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BACKGROUND & MOTIVATION

• MR-MTS (multi-rate multivariate time series)
– Time series with different sampling rates
– May from multiple data sources/sensors
– Many real-world applications
∗ Healthcare: vital signs in ICU/lab tests
∗ Climate: daily/seasonal observations
∗ Financial forecasting, mechanical main-

tenance, business analysis... 0 10 20 30 40 50
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• Modeling MR-MTS is challenging
– Data of different sampling rates
– Multi-scale temporal dependencies
– Complex underlying generation mechanism

• How can we effectively forecast/interpolate unobserved values in MR-MTS?
(E.g., x1:L

1:T : MR-MTS observations of L sampling rates and T time steps)
– Single rate models? (Kalman Filter, VAR, DMM, etc.)
∗ Ignoring dependencies across different rates

– Simple imputations? (MICE, MissForest, etc.)
∗ May introduce unrelated or hide natural dependencies

– Multi-rate discriminative models? (PLSTM, HM-RNN, etc.)
∗ Not able to learn how the data is generated

• Our solution
– MR-HDMM: hierarchical deep generative models for MR-MTS!

MODEL AT A GLANCE

• MR-HDMM – Multi-Rate Hierarchical Deep Markov Model
– Capturing underlying data generation process
– Learned by variational inference methods

• Key components to learn the latent hierarchical structures of MR-MTS
– Learnable switches
∗ Goal: to let higher-layer states act as sum-

marized representations
∗ Solution: an update-and-reuse mechanism
∗ Switches will trigger updates only if enough

information is got from lower layers

Update

Update

𝑠𝑡
𝑙 = 1

Reuse

𝑠𝑡
𝑙 = 0

– Auxiliary connections
∗ Goal: to effectively capture multi-scale temporal dependencies in MR-MTS
∗ Solution: connecting higher latent layers to lower rate time series
∗ Multi-scale dependencies in lower-rate MTS will not be masked by higher-rate

MTS through bottom-up connections in the model
• Jointly learning all parameters by stochastic backpropagation1 and ancestral sampling

MODEL PART I: GENERATION MODEL
• A generation model (θ) with transition and emission framework
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Observation x
<latexit sha1_base64="wrYRrS9nqr2/jTKdHNfdRLtLB0k=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx5bMLbQhrLZTtq1m03Y3Ygl9Bd48aDi1b/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH9wr+NUMfRYLGLVDqhGwSV6hhuB7UQhjQKBrWB0M/Vbj6g0j+WdGSfoR3QgecgZNVZqPvXKFbfqzkCWSS0nFcjR6JW/uv2YpRFKwwTVulNzE+NnVBnOBE5K3VRjQtmIDrBjqaQRaj+bHTohJ1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1ISXfsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2ZRsCLXFl5eJd1a9qrrN80r9Ok+jCEdwDKdQgwuowy00wAMGCM/wCm/Og/PivDsf89aCk88cwh84nz9UTYzP</latexit><latexit sha1_base64="wrYRrS9nqr2/jTKdHNfdRLtLB0k=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx5bMLbQhrLZTtq1m03Y3Ygl9Bd48aDi1b/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH9wr+NUMfRYLGLVDqhGwSV6hhuB7UQhjQKBrWB0M/Vbj6g0j+WdGSfoR3QgecgZNVZqPvXKFbfqzkCWSS0nFcjR6JW/uv2YpRFKwwTVulNzE+NnVBnOBE5K3VRjQtmIDrBjqaQRaj+bHTohJ1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1ISXfsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2ZRsCLXFl5eJd1a9qrrN80r9Ok+jCEdwDKdQgwuowy00wAMGCM/wCm/Og/PivDsf89aCk88cwh84nz9UTYzP</latexit><latexit sha1_base64="wrYRrS9nqr2/jTKdHNfdRLtLB0k=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx5bMLbQhrLZTtq1m03Y3Ygl9Bd48aDi1b/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH9wr+NUMfRYLGLVDqhGwSV6hhuB7UQhjQKBrWB0M/Vbj6g0j+WdGSfoR3QgecgZNVZqPvXKFbfqzkCWSS0nFcjR6JW/uv2YpRFKwwTVulNzE+NnVBnOBE5K3VRjQtmIDrBjqaQRaj+bHTohJ1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1ISXfsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2ZRsCLXFl5eJd1a9qrrN80r9Ok+jCEdwDKdQgwuowy00wAMGCM/wCm/Og/PivDsf89aCk88cwh84nz9UTYzP</latexit>

Inference RNN h
<latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit><latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit><latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit>

Switches s
<latexit sha1_base64="iZJDFbyK+QG96URJp2fUvksDVbk=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaulepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuuc2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP0y+jMo=</latexit><latexit sha1_base64="iZJDFbyK+QG96URJp2fUvksDVbk=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaulepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuuc2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP0y+jMo=</latexit><latexit sha1_base64="iZJDFbyK+QG96URJp2fUvksDVbk=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaulepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuuc2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP0y+jMo=</latexit>

