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Task

Detect objects and recover the 3D object bound-
ing boxes from a single RGB image.

Motivation

• Layered representation of computer vision
by David Marr. For example, the early vision
(texture, texton, primal sketch), mid-level vision
(21

2D), and high-level vision (primitive-based 3D).
• 3D prior and 3D geometry constraint
that can facilitate the 3D learning from a single
image.

Problems

•Could an intermediate representation bridge the
huge gap between 2D image and 3D world?

• Is such an intermediate representation a better
and more invariant prior compared to the priors
obtained directly from specific tasks?

•How to incorporate the intermediate
representation into an efficient end-to-end
training framework?

We propose the perspective points as an inter-
mediate representation to solve these problems.

Contribution

1 Perspective points bridge the gap between 2D
and 3D bounding boxes without utilizing any
extra category-specific 3D shape priors.

2 Devise a template-based method to efficiently and
robustly estimate the perspective points.

3 Consistency between the 2D perspective points
and 3D bounding boxes can be maintained by a
differentiable projective function. The entire
framework is end-to-end trainable.

4 Our method significantly outperforms previous
methods.

Overview

(a) 2D Bounding Boxes (b) 2D Perspective Points (c) 3D Bounding Boxes

The proposed PerspectiveNet utilizes (b) the 2D perspective points as the intermediate representation to bridge the gap. The
perspective points are the 2D perspective projection of the 3D bounding box corners, containing rich 3D information.
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For each proposed box, its RoI feature is fed into three network branches to predict: (i) the object class and the 2D box offset, (ii)
2D perspective templates (projected 3D box corners and object center) and the corresponding coefficients, and (iii) the 3D box
size, orientation, and its distance from the camera.
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<latexit sha1_base64="VF7qFgH0Kvo6haydZ/Ml3XD0A3s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5KooMeCF48V7Qe0oWy2m3bpZhN2J0oJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GNzO//ci1EbF6wEnC/YgOlQgFo2il+6f+Rb9ccWvuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5qVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0SjYEb/nlVdI6r3luzbu7rNSreRxFOIFTqIIHV1CHW2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gAFYI2H</latexit><latexit sha1_base64="VF7qFgH0Kvo6haydZ/Ml3XD0A3s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5KooMeCF48V7Qe0oWy2m3bpZhN2J0oJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GNzO//ci1EbF6wEnC/YgOlQgFo2il+6f+Rb9ccWvuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5qVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0SjYEb/nlVdI6r3luzbu7rNSreRxFOIFTqIIHV1CHW2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gAFYI2H</latexit><latexit sha1_base64="VF7qFgH0Kvo6haydZ/Ml3XD0A3s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5KooMeCF48V7Qe0oWy2m3bpZhN2J0oJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GNzO//ci1EbF6wEnC/YgOlQgFo2il+6f+Rb9ccWvuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5qVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0SjYEb/nlVdI6r3luzbu7rNSreRxFOIFTqIIHV1CHW2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gAFYI2H</latexit><latexit sha1_base64="VF7qFgH0Kvo6haydZ/Ml3XD0A3s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5KooMeCF48V7Qe0oWy2m3bpZhN2J0oJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GNzO//ci1EbF6wEnC/YgOlQgFo2il+6f+Rb9ccWvuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5qVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0SjYEb/nlVdI6r3luzbu7rNSreRxFOIFTqIIHV1CHW2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gAFYI2H</latexit>

