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Abstract— Achieving high surface reconstruction accuracy in
dense mapping has been a desirable target for both robotics
and vision communities. In the robotics literature, simultaneous
localization and mapping (SLAM) systems use RGB-D cameras
to reconstruct a dense map of the environment. They leverage
the depth input to provide accurate local pose estimation
and a locally consistent model. However, drift in the pose
tracking over time leads to misalignments and artifacts. On
the other hand, offline computer vision methods, such as the
pipeline that combines structure-from-motion (SfM) and multi-
view stereo (MVS), estimate the camera poses by performing
batch optimization. These methods achieve global consistency,
but suffer from heavy computation loads. We propose a novel
approach that integrates both methods to achieve locally and
globally consistent reconstruction. First, we estimate poses of
keyframes in the offline SfM pipeline to provide strong global
constraints at relatively low cost. Afterwards, we compute
odometry between frames driven by off-the-shelf SLAM systems
with high local accuracy. We fuse the two pose estimations
using factor graph optimization to generate accurate camera
poses for dense reconstruction. Experiments on real-world and
synthetic datasets demonstrate that our approach produces
more accurate models comparing to existing dense SLAM
systems, while achieving significant speedup with respect to
state-of-the-art SfM-MVS pipelines.

I. INTRODUCTION

Dense 3D reconstruction with accurate geometry is desired
for different applications such as infrastructure inspection,
indoor robot navigation, and virtual reality. The two key
demands for a reconstruction algorithm to fulfill are: (1)
accurate modelling of the global geometry of a large scale
environment in terms of global geometric consistency, and
(2) detailed scene description such as locally consistent
shape, texture, and color. While many efforts in SfM and
dense mapping in SLAM have been devoted to address both
requirements [1]–[5], they often fail in one of the criteria.

Specifically, in computer vision methods such as SfM, the
initial structure and camera poses are computed using feature
points. Later, bundle adjustment (BA) is applied to optimize
the overall structure and poses by minimizing the reprojec-
tion error. One of the challenges in SfM is the presence of
outliers in BA. In reality, the outliers from either the mis-
matched features or the incorrect pose initialization produce
large error. BA distributes this error across all structures and
poses, and results in inaccurate camera pose estimations. In
addition, the reconstruction systems usually reject the image
input in a featureless region, because feature-based pose
estimation sometimes fails at these regions. On the other

The authors are with the Robotics Institute, Carnegie Mel-
lon University, Pittsburgh, PA 15213, USA. {yiy4, weidong,
kaess}@andrew.cmu.edu

(a) Augmented-ICL-lr1 [6] top view via splatted
rendering

(b) TUM fr3 [8] point cloud office scene

Fig. 1. Reconstructions results for a synthetic and a real sequence

hand, systems that are dedicated to generating detailed local
geometry and accurate short-term odometry in a room-size
scene, such as ElasticFusion [5], often fail at large scale
operations due to tracking failures. Other offline or online
dense RGB-D reconstruction systems such as [6] and [7]
produce fairly accurate models, but often at the cost of
intensive computation and time.

In the paper, we propose a method that combines the
advantages from SfM and SLAM to achieve high fidelity
and accuracy in both local and global geometry in a large-
scale 3D reconstruction using an RGB-D camera, as shown
in Fig. I. This is achieved by using a factor graph-based
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i-th Normal Frame and k-th Keyframe
i-th Normal Frame
Odometry
Key Frame Pose Prior

<latexit sha1_base64="i2f/E+AAJ6eKaTDIzzDZwfY2W8g="></latexit><latexit sha1_base64="i2f/E+AAJ6eKaTDIzzDZwfY2W8g="></latexit><latexit sha1_base64="i2f/E+AAJ6eKaTDIzzDZwfY2W8g="></latexit><latexit sha1_base64="i2f/E+AAJ6eKaTDIzzDZwfY2W8g="></latexit>

Scale Prior
<latexit sha1_base64="3joNh4mSsVbGvtTv8CFqg4esrH8=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0l60WPRi8eK9gPSUDbbTbt0kw27E6GE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmljc2t7p7xb2ds/ODyqHp90jMo0422mpNK9kBouRcLbKFDyXqo5jUPJu+Hkdu53n7g2QiWPOE15ENNRIiLBKFrJf2BUctLSQulBtebW3QXIOvEKUoMCrUH1qz9ULIt5gkxSY3zPTTHIqUbBJJ9V+pnhKWUTOuK+pQmNuQnyxckzcmGVIYmUtpUgWai/J3IaGzONQ9sZUxybVW8u/uf5GUbXQS6SNEOesOWiKJMEFZn/T4ZCc4ZyagllWthbCRtTTRnalCo2BG/15XXSadQ9t+7dN2rNmyKOMpzBOVyCB1fQhDtoQRsYKHiGV3hz0Hlx3p2PZWvJKWZO4Q+czx/jPpD6</latexit><latexit sha1_base64="3joNh4mSsVbGvtTv8CFqg4esrH8=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0l60WPRi8eK9gPSUDbbTbt0kw27E6GE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmljc2t7p7xb2ds/ODyqHp90jMo0422mpNK9kBouRcLbKFDyXqo5jUPJu+Hkdu53n7g2QiWPOE15ENNRIiLBKFrJf2BUctLSQulBtebW3QXIOvEKUoMCrUH1qz9ULIt5gkxSY3zPTTHIqUbBJJ9V+pnhKWUTOuK+pQmNuQnyxckzcmGVIYmUtpUgWai/J3IaGzONQ9sZUxybVW8u/uf5GUbXQS6SNEOesOWiKJMEFZn/T4ZCc4ZyagllWthbCRtTTRnalCo2BG/15XXSadQ9t+7dN2rNmyKOMpzBOVyCB1fQhDtoQRsYKHiGV3hz0Hlx3p2PZWvJKWZO4Q+czx/jPpD6</latexit><latexit sha1_base64="3joNh4mSsVbGvtTv8CFqg4esrH8=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0l60WPRi8eK9gPSUDbbTbt0kw27E6GE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmljc2t7p7xb2ds/ODyqHp90jMo0422mpNK9kBouRcLbKFDyXqo5jUPJu+Hkdu53n7g2QiWPOE15ENNRIiLBKFrJf2BUctLSQulBtebW3QXIOvEKUoMCrUH1qz9ULIt5gkxSY3zPTTHIqUbBJJ9V+pnhKWUTOuK+pQmNuQnyxckzcmGVIYmUtpUgWai/J3IaGzONQ9sZUxybVW8u/uf5GUbXQS6SNEOesOWiKJMEFZn/T4ZCc4ZyagllWthbCRtTTRnalCo2BG/15XXSadQ9t+7dN2rNmyKOMpzBOVyCB1fQhDtoQRsYKHiGV3hz0Hlx3p2PZWvJKWZO4Q+czx/jPpD6</latexit><latexit sha1_base64="3joNh4mSsVbGvtTv8CFqg4esrH8=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0l60WPRi8eK9gPSUDbbTbt0kw27E6GE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmljc2t7p7xb2ds/ODyqHp90jMo0422mpNK9kBouRcLbKFDyXqo5jUPJu+Hkdu53n7g2QiWPOE15ENNRIiLBKFrJf2BUctLSQulBtebW3QXIOvEKUoMCrUH1qz9ULIt5gkxSY3zPTTHIqUbBJJ9V+pnhKWUTOuK+pQmNuQnyxckzcmGVIYmUtpUgWai/J3IaGzONQ9sZUxybVW8u/uf5GUbXQS6SNEOesOWiKJMEFZn/T4ZCc4ZyagllWthbCRtTTRnalCo2BG/15XXSadQ9t+7dN2rNmyKOMpzBOVyCB1fQhDtoQRsYKHiGV3hz0Hlx3p2PZWvJKWZO4Q+czx/jPpD6</latexit> Pose Scale