Unobserved data

Latent variable z
<latexit sha1_base64="WIlbTbBFLLcqOvt81zBc03GagJU=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx5bMLbQhrLZTtq1m03Y3Qg19Bd48aDi1b/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH9wr+NUMfRYLGLVDqhGwSV6hhuB7UQhjQKBrWB0M/Vbj6g0j+WdGSfoR3QgecgZNVZqPvXKFbfqzkCWSS0nFcjR6JW/uv2YpRFKwwTVulNzE+NnVBnOBE5K3VRjQtmIDrBjqaQRaj+bHTohJ1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1ISXfsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2ZRsCLXFl5eJd1a9qrrN80r9Ok+jCEdwDKdQgwuowy00wAMGCM/wCm/Og/PivDsf89aCk88cwh84nz9XU4zR</latexit><latexit sha1_base64="WIlbTbBFLLcqOvt81zBc03GagJU=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx5bMLbQhrLZTtq1m03Y3Qg19Bd48aDi1b/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH9wr+NUMfRYLGLVDqhGwSV6hhuB7UQhjQKBrWB0M/Vbj6g0j+WdGSfoR3QgecgZNVZqPvXKFbfqzkCWSS0nFcjR6JW/uv2YpRFKwwTVulNzE+NnVBnOBE5K3VRjQtmIDrBjqaQRaj+bHTohJ1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1ISXfsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2ZRsCLXFl5eJd1a9qrrN80r9Ok+jCEdwDKdQgwuowy00wAMGCM/wCm/Og/PivDsf89aCk88cwh84nz9XU4zR</latexit><latexit sha1_base64="WIlbTbBFLLcqOvt81zBc03GagJU=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx5bMLbQhrLZTtq1m03Y3Qg19Bd48aDi1b/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH9wr+NUMfRYLGLVDqhGwSV6hhuB7UQhjQKBrWB0M/Vbj6g0j+WdGSfoR3QgecgZNVZqPvXKFbfqzkCWSS0nFcjR6JW/uv2YpRFKwwTVulNzE+NnVBnOBE5K3VRjQtmIDrBjqaQRaj+bHTohJ1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1ISXfsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2ZRsCLXFl5eJd1a9qrrN80r9Ok+jCEdwDKdQgwuowy00wAMGCM/wCm/Og/PivDsf89aCk88cwh84nz9XU4zR</latexit>

Observation x
<latexit sha1_base64="wrYRrS9nqr2/jTKdHNfdRLtLB0k=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx5bMLbQhrLZTtq1m03Y3Ygl9Bd48aDi1b/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH9wr+NUMfRYLGLVDqhGwSV6hhuB7UQhjQKBrWB0M/Vbj6g0j+WdGSfoR3QgecgZNVZqPvXKFbfqzkCWSS0nFcjR6JW/uv2YpRFKwwTVulNzE+NnVBnOBE5K3VRjQtmIDrBjqaQRaj+bHTohJ1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1ISXfsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2ZRsCLXFl5eJd1a9qrrN80r9Ok+jCEdwDKdQgwuowy00wAMGCM/wCm/Og/PivDsf89aCk88cwh84nz9UTYzP</latexit><latexit sha1_base64="wrYRrS9nqr2/jTKdHNfdRLtLB0k=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx5bMLbQhrLZTtq1m03Y3Ygl9Bd48aDi1b/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH9wr+NUMfRYLGLVDqhGwSV6hhuB7UQhjQKBrWB0M/Vbj6g0j+WdGSfoR3QgecgZNVZqPvXKFbfqzkCWSS0nFcjR6JW/uv2YpRFKwwTVulNzE+NnVBnOBE5K3VRjQtmIDrBjqaQRaj+bHTohJ1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1ISXfsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2ZRsCLXFl5eJd1a9qrrN80r9Ok+jCEdwDKdQgwuowy00wAMGCM/wCm/Og/PivDsf89aCk88cwh84nz9UTYzP</latexit><latexit sha1_base64="wrYRrS9nqr2/jTKdHNfdRLtLB0k=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx5bMLbQhrLZTtq1m03Y3Ygl9Bd48aDi1b/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH9wr+NUMfRYLGLVDqhGwSV6hhuB7UQhjQKBrWB0M/Vbj6g0j+WdGSfoR3QgecgZNVZqPvXKFbfqzkCWSS0nFcjR6JW/uv2YpRFKwwTVulNzE+NnVBnOBE5K3VRjQtmIDrBjqaQRaj+bHTohJ1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1ISXfsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2ZRsCLXFl5eJd1a9qrrN80r9Ok+jCEdwDKdQgwuowy00wAMGCM/wCm/Og/PivDsf89aCk88cwh84nz9UTYzP</latexit>

Unobserved data

Switches s
<latexit sha1_base64="iZJDFbyK+QG96URJp2fUvksDVbk=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaulepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuuc2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP0y+jMo=</latexit><latexit sha1_base64="iZJDFbyK+QG96URJp2fUvksDVbk=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaulepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuuc2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP0y+jMo=</latexit><latexit sha1_base64="iZJDFbyK+QG96URJp2fUvksDVbk=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaulepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuuc2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP0y+jMo=</latexit>

• Transition – using states z to capture the latent temporal dependencies
– Transition distribution of z: multivariate Gaussian

• Emission – generating observations x from states z
– Emission distribution of x: multinomial/Gaussian for discrete/continuous data

• Joint probability of MR-MTS observations and latent states/switches
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– Solving marginal MLE?⇒ Stochastic variational inference!

MODEL PART II: INFERENCE NETWORK
• An inference network (φ) to mimic the structure of the generation model