wn
<latexit sha1_base64="zzWw5k9A1fxeI+gI9ZQnGs2bd1w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5KIUI8FLx4r2g9oQ9lsN+3SzSbsTpQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbuZ+55FrI2L1gNOE+xEdKREKRtFK908DNShX3Jq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anhC2YSOeM9SRSNu/Gxx6oxcWGVIwljbUkgW6u+JjEbGTKPAdkYUx2bVm4v/eb0Uw2s/EypJkSu2XBSmkmBM5n+TodCcoZxaQpkW9lbCxlRThjadkg3BW315nbQva55b8+6uKo1qHkcRzuAcquBBHRpwC01oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPH17MjcI=</latexit><latexit sha1_base64="zzWw5k9A1fxeI+gI9ZQnGs2bd1w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5KIUI8FLx4r2g9oQ9lsN+3SzSbsTpQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbuZ+55FrI2L1gNOE+xEdKREKRtFK908DNShX3Jq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anhC2YSOeM9SRSNu/Gxx6oxcWGVIwljbUkgW6u+JjEbGTKPAdkYUx2bVm4v/eb0Uw2s/EypJkSu2XBSmkmBM5n+TodCcoZxaQpkW9lbCxlRThjadkg3BW315nbQva55b8+6uKo1qHkcRzuAcquBBHRpwC01oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPH17MjcI=</latexit><latexit sha1_base64="zzWw5k9A1fxeI+gI9ZQnGs2bd1w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5KIUI8FLx4r2g9oQ9lsN+3SzSbsTpQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbuZ+55FrI2L1gNOE+xEdKREKRtFK908DNShX3Jq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anhC2YSOeM9SRSNu/Gxx6oxcWGVIwljbUkgW6u+JjEbGTKPAdkYUx2bVm4v/eb0Uw2s/EypJkSu2XBSmkmBM5n+TodCcoZxaQpkW9lbCxlRThjadkg3BW315nbQva55b8+6uKo1qHkcRzuAcquBBHRpwC01oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPH17MjcI=</latexit><latexit sha1_base64="zzWw5k9A1fxeI+gI9ZQnGs2bd1w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5KIUI8FLx4r2g9oQ9lsN+3SzSbsTpQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbuZ+55FrI2L1gNOE+xEdKREKRtFK908DNShX3Jq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anhC2YSOeM9SRSNu/Gxx6oxcWGVIwljbUkgW6u+JjEbGTKPAdkYUx2bVm4v/eb0Uw2s/EypJkSu2XBSmkmBM5n+TodCcoZxaQpkW9lbCxlRThjadkg3BW315nbQva55b8+6uKo1qHkcRzuAcquBBHRpwC01oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPH17MjcI=</latexit>

+
<latexit sha1_base64="B256yNNwjwHm0r+cuynGV63bF8E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahIJREBD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1PY2Nza3inulvb2Dw6PyscnbR2nimGLxSJW3YBqFFxiy3AjsJsopFEgsBNM7uZ+5wmV5rF8MNME/YiOJA85o8ZKzctBueLW3AXIOvFyUoEcjUH5qz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZubDKkISxsiUNWai/JzIaaT2NAtsZUTPWq95c/M/rpSa89TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX14n7aua59a85nWlXs3jKMIZnEMVPLiBOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHabOMlQ==</latexit><latexit sha1_base64="B256yNNwjwHm0r+cuynGV63bF8E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahIJREBD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1PY2Nza3inulvb2Dw6PyscnbR2nimGLxSJW3YBqFFxiy3AjsJsopFEgsBNM7uZ+5wmV5rF8MNME/YiOJA85o8ZKzctBueLW3AXIOvFyUoEcjUH5qz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZubDKkISxsiUNWai/JzIaaT2NAtsZUTPWq95c/M/rpSa89TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX14n7aua59a85nWlXs3jKMIZnEMVPLiBOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHabOMlQ==</latexit><latexit sha1_base64="B256yNNwjwHm0r+cuynGV63bF8E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahIJREBD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1PY2Nza3inulvb2Dw6PyscnbR2nimGLxSJW3YBqFFxiy3AjsJsopFEgsBNM7uZ+5wmV5rF8MNME/YiOJA85o8ZKzctBueLW3AXIOvFyUoEcjUH5qz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZubDKkISxsiUNWai/JzIaaT2NAtsZUTPWq95c/M/rpSa89TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX14n7aua59a85nWlXs3jKMIZnEMVPLiBOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHabOMlQ==</latexit><latexit sha1_base64="B256yNNwjwHm0r+cuynGV63bF8E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahIJREBD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1PY2Nza3inulvb2Dw6PyscnbR2nimGLxSJW3YBqFFxiy3AjsJsopFEgsBNM7uZ+5wmV5rF8MNME/YiOJA85o8ZKzctBueLW3AXIOvFyUoEcjUH5qz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZubDKkISxsiUNWai/JzIaaT2NAtsZUTPWq95c/M/rpSa89TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX14n7aua59a85nWlXs3jKMIZnEMVPLiBOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHabOMlQ==</latexit>