<latexit sha1_base64="gAna7ADJoNoAQoqgarb5NoReu5k=">AAAB8XicbVA9SwNBEJ3zM8avqKXNYhCswl0aLYM2lhHNByZH2NvMJUv2do/dPSGE/AsbC0Vs/Td2/hs3yRWa+GDg8d4MM/OiVHBjff/bW1vf2NzaLuwUd/f2Dw5LR8dNozLNsMGUULodUYOCS2xYbgW2U400iQS2otHNzG89oTZcyQc7TjFM6EDymDNqnfRYVwbJPaMCe6WyX/HnIKskyEkZctR7pa9uX7EsQWmZoMZ0Aj+14YRqy5nAabGbGUwpG9EBdhyVNEETTuYXT8m5U/okVtqVtGSu/p6Y0MSYcRK5zoTaoVn2ZuJ/Xiez8VU44TLNLEq2WBRnglhFZu+TPtfIrBg7Qpnm7lbChlRTZl1IRRdCsPzyKmlWK4FfCe6q5dp1HkcBTuEMLiCAS6jBLdShAQwkPMMrvHnGe/HevY9F65qXz5zAH3ifPwl4kHs=</latexit><latexit sha1_base64="gAna7ADJoNoAQoqgarb5NoReu5k=">AAAB8XicbVA9SwNBEJ3zM8avqKXNYhCswl0aLYM2lhHNByZH2NvMJUv2do/dPSGE/AsbC0Vs/Td2/hs3yRWa+GDg8d4MM/OiVHBjff/bW1vf2NzaLuwUd/f2Dw5LR8dNozLNsMGUULodUYOCS2xYbgW2U400iQS2otHNzG89oTZcyQc7TjFM6EDymDNqnfRYVwbJPaMCe6WyX/HnIKskyEkZctR7pa9uX7EsQWmZoMZ0Aj+14YRqy5nAabGbGUwpG9EBdhyVNEETTuYXT8m5U/okVtqVtGSu/p6Y0MSYcRK5zoTaoVn2ZuJ/Xiez8VU44TLNLEq2WBRnglhFZu+TPtfIrBg7Qpnm7lbChlRTZl1IRRdCsPzyKmlWK4FfCe6q5dp1HkcBTuEMLiCAS6jBLdShAQwkPMMrvHnGe/HevY9F65qXz5zAH3ifPwl4kHs=</latexit><latexit sha1_base64="gAna7ADJoNoAQoqgarb5NoReu5k=">AAAB8XicbVA9SwNBEJ3zM8avqKXNYhCswl0aLYM2lhHNByZH2NvMJUv2do/dPSGE/AsbC0Vs/Td2/hs3yRWa+GDg8d4MM/OiVHBjff/bW1vf2NzaLuwUd/f2Dw5LR8dNozLNsMGUULodUYOCS2xYbgW2U400iQS2otHNzG89oTZcyQc7TjFM6EDymDNqnfRYVwbJPaMCe6WyX/HnIKskyEkZctR7pa9uX7EsQWmZoMZ0Aj+14YRqy5nAabGbGUwpG9EBdhyVNEETTuYXT8m5U/okVtqVtGSu/p6Y0MSYcRK5zoTaoVn2ZuJ/Xiez8VU44TLNLEq2WBRnglhFZu+TPtfIrBg7Qpnm7lbChlRTZl1IRRdCsPzyKmlWK4FfCe6q5dp1HkcBTuEMLiCAS6jBLdShAQwkPMMrvHnGe/HevY9F65qXz5zAH3ifPwl4kHs=</latexit><latexit sha1_base64="gAna7ADJoNoAQoqgarb5NoReu5k=">AAAB8XicbVA9SwNBEJ3zM8avqKXNYhCswl0aLYM2lhHNByZH2NvMJUv2do/dPSGE/AsbC0Vs/Td2/hs3yRWa+GDg8d4MM/OiVHBjff/bW1vf2NzaLuwUd/f2Dw5LR8dNozLNsMGUULodUYOCS2xYbgW2U400iQS2otHNzG89oTZcyQc7TjFM6EDymDNqnfRYVwbJPaMCe6WyX/HnIKskyEkZctR7pa9uX7EsQWmZoMZ0Aj+14YRqy5nAabGbGUwpG9EBdhyVNEETTuYXT8m5U/okVtqVtGSu/p6Y0MSYcRK5zoTaoVn2ZuJ/Xiez8VU44TLNLEq2WBRnglhFZu+TPtfIrBg7Qpnm7lbChlRTZl1IRRdCsPzyKmlWK4FfCe6q5dp1HkcBTuEMLiCAS6jBLdShAQwkPMMrvHnGe/HevY9F65qXz5zAH3ifPwl4kHs=</latexit>

s
<latexit sha1_base64="N1eK0lTaQQAFA6yHzcECkl4oWJk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/epYz3</latexit><latexit sha1_base64="N1eK0lTaQQAFA6yHzcECkl4oWJk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/epYz3</latexit><latexit sha1_base64="N1eK0lTaQQAFA6yHzcECkl4oWJk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/epYz3</latexit><latexit sha1_base64="N1eK0lTaQQAFA6yHzcECkl4oWJk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/epYz3</latexit>

Pi

Pi+��1

Pi+�
<latexit sha1_base64="EnKwfV6UGaSjXbhYA79/ZOI4rFE=">AAACKXicdVBdS8MwFE39nPWr6qMvwSEI4mhF0MehLz5OcB+wlpKm6RaWpiVJhVH6d3zxr/iioKiv/hHTrQ9z0wOBk3PuTe49QcqoVLb9aSwtr6yurdc2zM2t7Z1da2+/I5NMYNLGCUtEL0CSMMpJW1HFSC8VBMUBI91gdFP63QciJE34vRqnxIvRgNOIYqS05FtNN0ZqGER5q/Cp65oz15yeuky/FKIzp/jPKnyrbjfsCeAicSpSBxVavvXqhgnOYsIVZkjKvmOnysuRUBQzUphuJkmK8AgNSF9TjmIivXyyaQGPtRLCKBH6cAUn6mxHjmIpx3GgK8tp5bxXin95/UxFV15OeZopwvH0oyhjUCWwjA2GVBCs2FgThAXVs0I8RAJhpcM1dQjO/MqLpHPecOyGc3dRb15XcdTAITgCJ8ABl6AJbkELtAEGj+AZvIF348l4MT6Mr2npklH1HIBfML5/AIt9p2c=</latexit><latexit sha1_base64="EnKwfV6UGaSjXbhYA79/ZOI4rFE=">AAACKXicdVBdS8MwFE39nPWr6qMvwSEI4mhF0MehLz5OcB+wlpKm6RaWpiVJhVH6d3zxr/iioKiv/hHTrQ9z0wOBk3PuTe49QcqoVLb9aSwtr6yurdc2zM2t7Z1da2+/I5NMYNLGCUtEL0CSMMpJW1HFSC8VBMUBI91gdFP63QciJE34vRqnxIvRgNOIYqS05FtNN0ZqGER5q/Cp65oz15yeuky/FKIzp/jPKnyrbjfsCeAicSpSBxVavvXqhgnOYsIVZkjKvmOnysuRUBQzUphuJkmK8AgNSF9TjmIivXyyaQGPtRLCKBH6cAUn6mxHjmIpx3GgK8tp5bxXin95/UxFV15OeZopwvH0oyhjUCWwjA2GVBCs2FgThAXVs0I8RAJhpcM1dQjO/MqLpHPecOyGc3dRb15XcdTAITgCJ8ABl6AJbkELtAEGj+AZvIF348l4MT6Mr2npklH1HIBfML5/AIt9p2c=</latexit><latexit sha1_base64="EnKwfV6UGaSjXbhYA79/ZOI4rFE=">AAACKXicdVBdS8MwFE39nPWr6qMvwSEI4mhF0MehLz5OcB+wlpKm6RaWpiVJhVH6d3zxr/iioKiv/hHTrQ9z0wOBk3PuTe49QcqoVLb9aSwtr6yurdc2zM2t7Z1da2+/I5NMYNLGCUtEL0CSMMpJW1HFSC8VBMUBI91gdFP63QciJE34vRqnxIvRgNOIYqS05FtNN0ZqGER5q/Cp65oz15yeuky/FKIzp/jPKnyrbjfsCeAicSpSBxVavvXqhgnOYsIVZkjKvmOnysuRUBQzUphuJkmK8AgNSF9TjmIivXyyaQGPtRLCKBH6cAUn6mxHjmIpx3GgK8tp5bxXin95/UxFV15OeZopwvH0oyhjUCWwjA2GVBCs2FgThAXVs0I8RAJhpcM1dQjO/MqLpHPecOyGc3dRb15XcdTAITgCJ8ABl6AJbkELtAEGj+AZvIF348l4MT6Mr2npklH1HIBfML5/AIt9p2c=</latexit><latexit sha1_base64="EnKwfV6UGaSjXbhYA79/ZOI4rFE=">AAACKXicdVBdS8MwFE39nPWr6qMvwSEI4mhF0MehLz5OcB+wlpKm6RaWpiVJhVH6d3zxr/iioKiv/hHTrQ9z0wOBk3PuTe49QcqoVLb9aSwtr6yurdc2zM2t7Z1da2+/I5NMYNLGCUtEL0CSMMpJW1HFSC8VBMUBI91gdFP63QciJE34vRqnxIvRgNOIYqS05FtNN0ZqGER5q/Cp65oz15yeuky/FKIzp/jPKnyrbjfsCeAicSpSBxVavvXqhgnOYsIVZkjKvmOnysuRUBQzUphuJkmK8AgNSF9TjmIivXyyaQGPtRLCKBH6cAUn6mxHjmIpx3GgK8tp5bxXin95/UxFV15OeZopwvH0oyhjUCWwjA2GVBCs2FgThAXVs0I8RAJhpcM1dQjO/MqLpHPecOyGc3dRb15XcdTAITgCJ8ABl6AJbkELtAEGj+AZvIF348l4MT6Mr2npklH1HIBfML5/AIt9p2c=</latexit>