z35z34
<latexit sha1_base64="Ddk1wsUUpdGdorNP0fQBk4UuLfw=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9nVgnorevFYwbWVdi3ZNNuGJtklyQp12V/hxYOKV/+ON/+N6cdBWx8MPN6bYWZemHCmjet+O4Wl5ZXVteJ6aWNza3unvLt3p+NUEeqTmMeqFWJNOZPUN8xw2koUxSLktBkOr8Z+85EqzWJ5a0YJDQTuSxYxgo2V7p+6WS1/yE7zbrniVt0J0CLxZqQCMzS65a9OLyapoNIQjrVue25iggwrwwineamTappgMsR92rZUYkF1kE0OztGRVXooipUtadBE/T2RYaH1SIS2U2Az0PPeWPzPa6cmOg8yJpPUUEmmi6KUIxOj8feoxxQlho8swUQxeysiA6wwMTajkg3Bm395kfgn1Yuqe1Or1C9naRThAA7hGDw4gzpcQwN8ICDgGV7hzVHOi/PufExbC85sZh/+wPn8ATS/kDU=</latexit><latexit sha1_base64="Ddk1wsUUpdGdorNP0fQBk4UuLfw=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9nVgnorevFYwbWVdi3ZNNuGJtklyQp12V/hxYOKV/+ON/+N6cdBWx8MPN6bYWZemHCmjet+O4Wl5ZXVteJ6aWNza3unvLt3p+NUEeqTmMeqFWJNOZPUN8xw2koUxSLktBkOr8Z+85EqzWJ5a0YJDQTuSxYxgo2V7p+6WS1/yE7zbrniVt0J0CLxZqQCMzS65a9OLyapoNIQjrVue25iggwrwwineamTappgMsR92rZUYkF1kE0OztGRVXooipUtadBE/T2RYaH1SIS2U2Az0PPeWPzPa6cmOg8yJpPUUEmmi6KUIxOj8feoxxQlho8swUQxeysiA6wwMTajkg3Bm395kfgn1Yuqe1Or1C9naRThAA7hGDw4gzpcQwN8ICDgGV7hzVHOi/PufExbC85sZh/+wPn8ATS/kDU=</latexit><latexit sha1_base64="Ddk1wsUUpdGdorNP0fQBk4UuLfw=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9nVgnorevFYwbWVdi3ZNNuGJtklyQp12V/hxYOKV/+ON/+N6cdBWx8MPN6bYWZemHCmjet+O4Wl5ZXVteJ6aWNza3unvLt3p+NUEeqTmMeqFWJNOZPUN8xw2koUxSLktBkOr8Z+85EqzWJ5a0YJDQTuSxYxgo2V7p+6WS1/yE7zbrniVt0J0CLxZqQCMzS65a9OLyapoNIQjrVue25iggwrwwineamTappgMsR92rZUYkF1kE0OztGRVXooipUtadBE/T2RYaH1SIS2U2Az0PPeWPzPa6cmOg8yJpPUUEmmi6KUIxOj8feoxxQlho8swUQxeysiA6wwMTajkg3Bm395kfgn1Yuqe1Or1C9naRThAA7hGDw4gzpcQwN8ICDgGV7hzVHOi/PufExbC85sZh/+wPn8ATS/kDU=</latexit>

z33z32z31
<latexit sha1_base64="7Aw8cYKSlJp93OrDHKWtDVCUlt8=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3oxWMFYyttLJvtpl26uwm7G6GG/AovHlS8+ne8+W/ctjlo64OBx3szzMwLE860cd1vZ2FxaXlltbRWXt/Y3Nqu7Oze6ThVhPok5rFqhVhTziT1DTOcthJFsQg5bYbDq7HffKRKs1jemlFCA4H7kkWMYGOl+6du5uUP2UnerVTdmjsBmideQapQoNGtfHV6MUkFlYZwrHXbcxMTZFgZRjjNy51U0wSTIe7TtqUSC6qDbHJwjg6t0kNRrGxJgybq74kMC61HIrSdApuBnvXG4n9eOzXReZAxmaSGSjJdFKUcmRiNv0c9pigxfGQJJorZWxEZYIWJsRmVbQje7MvzxD+uXdTcm9Nq/bJIowT7cABH4MEZ1OEaGuADAQHP8ApvjnJenHfnY9q64BQze/AHzucPMCeQMg==</latexit><latexit sha1_base64="7Aw8cYKSlJp93OrDHKWtDVCUlt8=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3oxWMFYyttLJvtpl26uwm7G6GG/AovHlS8+ne8+W/ctjlo64OBx3szzMwLE860cd1vZ2FxaXlltbRWXt/Y3Nqu7Oze6ThVhPok5rFqhVhTziT1DTOcthJFsQg5bYbDq7HffKRKs1jemlFCA4H7kkWMYGOl+6du5uUP2UnerVTdmjsBmideQapQoNGtfHV6MUkFlYZwrHXbcxMTZFgZRjjNy51U0wSTIe7TtqUSC6qDbHJwjg6t0kNRrGxJgybq74kMC61HIrSdApuBnvXG4n9eOzXReZAxmaSGSjJdFKUcmRiNv0c9pigxfGQJJorZWxEZYIWJsRmVbQje7MvzxD+uXdTcm9Nq/bJIowT7cABH4MEZ1OEaGuADAQHP8ApvjnJenHfnY9q64BQze/AHzucPMCeQMg==</latexit><latexit sha1_base64="7Aw8cYKSlJp93OrDHKWtDVCUlt8=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3oxWMFYyttLJvtpl26uwm7G6GG/AovHlS8+ne8+W/ctjlo64OBx3szzMwLE860cd1vZ2FxaXlltbRWXt/Y3Nqu7Oze6ThVhPok5rFqhVhTziT1DTOcthJFsQg5bYbDq7HffKRKs1jemlFCA4H7kkWMYGOl+6du5uUP2UnerVTdmjsBmideQapQoNGtfHV6MUkFlYZwrHXbcxMTZFgZRjjNy51U0wSTIe7TtqUSC6qDbHJwjg6t0kNRrGxJgybq74kMC61HIrSdApuBnvXG4n9eOzXReZAxmaSGSjJdFKUcmRiNv0c9pigxfGQJJorZWxEZYIWJsRmVbQje7MvzxD+uXdTcm9Nq/bJIowT7cABH4MEZ1OEaGuADAQHP8ApvjnJenHfnY9q64BQze/AHzucPMCeQMg==</latexit>