+
<latexit sha1_base64="B256yNNwjwHm0r+cuynGV63bF8E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahIJREBD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1PY2Nza3inulvb2Dw6PyscnbR2nimGLxSJW3YBqFFxiy3AjsJsopFEgsBNM7uZ+5wmV5rF8MNME/YiOJA85o8ZKzctBueLW3AXIOvFyUoEcjUH5qz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZubDKkISxsiUNWai/JzIaaT2NAtsZUTPWq95c/M/rpSa89TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX14n7aua59a85nWlXs3jKMIZnEMVPLiBOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHabOMlQ==</latexit><latexit sha1_base64="B256yNNwjwHm0r+cuynGV63bF8E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahIJREBD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1PY2Nza3inulvb2Dw6PyscnbR2nimGLxSJW3YBqFFxiy3AjsJsopFEgsBNM7uZ+5wmV5rF8MNME/YiOJA85o8ZKzctBueLW3AXIOvFyUoEcjUH5qz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZubDKkISxsiUNWai/JzIaaT2NAtsZUTPWq95c/M/rpSa89TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX14n7aua59a85nWlXs3jKMIZnEMVPLiBOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHabOMlQ==</latexit><latexit sha1_base64="B256yNNwjwHm0r+cuynGV63bF8E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahIJREBD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1PY2Nza3inulvb2Dw6PyscnbR2nimGLxSJW3YBqFFxiy3AjsJsopFEgsBNM7uZ+5wmV5rF8MNME/YiOJA85o8ZKzctBueLW3AXIOvFyUoEcjUH5qz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZubDKkISxsiUNWai/JzIaaT2NAtsZUTPWq95c/M/rpSa89TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX14n7aua59a85nWlXs3jKMIZnEMVPLiBOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHabOMlQ==</latexit><latexit sha1_base64="B256yNNwjwHm0r+cuynGV63bF8E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahIJREBD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1PY2Nza3inulvb2Dw6PyscnbR2nimGLxSJW3YBqFFxiy3AjsJsopFEgsBNM7uZ+5wmV5rF8MNME/YiOJA85o8ZKzctBueLW3AXIOvFyUoEcjUH5qz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZubDKkISxsiUNWai/JzIaaT2NAtsZUTPWq95c/M/rpSa89TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX14n7aua59a85nWlXs3jKMIZnEMVPLiBOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHabOMlQ==</latexit>

