

0.010

0 1000 2000 3000 4000 5000

0.00075

0.00100

0.00125

0.00150

0.00175

0.00200

0.00225

0.00250

0 2000 4000 6000 8000

0.0050

0.0075

0.0100

0.0125

0.0150

0.0175

0.0200

0 1000 2000 3000 4000 5000

0.0050

0.0075

0.0100

0.0125

0.0150

0.0175

0.0200

0 2000 4000 6000

0.0050

0.0075

0.0100

0.0125

0.0150

0.0175

0.0200

0.0225

0 1000 2000 3000 4000 5000

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0.009

0.010

0 1000 2000 3000 4000

0.005

0.010

0.015

0.020

0.025

0.030

0 2000 4000 6000

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0 1000 2000 3000
0.0175

0.0200

0.0225

0.0250

0.0275

0.0300

0.0325

0.0350

0 1000 2000 3000 4000

0.105

0.110

0.115

0.120

0 1000 2000 3000 4000

0.033

0.034

0.035

0.036

0.037

0.038

0.039

0.040

0.041

0 2000 4000 6000

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0 250 500 750 1000 1250

0.012

0.014

0.016

0.018

0.020

0.022

0.024

0.026

0 1000 2000 3000 4000

0.014

0.015

0.016

0.017

0.018

0.019

0.020

0.021

0 1000 2000 3000

0.980

0.985

0.990

0.995

1.000

0 1000 2000 3000 4000 5000

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0.009

0.010

0 500 1000 1500

0.004

0.006

0.008

0.010

0.012

Figure 1: Runtime (in seconds) of HARAP and the resulting ARAP energy. Curves show multiple data points at different convergence criteria.
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Figure 2: Runtime (in seconds) of HARAP and the resulting ARAP energy.Curves show multiple data points at different convergence criteria.
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Figure 3: Runtime (in seconds) of HARAP and the resulting ARAP energy.Curves show multiple data points at different convergence criteria.
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Figure 4: Runtime (in seconds) of HARAP and the resulting ARAP energy.Curves show multiple data points at different convergence criteria.
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Figure 5: Runtime (in seconds) of HARAP and the resulting ARAP energy. Curves show multiple data points at different convergence criteria.
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Figure 6: Runtime (in seconds) of HARAP and the resulting ARAP energy.Curves show multiple data points at different convergence criteria.
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Figure 7: Runtime (in seconds) of HARAP and the resulting ARAP energy.Curves show multiple data points at different convergence criteria.
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Figure 8: Runtime (in seconds) of HARAP and the resulting ARAP energy. Curves show multiple data points at different convergence criteria.
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