z21 z22
<latexit sha1_base64="cvGdtb9JaDbWIrCRUjrDkfBuInM=">AAAB73icbVBNTwIxEJ3FL8Qv1KOXRmLiiewSE/RG9OIRE1cwsJJu6UJD2920XRPc8Cu8eFDj1b/jzX9jgT0o+JJJXt6bycy8MOFMG9f9dgorq2vrG8XN0tb2zu5eef/gTsepItQnMY9VO8Saciapb5jhtJ0oikXIaSscXU391iNVmsXy1owTGgg8kCxiBBsr3T/1strkwVavXHGr7gxomXg5qUCOZq/81e3HJBVUGsKx1h3PTUyQYWUY4XRS6qaaJpiM8IB2LJVYUB1ks4Mn6MQqfRTFypY0aKb+nsiw0HosQtspsBnqRW8q/ud1UhOdBxmTSWqoJPNFUcqRidH0e9RnihLDx5Zgopi9FZEhVpgYm1HJhuAtvrxM/Fr1ourenFUal3kaRTiCYzgFD+rQgGtogg8EBDzDK7w5ynlx3p2PeWvByWcO4Q+czx8wK5Ay</latexit><latexit sha1_base64="cvGdtb9JaDbWIrCRUjrDkfBuInM=">AAAB73icbVBNTwIxEJ3FL8Qv1KOXRmLiiewSE/RG9OIRE1cwsJJu6UJD2920XRPc8Cu8eFDj1b/jzX9jgT0o+JJJXt6bycy8MOFMG9f9dgorq2vrG8XN0tb2zu5eef/gTsepItQnMY9VO8Saciapb5jhtJ0oikXIaSscXU391iNVmsXy1owTGgg8kCxiBBsr3T/1strkwVavXHGr7gxomXg5qUCOZq/81e3HJBVUGsKx1h3PTUyQYWUY4XRS6qaaJpiM8IB2LJVYUB1ks4Mn6MQqfRTFypY0aKb+nsiw0HosQtspsBnqRW8q/ud1UhOdBxmTSWqoJPNFUcqRidH0e9RnihLDx5Zgopi9FZEhVpgYm1HJhuAtvrxM/Fr1ourenFUal3kaRTiCYzgFD+rQgGtogg8EBDzDK7w5ynlx3p2PeWvByWcO4Q+czx8wK5Ay</latexit><latexit sha1_base64="cvGdtb9JaDbWIrCRUjrDkfBuInM=">AAAB73icbVBNTwIxEJ3FL8Qv1KOXRmLiiewSE/RG9OIRE1cwsJJu6UJD2920XRPc8Cu8eFDj1b/jzX9jgT0o+JJJXt6bycy8MOFMG9f9dgorq2vrG8XN0tb2zu5eef/gTsepItQnMY9VO8Saciapb5jhtJ0oikXIaSscXU391iNVmsXy1owTGgg8kCxiBBsr3T/1strkwVavXHGr7gxomXg5qUCOZq/81e3HJBVUGsKx1h3PTUyQYWUY4XRS6qaaJpiM8IB2LJVYUB1ks4Mn6MQqfRTFypY0aKb+nsiw0HosQtspsBnqRW8q/ud1UhOdBxmTSWqoJPNFUcqRidH0e9RnihLDx5Zgopi9FZEhVpgYm1HJhuAtvrxM/Fr1ourenFUal3kaRTiCYzgFD+rQgGtogg8EBDzDK7w5ynlx3p2PeWvByWcO4Q+czx8wK5Ay</latexit>

z23 z24 z25

z15z14z13z12z11

h1
1 h1

2
<latexit sha1_base64="wJ8P3xPwWyO745UfpNLw8GkBqRQ=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMLbSxrLZbtqlu5uwuxFKyK/w4kHFq3/Hm//GbZuDtj4YeLw3w8y8MOFMG9f9dkorq2vrG+XNytb2zu5edf/gXsepItQnMY9VJ8Saciapb5jhtJMoikXIaTscX0/99hNVmsXyzkwSGgg8lCxiBBsrPYz6WSN/zLy8X625dXcGtEy8gtSgQKtf/eoNYpIKKg3hWOuu5yYmyLAyjHCaV3qppgkmYzykXUslFlQH2ezgHJ1YZYCiWNmSBs3U3xMZFlpPRGg7BTYjvehNxf+8bmqiiyBjMkkNlWS+KEo5MjGafo8GTFFi+MQSTBSztyIywgoTYzOq2BC8xZeXid+oX9bd27Na86pIowxHcAyn4ME5NOEGWuADAQHP8ApvjnJenHfnY95acoqZQ/gD5/MHEuGQHw==</latexit><latexit sha1_base64="wJ8P3xPwWyO745UfpNLw8GkBqRQ=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMLbSxrLZbtqlu5uwuxFKyK/w4kHFq3/Hm//GbZuDtj4YeLw3w8y8MOFMG9f9dkorq2vrG+XNytb2zu5edf/gXsepItQnMY9VJ8Saciapb5jhtJMoikXIaTscX0/99hNVmsXyzkwSGgg8lCxiBBsrPYz6WSN/zLy8X625dXcGtEy8gtSgQKtf/eoNYpIKKg3hWOuu5yYmyLAyjHCaV3qppgkmYzykXUslFlQH2ezgHJ1YZYCiWNmSBs3U3xMZFlpPRGg7BTYjvehNxf+8bmqiiyBjMkkNlWS+KEo5MjGafo8GTFFi+MQSTBSztyIywgoTYzOq2BC8xZeXid+oX9bd27Na86pIowxHcAyn4ME5NOEGWuADAQHP8ApvjnJenHfnY95acoqZQ/gD5/MHEuGQHw==</latexit><latexit sha1_base64="wJ8P3xPwWyO745UfpNLw8GkBqRQ=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMLbSxrLZbtqlu5uwuxFKyK/w4kHFq3/Hm//GbZuDtj4YeLw3w8y8MOFMG9f9dkorq2vrG+XNytb2zu5edf/gXsepItQnMY9VJ8Saciapb5jhtJMoikXIaTscX0/99hNVmsXyzkwSGgg8lCxiBBsrPYz6WSN/zLy8X625dXcGtEy8gtSgQKtf/eoNYpIKKg3hWOuu5yYmyLAyjHCaV3qppgkmYzykXUslFlQH2ezgHJ1YZYCiWNmSBs3U3xMZFlpPRGg7BTYjvehNxf+8bmqiiyBjMkkNlWS+KEo5MjGafo8GTFFi+MQSTBSztyIywgoTYzOq2BC8xZeXid+oX9bd27Na86pIowxHcAyn4ME5NOEGWuADAQHP8ApvjnJenHfnY95acoqZQ/gD5/MHEuGQHw==</latexit>