+
<latexit sha1_base64="B256yNNwjwHm0r+cuynGV63bF8E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahIJREBD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1PY2Nza3inulvb2Dw6PyscnbR2nimGLxSJW3YBqFFxiy3AjsJsopFEgsBNM7uZ+5wmV5rF8MNME/YiOJA85o8ZKzctBueLW3AXIOvFyUoEcjUH5qz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZubDKkISxsiUNWai/JzIaaT2NAtsZUTPWq95c/M/rpSa89TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX14n7aua59a85nWlXs3jKMIZnEMVPLiBOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHabOMlQ==</latexit><latexit sha1_base64="B256yNNwjwHm0r+cuynGV63bF8E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahIJREBD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1PY2Nza3inulvb2Dw6PyscnbR2nimGLxSJW3YBqFFxiy3AjsJsopFEgsBNM7uZ+5wmV5rF8MNME/YiOJA85o8ZKzctBueLW3AXIOvFyUoEcjUH5qz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZubDKkISxsiUNWai/JzIaaT2NAtsZUTPWq95c/M/rpSa89TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX14n7aua59a85nWlXs3jKMIZnEMVPLiBOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHabOMlQ==</latexit><latexit sha1_base64="B256yNNwjwHm0r+cuynGV63bF8E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahIJREBD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1PY2Nza3inulvb2Dw6PyscnbR2nimGLxSJW3YBqFFxiy3AjsJsopFEgsBNM7uZ+5wmV5rF8MNME/YiOJA85o8ZKzctBueLW3AXIOvFyUoEcjUH5qz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZubDKkISxsiUNWai/JzIaaT2NAtsZUTPWq95c/M/rpSa89TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX14n7aua59a85nWlXs3jKMIZnEMVPLiBOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHabOMlQ==</latexit><latexit sha1_base64="B256yNNwjwHm0r+cuynGV63bF8E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahIJREBD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1PY2Nza3inulvb2Dw6PyscnbR2nimGLxSJW3YBqFFxiy3AjsJsopFEgsBNM7uZ+5wmV5rF8MNME/YiOJA85o8ZKzctBueLW3AXIOvFyUoEcjUH5qz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZubDKkISxsiUNWai/JzIaaT2NAtsZUTPWq95c/M/rpSa89TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX14n7aua59a85nWlXs3jKMIZnEMVPLiBOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHabOMlQ==</latexit>

+
<latexit sha1_base64="B256yNNwjwHm0r+cuynGV63bF8E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahIJREBD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1PY2Nza3inulvb2Dw6PyscnbR2nimGLxSJW3YBqFFxiy3AjsJsopFEgsBNM7uZ+5wmV5rF8MNME/YiOJA85o8ZKzctBueLW3AXIOvFyUoEcjUH5qz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZubDKkISxsiUNWai/JzIaaT2NAtsZUTPWq95c/M/rpSa89TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX14n7aua59a85nWlXs3jKMIZnEMVPLiBOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHabOMlQ==</latexit><latexit sha1_base64="B256yNNwjwHm0r+cuynGV63bF8E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahIJREBD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1PY2Nza3inulvb2Dw6PyscnbR2nimGLxSJW3YBqFFxiy3AjsJsopFEgsBNM7uZ+5wmV5rF8MNME/YiOJA85o8ZKzctBueLW3AXIOvFyUoEcjUH5qz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZubDKkISxsiUNWai/JzIaaT2NAtsZUTPWq95c/M/rpSa89TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX14n7aua59a85nWlXs3jKMIZnEMVPLiBOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHabOMlQ==</latexit><latexit sha1_base64="B256yNNwjwHm0r+cuynGV63bF8E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahIJREBD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1PY2Nza3inulvb2Dw6PyscnbR2nimGLxSJW3YBqFFxiy3AjsJsopFEgsBNM7uZ+5wmV5rF8MNME/YiOJA85o8ZKzctBueLW3AXIOvFyUoEcjUH5qz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZubDKkISxsiUNWai/JzIaaT2NAtsZUTPWq95c/M/rpSa89TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX14n7aua59a85nWlXs3jKMIZnEMVPLiBOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHabOMlQ==</latexit><latexit sha1_base64="B256yNNwjwHm0r+cuynGV63bF8E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahIJREBD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1PY2Nza3inulvb2Dw6PyscnbR2nimGLxSJW3YBqFFxiy3AjsJsopFEgsBNM7uZ+5wmV5rF8MNME/YiOJA85o8ZKzctBueLW3AXIOvFyUoEcjUH5qz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tAZubDKkISxsiUNWai/JzIaaT2NAtsZUTPWq95c/M/rpSa89TMuk9SgZMtFYSqIicn8azLkCpkRU0soU9zeStiYKsqMzaZkQ/BWX14n7aua59a85nWlXs3jKMIZnEMVPLiBOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHabOMlQ==</latexit>