Pi

Pi+��1

Pi+�
<latexit sha1_base64="EnKwfV6UGaSjXbhYA79/ZOI4rFE=">AAACKXicdVBdS8MwFE39nPWr6qMvwSEI4mhF0MehLz5OcB+wlpKm6RaWpiVJhVH6d3zxr/iioKiv/hHTrQ9z0wOBk3PuTe49QcqoVLb9aSwtr6yurdc2zM2t7Z1da2+/I5NMYNLGCUtEL0CSMMpJW1HFSC8VBMUBI91gdFP63QciJE34vRqnxIvRgNOIYqS05FtNN0ZqGER5q/Cp65oz15yeuky/FKIzp/jPKnyrbjfsCeAicSpSBxVavvXqhgnOYsIVZkjKvmOnysuRUBQzUphuJkmK8AgNSF9TjmIivXyyaQGPtRLCKBH6cAUn6mxHjmIpx3GgK8tp5bxXin95/UxFV15OeZopwvH0oyhjUCWwjA2GVBCs2FgThAXVs0I8RAJhpcM1dQjO/MqLpHPecOyGc3dRb15XcdTAITgCJ8ABl6AJbkELtAEGj+AZvIF348l4MT6Mr2npklH1HIBfML5/AIt9p2c=</latexit><latexit sha1_base64="EnKwfV6UGaSjXbhYA79/ZOI4rFE=">AAACKXicdVBdS8MwFE39nPWr6qMvwSEI4mhF0MehLz5OcB+wlpKm6RaWpiVJhVH6d3zxr/iioKiv/hHTrQ9z0wOBk3PuTe49QcqoVLb9aSwtr6yurdc2zM2t7Z1da2+/I5NMYNLGCUtEL0CSMMpJW1HFSC8VBMUBI91gdFP63QciJE34vRqnxIvRgNOIYqS05FtNN0ZqGER5q/Cp65oz15yeuky/FKIzp/jPKnyrbjfsCeAicSpSBxVavvXqhgnOYsIVZkjKvmOnysuRUBQzUphuJkmK8AgNSF9TjmIivXyyaQGPtRLCKBH6cAUn6mxHjmIpx3GgK8tp5bxXin95/UxFV15OeZopwvH0oyhjUCWwjA2GVBCs2FgThAXVs0I8RAJhpcM1dQjO/MqLpHPecOyGc3dRb15XcdTAITgCJ8ABl6AJbkELtAEGj+AZvIF348l4MT6Mr2npklH1HIBfML5/AIt9p2c=</latexit><latexit sha1_base64="EnKwfV6UGaSjXbhYA79/ZOI4rFE=">AAACKXicdVBdS8MwFE39nPWr6qMvwSEI4mhF0MehLz5OcB+wlpKm6RaWpiVJhVH6d3zxr/iioKiv/hHTrQ9z0wOBk3PuTe49QcqoVLb9aSwtr6yurdc2zM2t7Z1da2+/I5NMYNLGCUtEL0CSMMpJW1HFSC8VBMUBI91gdFP63QciJE34vRqnxIvRgNOIYqS05FtNN0ZqGER5q/Cp65oz15yeuky/FKIzp/jPKnyrbjfsCeAicSpSBxVavvXqhgnOYsIVZkjKvmOnysuRUBQzUphuJkmK8AgNSF9TjmIivXyyaQGPtRLCKBH6cAUn6mxHjmIpx3GgK8tp5bxXin95/UxFV15OeZopwvH0oyhjUCWwjA2GVBCs2FgThAXVs0I8RAJhpcM1dQjO/MqLpHPecOyGc3dRb15XcdTAITgCJ8ABl6AJbkELtAEGj+AZvIF348l4MT6Mr2npklH1HIBfML5/AIt9p2c=</latexit><latexit sha1_base64="EnKwfV6UGaSjXbhYA79/ZOI4rFE=">AAACKXicdVBdS8MwFE39nPWr6qMvwSEI4mhF0MehLz5OcB+wlpKm6RaWpiVJhVH6d3zxr/iioKiv/hHTrQ9z0wOBk3PuTe49QcqoVLb9aSwtr6yurdc2zM2t7Z1da2+/I5NMYNLGCUtEL0CSMMpJW1HFSC8VBMUBI91gdFP63QciJE34vRqnxIvRgNOIYqS05FtNN0ZqGER5q/Cp65oz15yeuky/FKIzp/jPKnyrbjfsCeAicSpSBxVavvXqhgnOYsIVZkjKvmOnysuRUBQzUphuJkmK8AgNSF9TjmIivXyyaQGPtRLCKBH6cAUn6mxHjmIpx3GgK8tp5bxXin95/UxFV15OeZopwvH0oyhjUCWwjA2GVBCs2FgThAXVs0I8RAJhpcM1dQjO/MqLpHPecOyGc3dRb15XcdTAITgCJ8ABl6AJbkELtAEGj+AZvIF348l4MT6Mr2npklH1HIBfML5/AIt9p2c=</latexit>