h1
3

<latexit sha1_base64="IR79hVIp/X2tq9yv0nZSPPOlc1g=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lUUG9FLx4rGFtpY9lsN+3S3U3Y3Qgl5Fd48aDi1b/jzX/jts1BWx8MPN6bYWZemHCmjet+O6Wl5ZXVtfJ6ZWNza3unurt3r+NUEeqTmMeqHWJNOZPUN8xw2k4UxSLktBWOrid+64kqzWJ5Z8YJDQQeSBYxgo2VHoa97DR/zLy8V625dXcKtEi8gtSgQLNX/er2Y5IKKg3hWOuO5yYmyLAyjHCaV7qppgkmIzygHUslFlQH2fTgHB1ZpY+iWNmSBk3V3xMZFlqPRWg7BTZDPe9NxP+8TmqiiyBjMkkNlWS2KEo5MjGafI/6TFFi+NgSTBSztyIyxAoTYzOq2BC8+ZcXiX9Sv6y7t2e1xlWRRhkO4BCOwYNzaMANNMEHAgKe4RXeHOW8OO/Ox6y15BQz+/AHzucPFGmQIA==</latexit><latexit sha1_base64="IR79hVIp/X2tq9yv0nZSPPOlc1g=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lUUG9FLx4rGFtpY9lsN+3S3U3Y3Qgl5Fd48aDi1b/jzX/jts1BWx8MPN6bYWZemHCmjet+O6Wl5ZXVtfJ6ZWNza3unurt3r+NUEeqTmMeqHWJNOZPUN8xw2k4UxSLktBWOrid+64kqzWJ5Z8YJDQQeSBYxgo2VHoa97DR/zLy8V625dXcKtEi8gtSgQLNX/er2Y5IKKg3hWOuO5yYmyLAyjHCaV7qppgkmIzygHUslFlQH2fTgHB1ZpY+iWNmSBk3V3xMZFlqPRWg7BTZDPe9NxP+8TmqiiyBjMkkNlWS2KEo5MjGafI/6TFFi+NgSTBSztyIyxAoTYzOq2BC8+ZcXiX9Sv6y7t2e1xlWRRhkO4BCOwYNzaMANNMEHAgKe4RXeHOW8OO/Ox6y15BQz+/AHzucPFGmQIA==</latexit><latexit sha1_base64="IR79hVIp/X2tq9yv0nZSPPOlc1g=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lUUG9FLx4rGFtpY9lsN+3S3U3Y3Qgl5Fd48aDi1b/jzX/jts1BWx8MPN6bYWZemHCmjet+O6Wl5ZXVtfJ6ZWNza3unurt3r+NUEeqTmMeqHWJNOZPUN8xw2k4UxSLktBWOrid+64kqzWJ5Z8YJDQQeSBYxgo2VHoa97DR/zLy8V625dXcKtEi8gtSgQLNX/er2Y5IKKg3hWOuO5yYmyLAyjHCaV7qppgkmIzygHUslFlQH2fTgHB1ZpY+iWNmSBk3V3xMZFlqPRWg7BTZDPe9NxP+8TmqiiyBjMkkNlWS2KEo5MjGafI/6TFFi+NgSTBSztyIyxAoTYzOq2BC8+ZcXiX9Sv6y7t2e1xlWRRhkO4BCOwYNzaMANNMEHAgKe4RXeHOW8OO/Ox6y15BQz+/AHzucPFGmQIA==</latexit>

h1
4 h1

5
<latexit sha1_base64="bcn5ArE3vHbK1EJAOOANxhcLvGI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUW9FLx4rGFtpY9lsN+3S3U3Y3Qgl5Fd48aDi1b/jzX/jts1BWx8MPN6bYWZemHCmjet+O6Wl5ZXVtfJ6ZWNza3unurt3r+NUEeqTmMeqHWJNOZPUN8xw2k4UxSLktBWOrid+64kqzWJ5Z8YJDQQeSBYxgo2VHoa97Cx/zLy8V625dXcKtEi8gtSgQLNX/er2Y5IKKg3hWOuO5yYmyLAyjHCaV7qppgkmIzygHUslFlQH2fTgHB1ZpY+iWNmSBk3V3xMZFlqPRWg7BTZDPe9NxP+8TmqiiyBjMkkNlWS2KEo5MjGafI/6TFFi+NgSTBSztyIyxAoTYzOq2BC8+ZcXiX9Sv6y7t6e1xlWRRhkO4BCOwYNzaMANNMEHAgKe4RXeHOW8OO/Ox6y15BQz+/AHzucPF3mQIg==</latexit><latexit sha1_base64="bcn5ArE3vHbK1EJAOOANxhcLvGI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUW9FLx4rGFtpY9lsN+3S3U3Y3Qgl5Fd48aDi1b/jzX/jts1BWx8MPN6bYWZemHCmjet+O6Wl5ZXVtfJ6ZWNza3unurt3r+NUEeqTmMeqHWJNOZPUN8xw2k4UxSLktBWOrid+64kqzWJ5Z8YJDQQeSBYxgo2VHoa97Cx/zLy8V625dXcKtEi8gtSgQLNX/er2Y5IKKg3hWOuO5yYmyLAyjHCaV7qppgkmIzygHUslFlQH2fTgHB1ZpY+iWNmSBk3V3xMZFlqPRWg7BTZDPe9NxP+8TmqiiyBjMkkNlWS2KEo5MjGafI/6TFFi+NgSTBSztyIyxAoTYzOq2BC8+ZcXiX9Sv6y7t6e1xlWRRhkO4BCOwYNzaMANNMEHAgKe4RXeHOW8OO/Ox6y15BQz+/AHzucPF3mQIg==</latexit><latexit sha1_base64="bcn5ArE3vHbK1EJAOOANxhcLvGI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUW9FLx4rGFtpY9lsN+3S3U3Y3Qgl5Fd48aDi1b/jzX/jts1BWx8MPN6bYWZemHCmjet+O6Wl5ZXVtfJ6ZWNza3unurt3r+NUEeqTmMeqHWJNOZPUN8xw2k4UxSLktBWOrid+64kqzWJ5Z8YJDQQeSBYxgo2VHoa97Cx/zLy8V625dXcKtEi8gtSgQLNX/er2Y5IKKg3hWOuO5yYmyLAyjHCaV7qppgkmIzygHUslFlQH2fTgHB1ZpY+iWNmSBk3V3xMZFlqPRWg7BTZDPe9NxP+8TmqiiyBjMkkNlWS2KEo5MjGafI/6TFFi+NgSTBSztyIyxAoTYzOq2BC8+ZcXiX9Sv6y7t6e1xlWRRhkO4BCOwYNzaMANNMEHAgKe4RXeHOW8OO/Ox6y15BQz+/AHzucPF3mQIg==</latexit>

