
CS 5788: Introduction to Generative Models

Lecture 4: Neural network review
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Today

• Neural net review 
• MLPs, CNNs, and (very briefly) backprop 
• Won’t discuss transformers (we’ll save that for later). 

• You won’t be tested on this, but you need it for 
understanding and implementing deep generative models
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3Source: Isola, Torralba, Freeman
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Neural net (for recognition)
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5Source: Isola, Torralba, Freeman



Input vector Output vector 

Computation in a neural net

6Adapted from: Isola, Torralba, Freeman
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Computation in a neural net

Input 
representation 

Output 
representation 

yj
<latexit sha1_base64="6EhQp4bhMUwDs33bM9SyOR4GS+Y=">AAACPXicfZDNSsNAFIUn/tb6r0s3wSqISElE0GVRF25ERauFJpSb6U0cO5mEmYkYQh/BrT6Oz+EDuBO3bp3WCmrFCwMf556ZufcEKWdKO86zNTI6Nj4xWZoqT8/Mzs0vLC5dqiSTFOs04YlsBKCQM4F1zTTHRioR4oDjVdA56PWvblEqlogLnafoxxAJFjIK2kjneeumtVBxqk6/7GFwB1AhgzptLVprXjuhWYxCUw5KNV0n1X4BUjPKsVv2MoUp0A5E2DQoIEblF/1Zu/a6Udp2mEhzhLb76vcbBcRK5XFgnDHoa/W71xP/6jUzHe75BRNpplHQz4/CjNs6sXuL220mkWqeGwAqmZnVptcggWoTT7nsHaJZRuKxefgkRQk6kZuFBzKK4a5rlou8rR79Z2Tiy2jI5Or+TnEYLrerrlN1z3Yqtf1BwiWyQlbJBnHJLqmRI3JK6oSSiNyTB/JoPVkv1qv19mkdsQZ3lsmPst4/AFvMrp0=</latexit><latexit sha1_base64="6EhQp4bhMUwDs33bM9SyOR4GS+Y=">AAACPXicfZDNSsNAFIUn/tb6r0s3wSqISElE0GVRF25ERauFJpSb6U0cO5mEmYkYQh/BrT6Oz+EDuBO3bp3WCmrFCwMf556ZufcEKWdKO86zNTI6Nj4xWZoqT8/Mzs0vLC5dqiSTFOs04YlsBKCQM4F1zTTHRioR4oDjVdA56PWvblEqlogLnafoxxAJFjIK2kjneeumtVBxqk6/7GFwB1AhgzptLVprXjuhWYxCUw5KNV0n1X4BUjPKsVv2MoUp0A5E2DQoIEblF/1Zu/a6Udp2mEhzhLb76vcbBcRK5XFgnDHoa/W71xP/6jUzHe75BRNpplHQz4/CjNs6sXuL220mkWqeGwAqmZnVptcggWoTT7nsHaJZRuKxefgkRQk6kZuFBzKK4a5rlou8rR79Z2Tiy2jI5Or+TnEYLrerrlN1z3Yqtf1BwiWyQlbJBnHJLqmRI3JK6oSSiNyTB/JoPVkv1qv19mkdsQZ3lsmPst4/AFvMrp0=</latexit><latexit sha1_base64="6EhQp4bhMUwDs33bM9SyOR4GS+Y=">AAACPXicfZDNSsNAFIUn/tb6r0s3wSqISElE0GVRF25ERauFJpSb6U0cO5mEmYkYQh/BrT6Oz+EDuBO3bp3WCmrFCwMf556ZufcEKWdKO86zNTI6Nj4xWZoqT8/Mzs0vLC5dqiSTFOs04YlsBKCQM4F1zTTHRioR4oDjVdA56PWvblEqlogLnafoxxAJFjIK2kjneeumtVBxqk6/7GFwB1AhgzptLVprXjuhWYxCUw5KNV0n1X4BUjPKsVv2MoUp0A5E2DQoIEblF/1Zu/a6Udp2mEhzhLb76vcbBcRK5XFgnDHoa/W71xP/6jUzHe75BRNpplHQz4/CjNs6sXuL220mkWqeGwAqmZnVptcggWoTT7nsHaJZRuKxefgkRQk6kZuFBzKK4a5rlou8rR79Z2Tiy2jI5Or+TnEYLrerrlN1z3Yqtf1BwiWyQlbJBnHJLqmRI3JK6oSSiNyTB/JoPVkv1qv19mkdsQZ3lsmPst4/AFvMrp0=</latexit><latexit sha1_base64="6EhQp4bhMUwDs33bM9SyOR4GS+Y=">AAACPXicfZDNSsNAFIUn/tb6r0s3wSqISElE0GVRF25ERauFJpSb6U0cO5mEmYkYQh/BrT6Oz+EDuBO3bp3WCmrFCwMf556ZufcEKWdKO86zNTI6Nj4xWZoqT8/Mzs0vLC5dqiSTFOs04YlsBKCQM4F1zTTHRioR4oDjVdA56PWvblEqlogLnafoxxAJFjIK2kjneeumtVBxqk6/7GFwB1AhgzptLVprXjuhWYxCUw5KNV0n1X4BUjPKsVv2MoUp0A5E2DQoIEblF/1Zu/a6Udp2mEhzhLb76vcbBcRK5XFgnDHoa/W71xP/6jUzHe75BRNpplHQz4/CjNs6sXuL220mkWqeGwAqmZnVptcggWoTT7nsHaJZRuKxefgkRQk6kZuFBzKK4a5rlou8rR79Z2Tiy2jI5Or+TnEYLrerrlN1z3Yqtf1BwiWyQlbJBnHJLqmRI3JK6oSSiNyTB/JoPVkv1qv19mkdsQZ3lsmPst4/AFvMrp0=</latexit>