Pi

Pi+��1

Pi+�
<latexit sha1_base64="EnKwfV6UGaSjXbhYA79/ZOI4rFE=">AAACKXicdVBdS8MwFE39nPWr6qMvwSEI4mhF0MehLz5OcB+wlpKm6RaWpiVJhVH6d3zxr/iioKiv/hHTrQ9z0wOBk3PuTe49QcqoVLb9aSwtr6yurdc2zM2t7Z1da2+/I5NMYNLGCUtEL0CSMMpJW1HFSC8VBMUBI91gdFP63QciJE34vRqnxIvRgNOIYqS05FtNN0ZqGER5q/Cp65oz15yeuky/FKIzp/jPKnyrbjfsCeAicSpSBxVavvXqhgnOYsIVZkjKvmOnysuRUBQzUphuJkmK8AgNSF9TjmIivXyyaQGPtRLCKBH6cAUn6mxHjmIpx3GgK8tp5bxXin95/UxFV15OeZopwvH0oyhjUCWwjA2GVBCs2FgThAXVs0I8RAJhpcM1dQjO/MqLpHPecOyGc3dRb15XcdTAITgCJ8ABl6AJbkELtAEGj+AZvIF348l4MT6Mr2npklH1HIBfML5/AIt9p2c=</latexit><latexit sha1_base64="EnKwfV6UGaSjXbhYA79/ZOI4rFE=">AAACKXicdVBdS8MwFE39nPWr6qMvwSEI4mhF0MehLz5OcB+wlpKm6RaWpiVJhVH6d3zxr/iioKiv/hHTrQ9z0wOBk3PuTe49QcqoVLb9aSwtr6yurdc2zM2t7Z1da2+/I5NMYNLGCUtEL0CSMMpJW1HFSC8VBMUBI91gdFP63QciJE34vRqnxIvRgNOIYqS05FtNN0ZqGER5q/Cp65oz15yeuky/FKIzp/jPKnyrbjfsCeAicSpSBxVavvXqhgnOYsIVZkjKvmOnysuRUBQzUphuJkmK8AgNSF9TjmIivXyyaQGPtRLCKBH6cAUn6mxHjmIpx3GgK8tp5bxXin95/UxFV15OeZopwvH0oyhjUCWwjA2GVBCs2FgThAXVs0I8RAJhpcM1dQjO/MqLpHPecOyGc3dRb15XcdTAITgCJ8ABl6AJbkELtAEGj+AZvIF348l4MT6Mr2npklH1HIBfML5/AIt9p2c=</latexit><latexit sha1_base64="EnKwfV6UGaSjXbhYA79/ZOI4rFE=">AAACKXicdVBdS8MwFE39nPWr6qMvwSEI4mhF0MehLz5OcB+wlpKm6RaWpiVJhVH6d3zxr/iioKiv/hHTrQ9z0wOBk3PuTe49QcqoVLb9aSwtr6yurdc2zM2t7Z1da2+/I5NMYNLGCUtEL0CSMMpJW1HFSC8VBMUBI91gdFP63QciJE34vRqnxIvRgNOIYqS05FtNN0ZqGER5q/Cp65oz15yeuky/FKIzp/jPKnyrbjfsCeAicSpSBxVavvXqhgnOYsIVZkjKvmOnysuRUBQzUphuJkmK8AgNSF9TjmIivXyyaQGPtRLCKBH6cAUn6mxHjmIpx3GgK8tp5bxXin95/UxFV15OeZopwvH0oyhjUCWwjA2GVBCs2FgThAXVs0I8RAJhpcM1dQjO/MqLpHPecOyGc3dRb15XcdTAITgCJ8ABl6AJbkELtAEGj+AZvIF348l4MT6Mr2npklH1HIBfML5/AIt9p2c=</latexit><latexit sha1_base64="EnKwfV6UGaSjXbhYA79/ZOI4rFE=">AAACKXicdVBdS8MwFE39nPWr6qMvwSEI4mhF0MehLz5OcB+wlpKm6RaWpiVJhVH6d3zxr/iioKiv/hHTrQ9z0wOBk3PuTe49QcqoVLb9aSwtr6yurdc2zM2t7Z1da2+/I5NMYNLGCUtEL0CSMMpJW1HFSC8VBMUBI91gdFP63QciJE34vRqnxIvRgNOIYqS05FtNN0ZqGER5q/Cp65oz15yeuky/FKIzp/jPKnyrbjfsCeAicSpSBxVavvXqhgnOYsIVZkjKvmOnysuRUBQzUphuJkmK8AgNSF9TjmIivXyyaQGPtRLCKBH6cAUn6mxHjmIpx3GgK8tp5bxXin95/UxFV15OeZopwvH0oyhjUCWwjA2GVBCs2FgThAXVs0I8RAJhpcM1dQjO/MqLpHPecOyGc3dRb15XcdTAITgCJ8ABl6AJbkELtAEGj+AZvIF348l4MT6Mr2npklH1HIBfML5/AIt9p2c=</latexit>

Pi

Pi+��1

Pi+�
<latexit sha1_base64="EnKwfV6UGaSjXbhYA79/ZOI4rFE=">AAACKXicdVBdS8MwFE39nPWr6qMvwSEI4mhF0MehLz5OcB+wlpKm6RaWpiVJhVH6d3zxr/iioKiv/hHTrQ9z0wOBk3PuTe49QcqoVLb9aSwtr6yurdc2zM2t7Z1da2+/I5NMYNLGCUtEL0CSMMpJW1HFSC8VBMUBI91gdFP63QciJE34vRqnxIvRgNOIYqS05FtNN0ZqGER5q/Cp65oz15yeuky/FKIzp/jPKnyrbjfsCeAicSpSBxVavvXqhgnOYsIVZkjKvmOnysuRUBQzUphuJkmK8AgNSF9TjmIivXyyaQGPtRLCKBH6cAUn6mxHjmIpx3GgK8tp5bxXin95/UxFV15OeZopwvH0oyhjUCWwjA2GVBCs2FgThAXVs0I8RAJhpcM1dQjO/MqLpHPecOyGc3dRb15XcdTAITgCJ8ABl6AJbkELtAEGj+AZvIF348l4MT6Mr2npklH1HIBfML5/AIt9p2c=</latexit><latexit sha1_base64="EnKwfV6UGaSjXbhYA79/ZOI4rFE=">AAACKXicdVBdS8MwFE39nPWr6qMvwSEI4mhF0MehLz5OcB+wlpKm6RaWpiVJhVH6d3zxr/iioKiv/hHTrQ9z0wOBk3PuTe49QcqoVLb9aSwtr6yurdc2zM2t7Z1da2+/I5NMYNLGCUtEL0CSMMpJW1HFSC8VBMUBI91gdFP63QciJE34vRqnxIvRgNOIYqS05FtNN0ZqGER5q/Cp65oz15yeuky/FKIzp/jPKnyrbjfsCeAicSpSBxVavvXqhgnOYsIVZkjKvmOnysuRUBQzUphuJkmK8AgNSF9TjmIivXyyaQGPtRLCKBH6cAUn6mxHjmIpx3GgK8tp5bxXin95/UxFV15OeZopwvH0oyhjUCWwjA2GVBCs2FgThAXVs0I8RAJhpcM1dQjO/MqLpHPecOyGc3dRb15XcdTAITgCJ8ABl6AJbkELtAEGj+AZvIF348l4MT6Mr2npklH1HIBfML5/AIt9p2c=</latexit><latexit sha1_base64="EnKwfV6UGaSjXbhYA79/ZOI4rFE=">AAACKXicdVBdS8MwFE39nPWr6qMvwSEI4mhF0MehLz5OcB+wlpKm6RaWpiVJhVH6d3zxr/iioKiv/hHTrQ9z0wOBk3PuTe49QcqoVLb9aSwtr6yurdc2zM2t7Z1da2+/I5NMYNLGCUtEL0CSMMpJW1HFSC8VBMUBI91gdFP63QciJE34vRqnxIvRgNOIYqS05FtNN0ZqGER5q/Cp65oz15yeuky/FKIzp/jPKnyrbjfsCeAicSpSBxVavvXqhgnOYsIVZkjKvmOnysuRUBQzUphuJkmK8AgNSF9TjmIivXyyaQGPtRLCKBH6cAUn6mxHjmIpx3GgK8tp5bxXin95/UxFV15OeZopwvH0oyhjUCWwjA2GVBCs2FgThAXVs0I8RAJhpcM1dQjO/MqLpHPecOyGc3dRb15XcdTAITgCJ8ABl6AJbkELtAEGj+AZvIF348l4MT6Mr2npklH1HIBfML5/AIt9p2c=</latexit><latexit sha1_base64="EnKwfV6UGaSjXbhYA79/ZOI4rFE=">AAACKXicdVBdS8MwFE39nPWr6qMvwSEI4mhF0MehLz5OcB+wlpKm6RaWpiVJhVH6d3zxr/iioKiv/hHTrQ9z0wOBk3PuTe49QcqoVLb9aSwtr6yurdc2zM2t7Z1da2+/I5NMYNLGCUtEL0CSMMpJW1HFSC8VBMUBI91gdFP63QciJE34vRqnxIvRgNOIYqS05FtNN0ZqGER5q/Cp65oz15yeuky/FKIzp/jPKnyrbjfsCeAicSpSBxVavvXqhgnOYsIVZkjKvmOnysuRUBQzUphuJkmK8AgNSF9TjmIivXyyaQGPtRLCKBH6cAUn6mxHjmIpx3GgK8tp5bxXin95/UxFV15OeZopwvH0oyhjUCWwjA2GVBCs2FgThAXVs0I8RAJhpcM1dQjO/MqLpHPecOyGc3dRb15XcdTAITgCJ8ABl6AJbkELtAEGj+AZvIF348l4MT6Mr2npklH1HIBfML5/AIt9p2c=</latexit>