h2
1 h2

3 h2
5

h3
1 h3

5

x1
1 x1

2
<latexit sha1_base64="VrLPiSrAzYSUT45RPsMOAO+Li3w=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cKxlbaWDbbTbt0dxN2N2IJ+RVePKh49e9489+4bXPQ1gcDj/dmmJkXJpxp47rfztLyyuraemmjvLm1vbNb2du/03GqCPVJzGPVDrGmnEnqG2Y4bSeKYhFy2gpHVxO/9UiVZrG8NeOEBgIPJIsYwcZK90+9rJ4/ZF7eq1TdmjsFWiReQapQoNmrfHX7MUkFlYZwrHXHcxMTZFgZRjjNy91U0wSTER7QjqUSC6qDbHpwjo6t0kdRrGxJg6bq74kMC63HIrSdApuhnvcm4n9eJzXReZAxmaSGSjJbFKUcmRhNvkd9pigxfGwJJorZWxEZYoWJsRmVbQje/MuLxK/XLmruzWm1cVmkUYJDOIIT8OAMGnANTfCBgIBneIU3RzkvzrvzMWtdcoqZA/gD5/MHK5GQLw==</latexit><latexit sha1_base64="VrLPiSrAzYSUT45RPsMOAO+Li3w=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cKxlbaWDbbTbt0dxN2N2IJ+RVePKh49e9489+4bXPQ1gcDj/dmmJkXJpxp47rfztLyyuraemmjvLm1vbNb2du/03GqCPVJzGPVDrGmnEnqG2Y4bSeKYhFy2gpHVxO/9UiVZrG8NeOEBgIPJIsYwcZK90+9rJ4/ZF7eq1TdmjsFWiReQapQoNmrfHX7MUkFlYZwrHXHcxMTZFgZRjjNy91U0wSTER7QjqUSC6qDbHpwjo6t0kdRrGxJg6bq74kMC63HIrSdApuhnvcm4n9eJzXReZAxmaSGSjJbFKUcmRhNvkd9pigxfGwJJorZWxEZYoWJsRmVbQje/MuLxK/XLmruzWm1cVmkUYJDOIIT8OAMGnANTfCBgIBneIU3RzkvzrvzMWtdcoqZA/gD5/MHK5GQLw==</latexit><latexit sha1_base64="VrLPiSrAzYSUT45RPsMOAO+Li3w=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cKxlbaWDbbTbt0dxN2N2IJ+RVePKh49e9489+4bXPQ1gcDj/dmmJkXJpxp47rfztLyyuraemmjvLm1vbNb2du/03GqCPVJzGPVDrGmnEnqG2Y4bSeKYhFy2gpHVxO/9UiVZrG8NeOEBgIPJIsYwcZK90+9rJ4/ZF7eq1TdmjsFWiReQapQoNmrfHX7MUkFlYZwrHXHcxMTZFgZRjjNy91U0wSTER7QjqUSC6qDbHpwjo6t0kdRrGxJg6bq74kMC63HIrSdApuhnvcm4n9eJzXReZAxmaSGSjJbFKUcmRhNvkd9pigxfGwJJorZWxEZYoWJsRmVbQje/MuLxK/XLmruzWm1cVmkUYJDOIIT8OAMGnANTfCBgIBneIU3RzkvzrvzMWtdcoqZA/gD5/MHK5GQLw==</latexit>

x1
3 x1

4 x1
5
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3

Auxiliary connections

Latent variable z
<latexit sha1_base64="WIlbTbBFLLcqOvt81zBc03GagJU=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx5bMLbQhrLZTtq1m03Y3Qg19Bd48aDi1b/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH9wr+NUMfRYLGLVDqhGwSV6hhuB7UQhjQKBrWB0M/Vbj6g0j+WdGSfoR3QgecgZNVZqPvXKFbfqzkCWSS0nFcjR6JW/uv2YpRFKwwTVulNzE+NnVBnOBE5K3VRjQtmIDrBjqaQRaj+bHTohJ1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1ISXfsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2ZRsCLXFl5eJd1a9qrrN80r9Ok+jCEdwDKdQgwuowy00wAMGCM/wCm/Og/PivDsf89aCk88cwh84nz9XU4zR</latexit><latexit sha1_base64="WIlbTbBFLLcqOvt81zBc03GagJU=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx5bMLbQhrLZTtq1m03Y3Qg19Bd48aDi1b/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH9wr+NUMfRYLGLVDqhGwSV6hhuB7UQhjQKBrWB0M/Vbj6g0j+WdGSfoR3QgecgZNVZqPvXKFbfqzkCWSS0nFcjR6JW/uv2YpRFKwwTVulNzE+NnVBnOBE5K3VRjQtmIDrBjqaQRaj+bHTohJ1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1ISXfsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2ZRsCLXFl5eJd1a9qrrN80r9Ok+jCEdwDKdQgwuowy00wAMGCM/wCm/Og/PivDsf89aCk88cwh84nz9XU4zR</latexit><latexit sha1_base64="WIlbTbBFLLcqOvt81zBc03GagJU=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx5bMLbQhrLZTtq1m03Y3Qg19Bd48aDi1b/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH9wr+NUMfRYLGLVDqhGwSV6hhuB7UQhjQKBrWB0M/Vbj6g0j+WdGSfoR3QgecgZNVZqPvXKFbfqzkCWSS0nFcjR6JW/uv2YpRFKwwTVulNzE+NnVBnOBE5K3VRjQtmIDrBjqaQRaj+bHTohJ1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1ISXfsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2ZRsCLXFl5eJd1a9qrrN80r9Ok+jCEdwDKdQgwuowy00wAMGCM/wCm/Og/PivDsf89aCk88cwh84nz9XU4zR</latexit>