xi
<latexit sha1_base64="MBmmtdjT1cJpcsKVNCraxQP4Ab0=">AAACPXicfZDLSsNAFIYn3o23VpduglUQkZKIoMuiLtyIirYWmlJOpqdx6GQSZiZiCX0Et/o4PocP4E7cunVSI3jDAwMf//ln5pw/SDhT2nWfrLHxicmp6ZlZe25+YXGpVF5uqDiVFOs05rFsBqCQM4F1zTTHZiIRooDjVdA/zPtXNygVi8WlHiTYjiAUrMcoaCNd3HZYp1Rxq+6onN/gFVAhRZ11yta6341pGqHQlINSLc9NdDsDqRnlOLT9VGECtA8htgwKiFC1s9GsQ2fDKF2nF0tzhHZG6tcbGURKDaLAOCPQ1+pnLxf/6rVS3dtvZ0wkqUZBPz7qpdzRsZMv7nSZRKr5wABQycysDr0GCVSbeGzbP0KzjMQT8/BpghJ0LLcyH2QYwe3QLBf62zn9Z2Ti02jI5Or9TPE3NHaqnlv1zncrtYMi4RmyStbIJvHIHqmRY3JG6oSSkNyRe/JgPVrP1ov1+mEds4o7K+RbWW/vWByumw==</latexit><latexit sha1_base64="MBmmtdjT1cJpcsKVNCraxQP4Ab0=">AAACPXicfZDLSsNAFIYn3o23VpduglUQkZKIoMuiLtyIirYWmlJOpqdx6GQSZiZiCX0Et/o4PocP4E7cunVSI3jDAwMf//ln5pw/SDhT2nWfrLHxicmp6ZlZe25+YXGpVF5uqDiVFOs05rFsBqCQM4F1zTTHZiIRooDjVdA/zPtXNygVi8WlHiTYjiAUrMcoaCNd3HZYp1Rxq+6onN/gFVAhRZ11yta6341pGqHQlINSLc9NdDsDqRnlOLT9VGECtA8htgwKiFC1s9GsQ2fDKF2nF0tzhHZG6tcbGURKDaLAOCPQ1+pnLxf/6rVS3dtvZ0wkqUZBPz7qpdzRsZMv7nSZRKr5wABQycysDr0GCVSbeGzbP0KzjMQT8/BpghJ0LLcyH2QYwe3QLBf62zn9Z2Ti02jI5Or9TPE3NHaqnlv1zncrtYMi4RmyStbIJvHIHqmRY3JG6oSSkNyRe/JgPVrP1ov1+mEds4o7K+RbWW/vWByumw==</latexit><latexit sha1_base64="MBmmtdjT1cJpcsKVNCraxQP4Ab0=">AAACPXicfZDLSsNAFIYn3o23VpduglUQkZKIoMuiLtyIirYWmlJOpqdx6GQSZiZiCX0Et/o4PocP4E7cunVSI3jDAwMf//ln5pw/SDhT2nWfrLHxicmp6ZlZe25+YXGpVF5uqDiVFOs05rFsBqCQM4F1zTTHZiIRooDjVdA/zPtXNygVi8WlHiTYjiAUrMcoaCNd3HZYp1Rxq+6onN/gFVAhRZ11yta6341pGqHQlINSLc9NdDsDqRnlOLT9VGECtA8htgwKiFC1s9GsQ2fDKF2nF0tzhHZG6tcbGURKDaLAOCPQ1+pnLxf/6rVS3dtvZ0wkqUZBPz7qpdzRsZMv7nSZRKr5wABQycysDr0GCVSbeGzbP0KzjMQT8/BpghJ0LLcyH2QYwe3QLBf62zn9Z2Ti02jI5Or9TPE3NHaqnlv1zncrtYMi4RmyStbIJvHIHqmRY3JG6oSSkNyRe/JgPVrP1ov1+mEds4o7K+RbWW/vWByumw==</latexit><latexit sha1_base64="MBmmtdjT1cJpcsKVNCraxQP4Ab0=">AAACPXicfZDLSsNAFIYn3o23VpduglUQkZKIoMuiLtyIirYWmlJOpqdx6GQSZiZiCX0Et/o4PocP4E7cunVSI3jDAwMf//ln5pw/SDhT2nWfrLHxicmp6ZlZe25+YXGpVF5uqDiVFOs05rFsBqCQM4F1zTTHZiIRooDjVdA/zPtXNygVi8WlHiTYjiAUrMcoaCNd3HZYp1Rxq+6onN/gFVAhRZ11yta6341pGqHQlINSLc9NdDsDqRnlOLT9VGECtA8htgwKiFC1s9GsQ2fDKF2nF0tzhHZG6tcbGURKDaLAOCPQ1+pnLxf/6rVS3dtvZ0wkqUZBPz7qpdzRsZMv7nSZRKr5wABQycysDr0GCVSbeGzbP0KzjMQT8/BpghJ0LLcyH2QYwe3QLBf62zn9Z2Ti02jI5Or9TPE3NHaqnlv1zncrtYMi4RmyStbIJvHIHqmRY3JG6oSSkNyRe/JgPVrP1ov1+mEds4o7K+RbWW/vWByumw==</latexit>