Pi

Pi+��1

Pi+�
<latexit sha1_base64="EnKwfV6UGaSjXbhYA79/ZOI4rFE=">AAACKXicdVBdS8MwFE39nPWr6qMvwSEI4mhF0MehLz5OcB+wlpKm6RaWpiVJhVH6d3zxr/iioKiv/hHTrQ9z0wOBk3PuTe49QcqoVLb9aSwtr6yurdc2zM2t7Z1da2+/I5NMYNLGCUtEL0CSMMpJW1HFSC8VBMUBI91gdFP63QciJE34vRqnxIvRgNOIYqS05FtNN0ZqGER5q/Cp65oz15yeuky/FKIzp/jPKnyrbjfsCeAicSpSBxVavvXqhgnOYsIVZkjKvmOnysuRUBQzUphuJkmK8AgNSF9TjmIivXyyaQGPtRLCKBH6cAUn6mxHjmIpx3GgK8tp5bxXin95/UxFV15OeZopwvH0oyhjUCWwjA2GVBCs2FgThAXVs0I8RAJhpcM1dQjO/MqLpHPecOyGc3dRb15XcdTAITgCJ8ABl6AJbkELtAEGj+AZvIF348l4MT6Mr2npklH1HIBfML5/AIt9p2c=</latexit><latexit sha1_base64="EnKwfV6UGaSjXbhYA79/ZOI4rFE=">AAACKXicdVBdS8MwFE39nPWr6qMvwSEI4mhF0MehLz5OcB+wlpKm6RaWpiVJhVH6d3zxr/iioKiv/hHTrQ9z0wOBk3PuTe49QcqoVLb9aSwtr6yurdc2zM2t7Z1da2+/I5NMYNLGCUtEL0CSMMpJW1HFSC8VBMUBI91gdFP63QciJE34vRqnxIvRgNOIYqS05FtNN0ZqGER5q/Cp65oz15yeuky/FKIzp/jPKnyrbjfsCeAicSpSBxVavvXqhgnOYsIVZkjKvmOnysuRUBQzUphuJkmK8AgNSF9TjmIivXyyaQGPtRLCKBH6cAUn6mxHjmIpx3GgK8tp5bxXin95/UxFV15OeZopwvH0oyhjUCWwjA2GVBCs2FgThAXVs0I8RAJhpcM1dQjO/MqLpHPecOyGc3dRb15XcdTAITgCJ8ABl6AJbkELtAEGj+AZvIF348l4MT6Mr2npklH1HIBfML5/AIt9p2c=</latexit><latexit sha1_base64="EnKwfV6UGaSjXbhYA79/ZOI4rFE=">AAACKXicdVBdS8MwFE39nPWr6qMvwSEI4mhF0MehLz5OcB+wlpKm6RaWpiVJhVH6d3zxr/iioKiv/hHTrQ9z0wOBk3PuTe49QcqoVLb9aSwtr6yurdc2zM2t7Z1da2+/I5NMYNLGCUtEL0CSMMpJW1HFSC8VBMUBI91gdFP63QciJE34vRqnxIvRgNOIYqS05FtNN0ZqGER5q/Cp65oz15yeuky/FKIzp/jPKnyrbjfsCeAicSpSBxVavvXqhgnOYsIVZkjKvmOnysuRUBQzUphuJkmK8AgNSF9TjmIivXyyaQGPtRLCKBH6cAUn6mxHjmIpx3GgK8tp5bxXin95/UxFV15OeZopwvH0oyhjUCWwjA2GVBCs2FgThAXVs0I8RAJhpcM1dQjO/MqLpHPecOyGc3dRb15XcdTAITgCJ8ABl6AJbkELtAEGj+AZvIF348l4MT6Mr2npklH1HIBfML5/AIt9p2c=</latexit><latexit sha1_base64="EnKwfV6UGaSjXbhYA79/ZOI4rFE=">AAACKXicdVBdS8MwFE39nPWr6qMvwSEI4mhF0MehLz5OcB+wlpKm6RaWpiVJhVH6d3zxr/iioKiv/hHTrQ9z0wOBk3PuTe49QcqoVLb9aSwtr6yurdc2zM2t7Z1da2+/I5NMYNLGCUtEL0CSMMpJW1HFSC8VBMUBI91gdFP63QciJE34vRqnxIvRgNOIYqS05FtNN0ZqGER5q/Cp65oz15yeuky/FKIzp/jPKnyrbjfsCeAicSpSBxVavvXqhgnOYsIVZkjKvmOnysuRUBQzUphuJkmK8AgNSF9TjmIivXyyaQGPtRLCKBH6cAUn6mxHjmIpx3GgK8tp5bxXin95/UxFV15OeZopwvH0oyhjUCWwjA2GVBCs2FgThAXVs0I8RAJhpcM1dQjO/MqLpHPecOyGc3dRb15XcdTAITgCJ8ABl6AJbkELtAEGj+AZvIF348l4MT6Mr2npklH1HIBfML5/AIt9p2c=</latexit>

…………

Keyframe Pose
Frame Pose

<latexit sha1_base64="Cvl4/CqS+pjYO7XMJ88Zw5FzxP4=">AAACA3icbVDLSsNAFJ34rPEVdaebwSK4Kkk3uiwKIripYB/QhjKZ3rRDJ5MwMxFCKLjxV9y4UMStP+HOv3HaBtHWAwPnnnMvd+4JEs6Udt0va2l5ZXVtvbRhb25t7+w6e/tNFaeSQoPGPJbtgCjgTEBDM82hnUggUcChFYwuJ37rHqRisbjTWQJ+RAaChYwSbaSec3gDWShJBLgeK+h27aufoueU3Yo7BV4kXkHKqEC953x2+zFNIxCacqJUx3MT7edEakY5jO1uqiAhdEQG0DFUmEXKz6c3jPGJUfo4jKV5QuOp+nsiJ5FSWRSYzojooZr3JuJ/XifV4bmfM5GkGgSdLQpTjnWMJ4HgPpNANc8MIVQy81dMh0QSqk1stgnBmz95kTSrFc+teLfVcu2iiKOEjtAxOkUeOkM1dI3qqIEoekBP6AW9Wo/Ws/Vmvc9al6xi5gD9gfXxDdhflvw=</latexit><latexit sha1_base64="Cvl4/CqS+pjYO7XMJ88Zw5FzxP4=">AAACA3icbVDLSsNAFJ34rPEVdaebwSK4Kkk3uiwKIripYB/QhjKZ3rRDJ5MwMxFCKLjxV9y4UMStP+HOv3HaBtHWAwPnnnMvd+4JEs6Udt0va2l5ZXVtvbRhb25t7+w6e/tNFaeSQoPGPJbtgCjgTEBDM82hnUggUcChFYwuJ37rHqRisbjTWQJ+RAaChYwSbaSec3gDWShJBLgeK+h27aufoueU3Yo7BV4kXkHKqEC953x2+zFNIxCacqJUx3MT7edEakY5jO1uqiAhdEQG0DFUmEXKz6c3jPGJUfo4jKV5QuOp+nsiJ5FSWRSYzojooZr3JuJ/XifV4bmfM5GkGgSdLQpTjnWMJ4HgPpNANc8MIVQy81dMh0QSqk1stgnBmz95kTSrFc+teLfVcu2iiKOEjtAxOkUeOkM1dI3qqIEoekBP6AW9Wo/Ws/Vmvc9al6xi5gD9gfXxDdhflvw=</latexit><latexit sha1_base64="Cvl4/CqS+pjYO7XMJ88Zw5FzxP4=">AAACA3icbVDLSsNAFJ34rPEVdaebwSK4Kkk3uiwKIripYB/QhjKZ3rRDJ5MwMxFCKLjxV9y4UMStP+HOv3HaBtHWAwPnnnMvd+4JEs6Udt0va2l5ZXVtvbRhb25t7+w6e/tNFaeSQoPGPJbtgCjgTEBDM82hnUggUcChFYwuJ37rHqRisbjTWQJ+RAaChYwSbaSec3gDWShJBLgeK+h27aufoueU3Yo7BV4kXkHKqEC953x2+zFNIxCacqJUx3MT7edEakY5jO1uqiAhdEQG0DFUmEXKz6c3jPGJUfo4jKV5QuOp+nsiJ5FSWRSYzojooZr3JuJ/XifV4bmfM5GkGgSdLQpTjnWMJ4HgPpNANc8MIVQy81dMh0QSqk1stgnBmz95kTSrFc+teLfVcu2iiKOEjtAxOkUeOkM1dI3qqIEoekBP6AW9Wo/Ws/Vmvc9al6xi5gD9gfXxDdhflvw=</latexit><latexit sha1_base64="Cvl4/CqS+pjYO7XMJ88Zw5FzxP4=">AAACA3icbVDLSsNAFJ34rPEVdaebwSK4Kkk3uiwKIripYB/QhjKZ3rRDJ5MwMxFCKLjxV9y4UMStP+HOv3HaBtHWAwPnnnMvd+4JEs6Udt0va2l5ZXVtvbRhb25t7+w6e/tNFaeSQoPGPJbtgCjgTEBDM82hnUggUcChFYwuJ37rHqRisbjTWQJ+RAaChYwSbaSec3gDWShJBLgeK+h27aufoueU3Yo7BV4kXkHKqEC953x2+zFNIxCacqJUx3MT7edEakY5jO1uqiAhdEQG0DFUmEXKz6c3jPGJUfo4jKV5QuOp+nsiJ5FSWRSYzojooZr3JuJ/XifV4bmfM5GkGgSdLQpTjnWMJ4HgPpNANc8MIVQy81dMh0QSqk1stgnBmz95kTSrFc+teLfVcu2iiKOEjtAxOkUeOkM1dI3qqIEoekBP6AW9Wo/Ws/Vmvc9al6xi5gD9gfXxDdhflvw=</latexit>