Observation x
<latexit sha1_base64="wrYRrS9nqr2/jTKdHNfdRLtLB0k=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx5bMLbQhrLZTtq1m03Y3Ygl9Bd48aDi1b/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH9wr+NUMfRYLGLVDqhGwSV6hhuB7UQhjQKBrWB0M/Vbj6g0j+WdGSfoR3QgecgZNVZqPvXKFbfqzkCWSS0nFcjR6JW/uv2YpRFKwwTVulNzE+NnVBnOBE5K3VRjQtmIDrBjqaQRaj+bHTohJ1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1ISXfsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2ZRsCLXFl5eJd1a9qrrN80r9Ok+jCEdwDKdQgwuowy00wAMGCM/wCm/Og/PivDsf89aCk88cwh84nz9UTYzP</latexit><latexit sha1_base64="wrYRrS9nqr2/jTKdHNfdRLtLB0k=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx5bMLbQhrLZTtq1m03Y3Ygl9Bd48aDi1b/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH9wr+NUMfRYLGLVDqhGwSV6hhuB7UQhjQKBrWB0M/Vbj6g0j+WdGSfoR3QgecgZNVZqPvXKFbfqzkCWSS0nFcjR6JW/uv2YpRFKwwTVulNzE+NnVBnOBE5K3VRjQtmIDrBjqaQRaj+bHTohJ1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1ISXfsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2ZRsCLXFl5eJd1a9qrrN80r9Ok+jCEdwDKdQgwuowy00wAMGCM/wCm/Og/PivDsf89aCk88cwh84nz9UTYzP</latexit><latexit sha1_base64="wrYRrS9nqr2/jTKdHNfdRLtLB0k=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx5bMLbQhrLZTtq1m03Y3Ygl9Bd48aDi1b/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH9wr+NUMfRYLGLVDqhGwSV6hhuB7UQhjQKBrWB0M/Vbj6g0j+WdGSfoR3QgecgZNVZqPvXKFbfqzkCWSS0nFcjR6JW/uv2YpRFKwwTVulNzE+NnVBnOBE5K3VRjQtmIDrBjqaQRaj+bHTohJ1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1ISXfsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2ZRsCLXFl5eJd1a9qrrN80r9Ok+jCEdwDKdQgwuowy00wAMGCM/wCm/Og/PivDsf89aCk88cwh84nz9UTYzP</latexit>

Inference RNN h
<latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit><latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit><latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit>

Switches s
<latexit sha1_base64="iZJDFbyK+QG96URJp2fUvksDVbk=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaulepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuuc2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP0y+jMo=</latexit><latexit sha1_base64="iZJDFbyK+QG96URJp2fUvksDVbk=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaulepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuuc2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP0y+jMo=</latexit><latexit sha1_base64="iZJDFbyK+QG96URJp2fUvksDVbk=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaulepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuuc2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP0y+jMo=</latexit>

Unobserved data

Latent variable z
<latexit sha1_base64="WIlbTbBFLLcqOvt81zBc03GagJU=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx5bMLbQhrLZTtq1m03Y3Qg19Bd48aDi1b/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH9wr+NUMfRYLGLVDqhGwSV6hhuB7UQhjQKBrWB0M/Vbj6g0j+WdGSfoR3QgecgZNVZqPvXKFbfqzkCWSS0nFcjR6JW/uv2YpRFKwwTVulNzE+NnVBnOBE5K3VRjQtmIDrBjqaQRaj+bHTohJ1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1ISXfsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2ZRsCLXFl5eJd1a9qrrN80r9Ok+jCEdwDKdQgwuowy00wAMGCM/wCm/Og/PivDsf89aCk88cwh84nz9XU4zR</latexit><latexit sha1_base64="WIlbTbBFLLcqOvt81zBc03GagJU=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx5bMLbQhrLZTtq1m03Y3Qg19Bd48aDi1b/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH9wr+NUMfRYLGLVDqhGwSV6hhuB7UQhjQKBrWB0M/Vbj6g0j+WdGSfoR3QgecgZNVZqPvXKFbfqzkCWSS0nFcjR6JW/uv2YpRFKwwTVulNzE+NnVBnOBE5K3VRjQtmIDrBjqaQRaj+bHTohJ1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1ISXfsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2ZRsCLXFl5eJd1a9qrrN80r9Ok+jCEdwDKdQgwuowy00wAMGCM/wCm/Og/PivDsf89aCk88cwh84nz9XU4zR</latexit><latexit sha1_base64="WIlbTbBFLLcqOvt81zBc03GagJU=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx5bMLbQhrLZTtq1m03Y3Qg19Bd48aDi1b/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH9wr+NUMfRYLGLVDqhGwSV6hhuB7UQhjQKBrWB0M/Vbj6g0j+WdGSfoR3QgecgZNVZqPvXKFbfqzkCWSS0nFcjR6JW/uv2YpRFKwwTVulNzE+NnVBnOBE5K3VRjQtmIDrBjqaQRaj+bHTohJ1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1ISXfsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2ZRsCLXFl5eJd1a9qrrN80r9Ok+jCEdwDKdQgwuowy00wAMGCM/wCm/Og/PivDsf89aCk88cwh84nz9XU4zR</latexit>