wij
<latexit sha1_base64="B+4Lu/LQB0Ip8ejrEu2Iy5PNsPU="></latexit><latexit sha1_base64="B+4Lu/LQB0Ip8ejrEu2Iy5PNsPU="></latexit><latexit sha1_base64="B+4Lu/LQB0Ip8ejrEu2Iy5PNsPU="></latexit><latexit sha1_base64="B+4Lu/LQB0Ip8ejrEu2Iy5PNsPU="></latexit>

Linear layer

7Source: Isola, Torralba, Freeman



Computation in a neural net

yj =
X

i

wijxi + bj
<latexit sha1_base64="OCrfsvwxBTax5P00Kpq5UxxcBOQ="></latexit><latexit sha1_base64="OCrfsvwxBTax5P00Kpq5UxxcBOQ="></latexit><latexit sha1_base64="OCrfsvwxBTax5P00Kpq5UxxcBOQ="></latexit><latexit sha1_base64="OCrfsvwxBTax5P00Kpq5UxxcBOQ="></latexit>

Input 
representation 

Output 
representation 

yj
<latexit sha1_base64="6EhQp4bhMUwDs33bM9SyOR4GS+Y=">AAACPXicfZDNSsNAFIUn/tb6r0s3wSqISElE0GVRF25ERauFJpSb6U0cO5mEmYkYQh/BrT6Oz+EDuBO3bp3WCmrFCwMf556ZufcEKWdKO86zNTI6Nj4xWZoqT8/Mzs0vLC5dqiSTFOs04YlsBKCQM4F1zTTHRioR4oDjVdA56PWvblEqlogLnafoxxAJFjIK2kjneeumtVBxqk6/7GFwB1AhgzptLVprXjuhWYxCUw5KNV0n1X4BUjPKsVv2MoUp0A5E2DQoIEblF/1Zu/a6Udp2mEhzhLb76vcbBcRK5XFgnDHoa/W71xP/6jUzHe75BRNpplHQz4/CjNs6sXuL220mkWqeGwAqmZnVptcggWoTT7nsHaJZRuKxefgkRQk6kZuFBzKK4a5rlou8rR79Z2Tiy2jI5Or+TnEYLrerrlN1z3Yqtf1BwiWyQlbJBnHJLqmRI3JK6oSSiNyTB/JoPVkv1qv19mkdsQZ3lsmPst4/AFvMrp0=</latexit><latexit sha1_base64="6EhQp4bhMUwDs33bM9SyOR4GS+Y=">AAACPXicfZDNSsNAFIUn/tb6r0s3wSqISElE0GVRF25ERauFJpSb6U0cO5mEmYkYQh/BrT6Oz+EDuBO3bp3WCmrFCwMf556ZufcEKWdKO86zNTI6Nj4xWZoqT8/Mzs0vLC5dqiSTFOs04YlsBKCQM4F1zTTHRioR4oDjVdA56PWvblEqlogLnafoxxAJFjIK2kjneeumtVBxqk6/7GFwB1AhgzptLVprXjuhWYxCUw5KNV0n1X4BUjPKsVv2MoUp0A5E2DQoIEblF/1Zu/a6Udp2mEhzhLb76vcbBcRK5XFgnDHoa/W71xP/6jUzHe75BRNpplHQz4/CjNs6sXuL220mkWqeGwAqmZnVptcggWoTT7nsHaJZRuKxefgkRQk6kZuFBzKK4a5rlou8rR79Z2Tiy2jI5Or+TnEYLrerrlN1z3Yqtf1BwiWyQlbJBnHJLqmRI3JK6oSSiNyTB/JoPVkv1qv19mkdsQZ3lsmPst4/AFvMrp0=</latexit><latexit sha1_base64="6EhQp4bhMUwDs33bM9SyOR4GS+Y=">AAACPXicfZDNSsNAFIUn/tb6r0s3wSqISElE0GVRF25ERauFJpSb6U0cO5mEmYkYQh/BrT6Oz+EDuBO3bp3WCmrFCwMf556ZufcEKWdKO86zNTI6Nj4xWZoqT8/Mzs0vLC5dqiSTFOs04YlsBKCQM4F1zTTHRioR4oDjVdA56PWvblEqlogLnafoxxAJFjIK2kjneeumtVBxqk6/7GFwB1AhgzptLVprXjuhWYxCUw5KNV0n1X4BUjPKsVv2MoUp0A5E2DQoIEblF/1Zu/a6Udp2mEhzhLb76vcbBcRK5XFgnDHoa/W71xP/6jUzHe75BRNpplHQz4/CjNs6sXuL220mkWqeGwAqmZnVptcggWoTT7nsHaJZRuKxefgkRQk6kZuFBzKK4a5rlou8rR79Z2Tiy2jI5Or+TnEYLrerrlN1z3Yqtf1BwiWyQlbJBnHJLqmRI3JK6oSSiNyTB/JoPVkv1qv19mkdsQZ3lsmPst4/AFvMrp0=</latexit><latexit sha1_base64="6EhQp4bhMUwDs33bM9SyOR4GS+Y=">AAACPXicfZDNSsNAFIUn/tb6r0s3wSqISElE0GVRF25ERauFJpSb6U0cO5mEmYkYQh/BrT6Oz+EDuBO3bp3WCmrFCwMf556ZufcEKWdKO86zNTI6Nj4xWZoqT8/Mzs0vLC5dqiSTFOs04YlsBKCQM4F1zTTHRioR4oDjVdA56PWvblEqlogLnafoxxAJFjIK2kjneeumtVBxqk6/7GFwB1AhgzptLVprXjuhWYxCUw5KNV0n1X4BUjPKsVv2MoUp0A5E2DQoIEblF/1Zu/a6Udp2mEhzhLb76vcbBcRK5XFgnDHoa/W71xP/6jUzHe75BRNpplHQz4/CjNs6sXuL220mkWqeGwAqmZnVptcggWoTT7nsHaJZRuKxefgkRQk6kZuFBzKK4a5rlou8rR79Z2Tiy2jI5Or+TnEYLrerrlN1z3Yqtf1BwiWyQlbJBnHJLqmRI3JK6oSSiNyTB/JoPVkv1qv19mkdsQZ3lsmPst4/AFvMrp0=</latexit>