Keyframe Pose
Frame Pose

<latexit sha1_base64="Cvl4/CqS+pjYO7XMJ88Zw5FzxP4=">AAACA3icbVDLSsNAFJ34rPEVdaebwSK4Kkk3uiwKIripYB/QhjKZ3rRDJ5MwMxFCKLjxV9y4UMStP+HOv3HaBtHWAwPnnnMvd+4JEs6Udt0va2l5ZXVtvbRhb25t7+w6e/tNFaeSQoPGPJbtgCjgTEBDM82hnUggUcChFYwuJ37rHqRisbjTWQJ+RAaChYwSbaSec3gDWShJBLgeK+h27aufoueU3Yo7BV4kXkHKqEC953x2+zFNIxCacqJUx3MT7edEakY5jO1uqiAhdEQG0DFUmEXKz6c3jPGJUfo4jKV5QuOp+nsiJ5FSWRSYzojooZr3JuJ/XifV4bmfM5GkGgSdLQpTjnWMJ4HgPpNANc8MIVQy81dMh0QSqk1stgnBmz95kTSrFc+teLfVcu2iiKOEjtAxOkUeOkM1dI3qqIEoekBP6AW9Wo/Ws/Vmvc9al6xi5gD9gfXxDdhflvw=</latexit><latexit sha1_base64="Cvl4/CqS+pjYO7XMJ88Zw5FzxP4=">AAACA3icbVDLSsNAFJ34rPEVdaebwSK4Kkk3uiwKIripYB/QhjKZ3rRDJ5MwMxFCKLjxV9y4UMStP+HOv3HaBtHWAwPnnnMvd+4JEs6Udt0va2l5ZXVtvbRhb25t7+w6e/tNFaeSQoPGPJbtgCjgTEBDM82hnUggUcChFYwuJ37rHqRisbjTWQJ+RAaChYwSbaSec3gDWShJBLgeK+h27aufoueU3Yo7BV4kXkHKqEC953x2+zFNIxCacqJUx3MT7edEakY5jO1uqiAhdEQG0DFUmEXKz6c3jPGJUfo4jKV5QuOp+nsiJ5FSWRSYzojooZr3JuJ/XifV4bmfM5GkGgSdLQpTjnWMJ4HgPpNANc8MIVQy81dMh0QSqk1stgnBmz95kTSrFc+teLfVcu2iiKOEjtAxOkUeOkM1dI3qqIEoekBP6AW9Wo/Ws/Vmvc9al6xi5gD9gfXxDdhflvw=</latexit><latexit sha1_base64="Cvl4/CqS+pjYO7XMJ88Zw5FzxP4=">AAACA3icbVDLSsNAFJ34rPEVdaebwSK4Kkk3uiwKIripYB/QhjKZ3rRDJ5MwMxFCKLjxV9y4UMStP+HOv3HaBtHWAwPnnnMvd+4JEs6Udt0va2l5ZXVtvbRhb25t7+w6e/tNFaeSQoPGPJbtgCjgTEBDM82hnUggUcChFYwuJ37rHqRisbjTWQJ+RAaChYwSbaSec3gDWShJBLgeK+h27aufoueU3Yo7BV4kXkHKqEC953x2+zFNIxCacqJUx3MT7edEakY5jO1uqiAhdEQG0DFUmEXKz6c3jPGJUfo4jKV5QuOp+nsiJ5FSWRSYzojooZr3JuJ/XifV4bmfM5GkGgSdLQpTjnWMJ4HgPpNANc8MIVQy81dMh0QSqk1stgnBmz95kTSrFc+teLfVcu2iiKOEjtAxOkUeOkM1dI3qqIEoekBP6AW9Wo/Ws/Vmvc9al6xi5gD9gfXxDdhflvw=</latexit><latexit sha1_base64="Cvl4/CqS+pjYO7XMJ88Zw5FzxP4=">AAACA3icbVDLSsNAFJ34rPEVdaebwSK4Kkk3uiwKIripYB/QhjKZ3rRDJ5MwMxFCKLjxV9y4UMStP+HOv3HaBtHWAwPnnnMvd+4JEs6Udt0va2l5ZXVtvbRhb25t7+w6e/tNFaeSQoPGPJbtgCjgTEBDM82hnUggUcChFYwuJ37rHqRisbjTWQJ+RAaChYwSbaSec3gDWShJBLgeK+h27aufoueU3Yo7BV4kXkHKqEC953x2+zFNIxCacqJUx3MT7edEakY5jO1uqiAhdEQG0DFUmEXKz6c3jPGJUfo4jKV5QuOp+nsiJ5FSWRSYzojooZr3JuJ/XifV4bmfM5GkGgSdLQpTjnWMJ4HgPpNANc8MIVQy81dMh0QSqk1stgnBmz95kTSrFc+teLfVcu2iiKOEjtAxOkUeOkM1dI3qqIEoekBP6AW9Wo/Ws/Vmvc9al6xi5gD9gfXxDdhflvw=</latexit>

⇠ij
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Frame-to-model Odometry
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Fig. 2. Frame-to-model odometry is solved using joint ICP and photometric optimization, as shown in the picture in the top left. The keyframe pose priors
are solved using SfM, as shown in the top right. The factor graph in the bottom demonstrates how to combine the keyframe priors with the odometry.

optimization [9] of the camera poses obtained from both
SfM and a dense mapping SLAM system. Specifically, a few
frames are selected from the color images as keyframes, and
processed using SfM algorithms such as OpenMVG [1], [10],
Theia [11] or COLMAP [12]. Then, keyframes poses are
interpolated and combined with the RGB-D camera tracking
from ElasticFusion [5], a state-of-the-art dense mapping
system, to recover the overall trajectory via factor graph
optimization. Finally, an online surfel-based fusion method
used in ElasticFusion is applied to generate the final model
based on the optimized camera poses. Our method uses the
RGB-D odometry to enhance the local geometry consistency,
and SfM to maximize the global geometry consistency.

There are two main contributions of this paper:

• We introduce the framework to combine SfM and
SLAM in a factor graph formulation. Although our
method requires offline pose optimization, it produces
more accurate model geometry comparing to the online
methods, and is much less time-consuming comparing
to other offline reconstruction systems.

• We detail our methods in combining the result from SfM
and SLAM. We conduct both real world experiments
and tests on a synthetic dataset to provide a thorough
analysis of the system runtime and performance. Our
evaluation includes comparisons to both offline SfM-
MVS pipeline and online dense mapping. The results
show that our method outperforms both online dense
mapping and offline 3D reconstructions in various met-
rics.