Observation x
<latexit sha1_base64="wrYRrS9nqr2/jTKdHNfdRLtLB0k=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx5bMLbQhrLZTtq1m03Y3Ygl9Bd48aDi1b/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH9wr+NUMfRYLGLVDqhGwSV6hhuB7UQhjQKBrWB0M/Vbj6g0j+WdGSfoR3QgecgZNVZqPvXKFbfqzkCWSS0nFcjR6JW/uv2YpRFKwwTVulNzE+NnVBnOBE5K3VRjQtmIDrBjqaQRaj+bHTohJ1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1ISXfsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2ZRsCLXFl5eJd1a9qrrN80r9Ok+jCEdwDKdQgwuowy00wAMGCM/wCm/Og/PivDsf89aCk88cwh84nz9UTYzP</latexit><latexit sha1_base64="wrYRrS9nqr2/jTKdHNfdRLtLB0k=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx5bMLbQhrLZTtq1m03Y3Ygl9Bd48aDi1b/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH9wr+NUMfRYLGLVDqhGwSV6hhuB7UQhjQKBrWB0M/Vbj6g0j+WdGSfoR3QgecgZNVZqPvXKFbfqzkCWSS0nFcjR6JW/uv2YpRFKwwTVulNzE+NnVBnOBE5K3VRjQtmIDrBjqaQRaj+bHTohJ1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1ISXfsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2ZRsCLXFl5eJd1a9qrrN80r9Ok+jCEdwDKdQgwuowy00wAMGCM/wCm/Og/PivDsf89aCk88cwh84nz9UTYzP</latexit><latexit sha1_base64="wrYRrS9nqr2/jTKdHNfdRLtLB0k=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx5bMLbQhrLZTtq1m03Y3Ygl9Bd48aDi1b/kzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH9wr+NUMfRYLGLVDqhGwSV6hhuB7UQhjQKBrWB0M/Vbj6g0j+WdGSfoR3QgecgZNVZqPvXKFbfqzkCWSS0nFcjR6JW/uv2YpRFKwwTVulNzE+NnVBnOBE5K3VRjQtmIDrBjqaQRaj+bHTohJ1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1ISXfsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2ZRsCLXFl5eJd1a9qrrN80r9Ok+jCEdwDKdQgwuowy00wAMGCM/wCm/Og/PivDsf89aCk88cwh84nz9UTYzP</latexit>

Unobserved data

Switches s
<latexit sha1_base64="iZJDFbyK+QG96URJp2fUvksDVbk=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaulepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuuc2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP0y+jMo=</latexit><latexit sha1_base64="iZJDFbyK+QG96URJp2fUvksDVbk=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaulepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuuc2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP0y+jMo=</latexit><latexit sha1_base64="iZJDFbyK+QG96URJp2fUvksDVbk=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaulepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuuc2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP0y+jMo=</latexit>

• Goal: to maximize the variational evidence lower bound (ELBO)
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• Network design for structured and powerful approximations to the posterior

– Keeping the Markov properties and the same distribution type of z as θ in φ
– Inheriting switches s from θ to φ (φs = θs)
– Capturing MR-MTS observations by using multiple RNNs

Network Type Usage Input
for hlt

Variational Approximation
for zlt

Forward RNN (filtering) Forecasting xl1:t qφ
(
zlt|zlt−1, zl−1t , slt,x

1:L
1:t

)
Bi-directional RNN Interpolation xl1:T qφ

(
zlt|zlt−1, zl−1t , slt,x

1:L
1:T

)
• The final factorized function to optimize: a summation of expectations of
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t=1 EQ∗(z1
t−1)

DKL

(
qφ
(
z1
t |x1:L

1:T , z
1
t−1
)∥∥∥pθ (z1

t |z1
t−1
))

+
∑T
t=1

∑L
l=2 EQ∗(z1

t−1,z
l−1
t )DKL

(
qφ
(
zlt|x1:L

1:T , z
l
t−1, z

l−1
t

)∥∥∥pθ (z1
t |z1

t−1, z
l−1
t

))

QUANTITATIVE RESULTS
• Two real-world datasets from healthcare and climate domains

Dataset
Name

# of
Samples

Sampling Rates
(HSR/MSR/LSR)

# of Variables
of Each Rate

Time Series
Length

MIMIC-III2 10 709 1/4/12 Hours 7/11/44 72 Hours
USHCN3 100 1/5/10 Days 70/69/69 365 Days

• Forecasting performance on USHCN (Mean Squared Error(MSE))

Method \ Rate All HSR MSR LSR

Single-Rate
Baselines

Kalman Filter (KF) 1.236 1.254 1.190 1.148
Vector Autoregression (VAR) 2.415 2.579 1.921 1.748
Deep Markov Model (DMM)4 0.795 0.608 0.903 0.877
HM-RNN5 0.692 0.594 1.151 0.775
LSTM 0.849 0.688 0.934 0.928
PLSTM6 0.813 0.710 0.870 0.915

Multi-Rate
Baselines

Multiple KF 1.212 1.082 1.727 1.518
Multi-Rate KF 0.628 0.542 0.986 0.799
Multi-Rate DMM (MR-DMM) 0.667 0.611 0.847 0.875
Hierarchical DMM (HDMM) 0.626 0.568 0.815 0.836

MR-HDMM 0.591 0.541 0.742 0.795

• Interpolation performance (Mean Squared Error(MSE))

Method \ Dataset MIMIC-III USHCN
In-Sample Out-Sample In-Sample

Imputation
Baselines

Simple-Mean 3.812 3.123 0.987
CubicSpline 3.713 3.212×104 0.947
MICE 3.747 7.580×102 0.670
MissForest 3.863 3.027 0.941
SoftImpute 3.715 3.086 0.759

Deep Learning
Baselines

DMM 3.714 3.027 0.782
MR-DMM 3.710 3.021 0.696
HDMM 3.790 3.100 0.750

MR-HDMM 3.582 2.921 0.626

• Lower bound of log-likelihood for all generative models (higher values are better)

DMM MR-DMM HDMM MR-HDMM

MIMIC-III −1.54 2.62 10.54 15.27
USHCN 2.37 14.37 17.25 33.62

VISUALIZATIONS
• Latent hierarchical structure learned by MR-HDMM

– From first 48 hours of an admission in MIMIC-III
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– From a 1-year climate observation in USHCN
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– Blue and Red part: update; White part: reuse
∗ Higher layers update less frequently and capture longer-term dependencies

– Green histograms: precipitation time series
∗ Precipitations⇒ Significant temporal changes captured by the higher layer
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