xi
<latexit sha1_base64="MBmmtdjT1cJpcsKVNCraxQP4Ab0=">AAACPXicfZDLSsNAFIYn3o23VpduglUQkZKIoMuiLtyIirYWmlJOpqdx6GQSZiZiCX0Et/o4PocP4E7cunVSI3jDAwMf//ln5pw/SDhT2nWfrLHxicmp6ZlZe25+YXGpVF5uqDiVFOs05rFsBqCQM4F1zTTHZiIRooDjVdA/zPtXNygVi8WlHiTYjiAUrMcoaCNd3HZYp1Rxq+6onN/gFVAhRZ11yta6341pGqHQlINSLc9NdDsDqRnlOLT9VGECtA8htgwKiFC1s9GsQ2fDKF2nF0tzhHZG6tcbGURKDaLAOCPQ1+pnLxf/6rVS3dtvZ0wkqUZBPz7qpdzRsZMv7nSZRKr5wABQycysDr0GCVSbeGzbP0KzjMQT8/BpghJ0LLcyH2QYwe3QLBf62zn9Z2Ti02jI5Or9TPE3NHaqnlv1zncrtYMi4RmyStbIJvHIHqmRY3JG6oSSkNyRe/JgPVrP1ov1+mEds4o7K+RbWW/vWByumw==</latexit><latexit sha1_base64="MBmmtdjT1cJpcsKVNCraxQP4Ab0=">AAACPXicfZDLSsNAFIYn3o23VpduglUQkZKIoMuiLtyIirYWmlJOpqdx6GQSZiZiCX0Et/o4PocP4E7cunVSI3jDAwMf//ln5pw/SDhT2nWfrLHxicmp6ZlZe25+YXGpVF5uqDiVFOs05rFsBqCQM4F1zTTHZiIRooDjVdA/zPtXNygVi8WlHiTYjiAUrMcoaCNd3HZYp1Rxq+6onN/gFVAhRZ11yta6341pGqHQlINSLc9NdDsDqRnlOLT9VGECtA8htgwKiFC1s9GsQ2fDKF2nF0tzhHZG6tcbGURKDaLAOCPQ1+pnLxf/6rVS3dtvZ0wkqUZBPz7qpdzRsZMv7nSZRKr5wABQycysDr0GCVSbeGzbP0KzjMQT8/BpghJ0LLcyH2QYwe3QLBf62zn9Z2Ti02jI5Or9TPE3NHaqnlv1zncrtYMi4RmyStbIJvHIHqmRY3JG6oSSkNyRe/JgPVrP1ov1+mEds4o7K+RbWW/vWByumw==</latexit><latexit sha1_base64="MBmmtdjT1cJpcsKVNCraxQP4Ab0=">AAACPXicfZDLSsNAFIYn3o23VpduglUQkZKIoMuiLtyIirYWmlJOpqdx6GQSZiZiCX0Et/o4PocP4E7cunVSI3jDAwMf//ln5pw/SDhT2nWfrLHxicmp6ZlZe25+YXGpVF5uqDiVFOs05rFsBqCQM4F1zTTHZiIRooDjVdA/zPtXNygVi8WlHiTYjiAUrMcoaCNd3HZYp1Rxq+6onN/gFVAhRZ11yta6341pGqHQlINSLc9NdDsDqRnlOLT9VGECtA8htgwKiFC1s9GsQ2fDKF2nF0tzhHZG6tcbGURKDaLAOCPQ1+pnLxf/6rVS3dtvZ0wkqUZBPz7qpdzRsZMv7nSZRKr5wABQycysDr0GCVSbeGzbP0KzjMQT8/BpghJ0LLcyH2QYwe3QLBf62zn9Z2Ti02jI5Or9TPE3NHaqnlv1zncrtYMi4RmyStbIJvHIHqmRY3JG6oSSkNyRe/JgPVrP1ov1+mEds4o7K+RbWW/vWByumw==</latexit><latexit sha1_base64="MBmmtdjT1cJpcsKVNCraxQP4Ab0=">AAACPXicfZDLSsNAFIYn3o23VpduglUQkZKIoMuiLtyIirYWmlJOpqdx6GQSZiZiCX0Et/o4PocP4E7cunVSI3jDAwMf//ln5pw/SDhT2nWfrLHxicmp6ZlZe25+YXGpVF5uqDiVFOs05rFsBqCQM4F1zTTHZiIRooDjVdA/zPtXNygVi8WlHiTYjiAUrMcoaCNd3HZYp1Rxq+6onN/gFVAhRZ11yta6341pGqHQlINSLc9NdDsDqRnlOLT9VGECtA8htgwKiFC1s9GsQ2fDKF2nF0tzhHZG6tcbGURKDaLAOCPQ1+pnLxf/6rVS3dtvZ0wkqUZBPz7qpdzRsZMv7nSZRKr5wABQycysDr0GCVSbeGzbP0KzjMQT8/BpghJ0LLcyH2QYwe3QLBf62zn9Z2Ti02jI5Or9TPE3NHaqnlv1zncrtYMi4RmyStbIJvHIHqmRY3JG6oSSkNyRe/JgPVrP1ov1+mEds4o7K+RbWW/vWByumw==</latexit>