II. RELATED WORK

The problem of both local and global geometric consis-
tency has been addressed in many large scale offline SfM-
MVS pipelines and online dense mapping systems. One
of the most popular approaches is based on the idea of
divide-and-conquer. Zhu et al. [13] and Yao et al. [14] have
introduced the technique of locally readjusting the camera
poses to improve the reconstruction quality. This method
is effective in terms of smoothing out the rough surfaces
and recovering more accurate local geometry. However,
these methods still suffer from pre-defined heuristics such
as the size of local camera group. Built upon these ideas,
many state-of-the-art SfM pipelines such as COLMAP by
Schönberger et al. [12] and OpenMVG by Moulon et al. [1]
have developed complete systems that apply local refinement
to recover better local reconstruction quality. These state-
of-the-art systems provide globally accurate camera pose
estimation. However, structure estimation from multi-view
geometry is usually prone to outliers, and procedures such
as patch matching in MVS are time-consuming. In addition,
the resulting mesh from SfM-MVS pipeline usually requires
post-processing that is not only time-consuming but also
labor intensive.

As RGB-D sensors become popular, many offline systems
are developed to use the depth information to generate
highly accurate 3D model. For example, Zhou and Koltun
[15] propose to construct small fragments of a large scene,
and then use volumetric registration to combine these small
fragments. Also, Zhou et al. [16] apply elastic regularization
to merge all fragments. Apart from these methods, Choi et



Fig. 3. System block diagram. The top of each block shows the sub-components for each system, and the bottom of the block shows the output of
the corresponding system. From a set of RGB-D images, a set of keyframes K is selected, and processed using the SfM pipeline. The resulting set of
keyframe poses Pk and the corresponding covariance Σk are generated; these are treated as strong priors in the later optimization. Frame-to-model tracking
provides odometry using joint optimization of ICP and photometric information. In preparation to the joint optimization of prior and odometry, keyframes
are interpolated to provide a good initial value for the optimization. We optimize the poses incrementally as the new odometry becomes available, and
fuse the new surfels from each frame into the existing model.

al. [6] apply a similar idea of constructing many overlapping
small fragments, and then use Iterative Closest Point (ICP)
to register the fragments together to complete a full scene.
Recently, Open3D [17] introduces various algorithms to
reconstruct the 3D environment with RGB-D information.
However, these systems still face problems such as requiring
manual alignment of the unregistered camera frames from
separated fragments, and poor initialization of the camera
poses could lead to incorrect convergence of the camera
poses. These works produce accurate models, but at a cost of
hours or even days of processing time. Different from these
methods that use small fragment registration, our system
focuses on providing accurate camera poses in dense recon-
struction. It does not involve the computationally intensive
registration.

Another category of the dense reconstruction is SLAM
with RGB-D sensor. As a subject of great interest, systems
such as KinectFusion [3], Kintinuous [4], InifiniTAM [18],
[19] focus on the surface reconstruction of the model us-
ing Truncated Signed Distance Function (TSDF) [20] that
stores the signed distance from every voxel to its nearest
surface. Although these systems are able to achieve high
performance in a room-size reconstruction, they rely on the
depth information to conduct frame-to-model ICP, which is
brittle when the depth measurements are subject to significant
sensor noise. As a result, they are vulnerable to accumulated
drift. ElasticFusion [5] incorporated the color information
in the frame-to-model tracking to minimize the effect of
ICP drift. However, the ICP drift still exists when the scene
is large. Another approach applied by the state-of-the-art
BundleFusion [7] is the SIFT feature correspondence search
and BA that is similar to the works such as ORB-SLAM
[21]. Although BundleFusion achieves superior performance
in indoor reconstruction, it is computationally demanding,

requiring two high-end GPUs to run in real-time. Flash-
Fusion [22] applies a similar approach to use ORB [23]
feature correspondence and keyframe integration without
GPU. It achieves a similar performance to BundleFusion with
much lower computation needs, but its keyframe integration
strategy leads to a lower surface area coverage comparing to
other dense mapping systems; it substantially sub-samples
the frames and voxels. A common characteristic in all of the
dense mapping methods in SLAM is that they often fail at a
larger scene due to incorrect odometry estimation or incorrect
loop closures. These failures often lead to misalignments
in the final reconstruction. However, they provide highly
accurate estimation of the change of poses between frames.
We take advantage of the accurate short-term odometry
estimation from the SLAM methods to achieve consistent
local geometry.

III. GLOBALLY CONSISTENT POSE ESTIMATION USING
FACTOR GRAPH

Given a set of N RGB-D images captured by a commerical
RGB-D camera, keyframe camera pose priors are obtained
through an SfM pipeline. Later, the camera poses are jointly
optimized by the prior and odometry from the dense tracking.
The optimized camera poses are used in the final reconstruc-
tion. Fig. 3 shows an illustration of the system architecture.

A. Prior and Odometry Estimation

Keyframe Pose Estimation: The set of color images C is
evenly down-sampled with an interval of λ. The resulting
color maps are regarded as keyframes K ⊂ C. Using the state-
of-the-art system COLMAP [12], we estimate the i-th frame
pose Pi ∈ SE(3) and its corresponding covariance ΣPi . The
resulting camera pose is regarded as the camera pose prior
in the optimization in Sec. III-B. We refer to Schönberger et



al. [2] and Moulon et al. [1] for a detail description of the
SfM method in systems such as COLMAP and OpenMVG.
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Fig. 4. (Left) Illustration of the pose interpolation on manifold. (Right)
3D similarity transformation.

Frame Odometry Estimation: The pose change between
the i-th and j-th consecutive frames ξij ∈ R6 is estimated
using a joint frame-to-model [24] optimization. The cost
function over the relative pose joins the point-to-plane dis-
tance and the photometric error, and is minimized in image
pyramids for faster convergence. For details, we refer to the
original ElasticFusion by Whelan et al. [5].

B. Factor Graph Representation

At the core of our proposed system is the joint optimiza-
tion of the keyframe pose prior and frame-to-model odome-
try. To bring these together, we propose to use the factor
graph formulation shown in Fig. 2. Specifically, given a
keyframe Ki where i ∈ {1, 2, · · · bNλ c} and its corresponding
pose Pi estimated from SfM, we treat the keyframe pose as
the pose prior in the factor graph. In addition, we represent
the frame-to-model odometry ξij between frame i and j as
an odometry factor. Since the keyframe prior and the frame-
to-model odometry are independently estimated, these two
kinds of factors are not aligned in the same coordinate frame.
In addition, due to the scale ambiguity issue in SfM, we
need to simultaneously estimate the scale that best aligns
the prior and the odometry. The connections of the prior
factor and the odometry factor are shown in Fig. 2. Given
this formulation, the optimal solution of the problem is the
maximum a posteriori estimation of the factor graph:

X ∗ = arg min
X

NK∑
i=1

‖rs‖2σ2
s

+

N∑
i=1

‖rPi‖2ΣPi
+

N∑
i,j=1

∥∥rξij∥∥2

Σξij
,

(1)
where the set of optimal state is the set of all of the optimal
poses and the optimal scale:

X ∗ = {P∗, s∗}. (2)

rs, rPi , and rξij correspond to the residuals of scale,
pose prior, and odometry respectively. σ2

s , ΣPi , and Σξij
correspond to the covariance of the scale, the pose prior, and
the odometry. This problem can be solved using Levenberg-
Marquardt non-linear optimization to iterate at the lineariza-
tion point X̂ k. At the k-th iteration, the linearization can be
expressed as the following Taylor expansion:

rsi(X̂ k + δX̂ k+1) ≈ rsi(X̂ k) +Hk
siδX̂ k+1, (3)

rξj (X̂ k + δX̂ k+1) ≈ rξj (X̂ k) +Hk
ξjδX̂ k+1, (4)

where we use the first order term to approximate the actual
value. The measurement Jacobian H at the k-th iteration and
the corresponding state update can be expressed as:

Hk
si =

δrsi
δX

∣∣∣∣
X=X̂k

, Hk
ξij =

δrξij
δX

∣∣∣∣
X=X̂k

, (5)

X̂ k+1 = X̂ k ⊕ δX k+1. (6)

We use the ⊕ operator to represent retraction.