...
<latexit sha1_base64="BIxu0AAZwy6l/Z5KsUEG5W7RNyw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5CIoMeCF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZemEph0PO+ndLG5tb2Tnm3srd/cHhUPT5pmyTTjLdYIhPdDanhUijeQoGSd1PNaRxK3gknt3O/88S1EYl6xGnKg5iOlIgEo2ilB9d1B9Wa53oLkHXiF6QGBZqD6ld/mLAs5gqZpMb0fC/FIKcaBZN8VulnhqeUTeiI9yxVNOYmyBenzsiFVYYkSrQthWSh/p7IaWzMNA5tZ0xxbFa9ufif18swuglyodIMuWLLRVEmCSZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BD81ZfXSfvS9T3Xv7+qNepFHGU4g3Oogw/X0IA7aEILGIzgGV7hzZHOi/PufCxbS04xcwp/4Hz+AEQSjQg=</latexit><latexit sha1_base64="BIxu0AAZwy6l/Z5KsUEG5W7RNyw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5CIoMeCF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZemEph0PO+ndLG5tb2Tnm3srd/cHhUPT5pmyTTjLdYIhPdDanhUijeQoGSd1PNaRxK3gknt3O/88S1EYl6xGnKg5iOlIgEo2ilB9d1B9Wa53oLkHXiF6QGBZqD6ld/mLAs5gqZpMb0fC/FIKcaBZN8VulnhqeUTeiI9yxVNOYmyBenzsiFVYYkSrQthWSh/p7IaWzMNA5tZ0xxbFa9ufif18swuglyodIMuWLLRVEmCSZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BD81ZfXSfvS9T3Xv7+qNepFHGU4g3Oogw/X0IA7aEILGIzgGV7hzZHOi/PufCxbS04xcwp/4Hz+AEQSjQg=</latexit><latexit sha1_base64="BIxu0AAZwy6l/Z5KsUEG5W7RNyw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5CIoMeCF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZemEph0PO+ndLG5tb2Tnm3srd/cHhUPT5pmyTTjLdYIhPdDanhUijeQoGSd1PNaRxK3gknt3O/88S1EYl6xGnKg5iOlIgEo2ilB9d1B9Wa53oLkHXiF6QGBZqD6ld/mLAs5gqZpMb0fC/FIKcaBZN8VulnhqeUTeiI9yxVNOYmyBenzsiFVYYkSrQthWSh/p7IaWzMNA5tZ0xxbFa9ufif18swuglyodIMuWLLRVEmCSZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BD81ZfXSfvS9T3Xv7+qNepFHGU4g3Oogw/X0IA7aEILGIzgGV7hzZHOi/PufCxbS04xcwp/4Hz+AEQSjQg=</latexit><latexit sha1_base64="BIxu0AAZwy6l/Z5KsUEG5W7RNyw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5CIoMeCF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZemEph0PO+ndLG5tb2Tnm3srd/cHhUPT5pmyTTjLdYIhPdDanhUijeQoGSd1PNaRxK3gknt3O/88S1EYl6xGnKg5iOlIgEo2ilB9d1B9Wa53oLkHXiF6QGBZqD6ld/mLAs5gqZpMb0fC/FIKcaBZN8VulnhqeUTeiI9yxVNOYmyBenzsiFVYYkSrQthWSh/p7IaWzMNA5tZ0xxbFa9ufif18swuglyodIMuWLLRVEmCSZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BD81ZfXSfvS9T3Xv7+qNepFHGU4g3Oogw/X0IA7aEILGIzgGV7hzZHOi/PufCxbS04xcwp/4Hz+AEQSjQg=</latexit>

(a) The perspective points are estimated by a mixture of templates through a linear combination. Each template encodes geometric
cues including orientations and viewpoints. (b) The perspective loss enforces each set of 2D perspective points to be the perspective
projection of a (vertical) 3D cuboid.
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