C. Pose Initialization: Interpolation on SE(3) Manifold

Initialization is of paramount importance to solve the non-
convex optimization problem. It is important to initialize the
state within close proximity of the optimal value to allow
final convergence. If the sub-sampled interval λ is large,
using the keyframe pose prior to initialize the intermediate
poses is likely inaccurate, and thus might lead to wrong
convergence. We propose to use an on-manifold interpolation
based on the method shown in Žefran and Kumar [25] to
initialize the poses in between two keyframes.

Let two keyframe poses be Pi and Pi+λ corresponding
to the i-th and the (i + λ)-th frames, we want to find the
intermediate pose Pk corresponding to the k-th frame that
satisfies i ≤ k ≤ i+λ. This can be achieved by first finding
the difference δP between two poses, and then map the
difference from SE(3) to se(3) represented by δξ. Given the
tangent space of the Lie manifold preserves linearity, we can
estimate the intermediate poses corresponds to k as:

Pk = Pi exp

(
k − i
λ

δξ

)
. (7)

D. Scale Initialization

Due to the scale ambiguity in SfM, we need to find the
scale factor s ∈ R that best aligns the two sets of poses.
Similar to the pose initialization in Sec. III-C, we also need to
make sure that the scale is correctly initialized. We propose to
use the 3D landmark Xsfm captured by the first frame in the
SfM pipeline. Assuming that the first camera frame should
be aligned with the global coordinate, we have the pose
for the first frame expressed in the global coordinate frame
to be P = I4×4. The set of first frame landmarks Xsfm

corresponds to the set of 2D pixel coordinates x1. We can
extract the corresponding 3D landmarks Xslam from the first
frame depth image using the following camera projection
function:

Xslam = π−1(P1 = I4×4,x1), (8)

where π−1(·, ·) is the inverse camera projection that maps
the pixel coordinate to the world coordinate. Then, based
on the method by Horn [26], we estimate a similarity
transformation between two sets of 3D points using singular
value decomposition:

U,S,V = svd(X̃sfm ⊗ X̃slam), (9)

R = UV>, (10)

X̃aligned = RX̃sfm. (11)
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Fig. 5. Heatmaps showing reconstruction error on A-ICL-lr1. The top row and the bottom row are the internal view and the top view of the room scene,
respectively. Points more than 0.2m away from the ground truth are removed.

We express the initial scale as:

sI =

∑
Xi∈X̃slam,Xj∈X̃aligned

Xi ·Xj∑
Xj∈X̃sfm

‖Xj‖2
, (12)

where the X̃sfm and X̃slam are the zero-centered 3D points
stacked in a column matrix, and ⊗ denotes the outer product
between two matrices. Since the depth image is subject to
noise, the initial scale sI is not entirely accurate. We refine
the scale in the optimization as shown in Fig. 2.

E. Optimization and Surfel-based Model Reconstruction

Given the keyframe pose prior and the odometry are
initialized and aligned, we optimize the camera poses using
the incoming odometry. When a new odometry measurement
is obtained using the method in Sec. III-A, it is inserted into
the factor graph and incrementally optimized using iSAM2
[27]. Similar to ElasticFusion, the model is generated by
surface splatting. Different from the surface deformation
approach in ElasticFusion, our method relies on the glob-
ally consistent pose priors to constrain the input odometry.
Therefore, we do not apply the surface loop closure and the
model deformation.

IV. EXPERIMENTAL RESULTS

A. Implementation

We implement the system based on two state-of-the-art
systems, COLMAP and ElasticFusion. COLMAP is used
as the SfM pipeline that generates the pose prior, and the
tracking component in ElasticFusion is used to generate
odometry. In addition, we adopt the surfel representation and
the surface fusion strategy in ElasticFusion. We implement
the proposed factor graph, Levenberg-Marquardt optimizer,

and iSAM2 [27] optimizer using the GTSAM [28] library.
Experiments are conducted on a Ubuntu 16.04 desktop with
an Intel i7-6700 CPU and a GeForce GTX 1070 GPU.

B. Synthetic Dataset

We test our system on the Augmented ICL-NUIM (A-ICL)
dataset with synthetic noise created by Choi et al. [6]. The A-
ICL sequence is based on the original ICL-NUIM dataset by
Handa et al. [29]. Both ICL and A-ICL sequences are created
in the same synthetic living room scene, but A-ICL contains
a longer camera trajectory (max of 2870 frames vs. max of
1510 frames) and a larger coverage of the scene. We compare
the surface reconstruction accuracy against the ground truth
(GT) model using CloudCompare [30], and we also compare
the Root Mean Square of Absolute Trajectory Error (ATE-
RMSE) using the tools from TUM-RGBD benchmark [8].
To demonstrate the performance of our system, we com-
pare against the systems from three different categories: (1)
offline SfM-MVS systems represented by COLMAP-MVS
[12], (2) offline RGB-D reconstruction systems represented
by Redwood [6], and (3) online dense mapping systems
represented by ElasticFusion [5] and InfiniTAMv3 [19].
The surface reconstruction accuracy, system runtime, and
absolute trajectory error are used as metrics to evaluate the
system performance. Table I shows the results of the A-ICL
living room dataset with noise. A heatmap visualization of
the surface reconstruction accuracy is shown in Fig. 5.

Table I shows the mean and the standard deviation of
the distance to the GT model. Although our surface recon-
struction accuracy is slightly lower than the models from
COLMAP-MVS and the Redwood, the model produced by
our method has the lowest standard deviation and trajec-
tory error. A collection of heatmaps illustrating the surface



TABLE I
RESULTS ON THE SYNTHETIC A-ICL DATASET

Mean distance to GT model (cm) Std. Dev. distance to GT model (cm) System Runtime (min) ATE RMSE (cm)
A-ICL-lr1 A-ICL-lr2 A-ICL-lr1 A-ICL-lr2 A-ICL-lr1 A-ICL-lr2 A-ICL-lr1 A-ICL-lr2

COLMAP-MVS 1.59 1.35 4.58 4.20 212.66 159.41 5.68 18.78
Redwood 3.00 2.02 2.98 1.83 ∼300 ∼300 N/A N/A
ElasticFusion 7.71 7.78 6.91 6.34 (online) (online) 66.61 28.53
InfiniTAMv3 7.33 10.25 6.39 6.87 (online) (online) 46.07 73.64
Proposed 1.74 2.26 1.34 1.78 29.37 6.93 5.14 3.79

Colored model Distance heatmap

Fig. 6. Results on the real-world CoRBS dataset. Top row, Human
sequence. Bottom row, Racing Car sequence. The output distance heatmap
shows our method reconstructs accurate models.

reconstruction accuracy of A-ICL-lr1 is shown in Fig. 5.
Furthermore, our method not only achieves a higher accuracy
than the online methods, but also finishes the reconstruction
in a much shorter period comparing to other offline methods.

C. Real World Dataset

We conduct additional tests on the CoRBS [31] real
world dataset with surface ground truth model collected by
a 3D scanner with sub-millimeter accuracy. This dataset is
collected using a Kinect V2 hand-held RGB-D camera, and
it contains a real racing car and a human-size model. The
surface reconstruction accuracy of each object is shown in
Table II, and the reconstructed models and the corresponding
heatmaps are shown in Fig. IV-C.

TABLE II
RESULTS ON THE REAL-WORLD CORBS DATASET

Mean distance (cm) Std. dev. distance (cm)
Racing car Human Racing car Human

ElasticFusion 6.07 52.98 4.45 49.0
Proposed 1.30 1.12 1.15 1.84

V. CONCLUSION

We present a dense reconstruction system that combines
the advantages from both SfM and SLAM to recover both
locally and globally consistent 3D models using an RGB-
D sensor. We achieve performance by extracting keyframes
and obtaining their corresponding pose priors from SfM,
and locally adjusting the camera using odometry from dense
SLAM. Our method shows better performance than the state-
of-the-art dense SLAM system for both synthetic and real-
world datasets, while providing much shorter processing
time and comparable quality than other offline dense 3D
reconstruction systems. In addition to the discussion about
SfM and SLAM, the idea of combining strong camera priors
and odometry can also be applied in situations such as GPS
input as prior, or IMU input as odometry.

For future work, we would like to develop a solution
to various parameter choices. For example, the number of
keyframes should be automatically adjusted when the recon-
struction data becomes larger, and more keyframes should
be extracted when the camera motion is large. In addition,
we are working towards an online system that is capable of
achieving similar reconstruction accuracy.
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