wij
<latexit sha1_base64="B+4Lu/LQB0Ip8ejrEu2Iy5PNsPU="></latexit><latexit sha1_base64="B+4Lu/LQB0Ip8ejrEu2Iy5PNsPU="></latexit><latexit sha1_base64="B+4Lu/LQB0Ip8ejrEu2Iy5PNsPU="></latexit><latexit sha1_base64="B+4Lu/LQB0Ip8ejrEu2Iy5PNsPU="></latexit>

Linear layer

weights 

bias 
bj

<latexit sha1_base64="zY1m5cH1E3CgQhbQ4lbUrinuPJs=">AAACPXicfZDNSsNAFIUn/tb4r0s3wSqISElE0GVRF25ERauFppSb6U0cO5mEmYlYQh/BrT6Oz+EDuBO3bp3WCGrFCwMf556ZufcEKWdKu+6zNTI6Nj4xWZqyp2dm5+YXFpcuVZJJijWa8ETWA1DImcCaZppjPZUIccDxKugc9PtXtygVS8SF7qbYjCESLGQUtJHOg9ZNa6HsVtxBOcPgFVAmRZ22Fq01v53QLEahKQelGp6b6mYOUjPKsWf7mcIUaAcibBgUEKNq5oNZe866UdpOmEhzhHYG6vcbOcRKdePAOGPQ1+p3ry/+1WtkOtxr5kykmUZBPz8KM+7oxOkv7rSZRKp51wBQycysDr0GCVSbeGzbP0SzjMRj8/BJihJ0IjdzH2QUw13PLBf5W336z8jEl9GQydX7neIwXG5XPLfine2Uq/tFwiWyQlbJBvHILqmSI3JKaoSSiNyTB/JoPVkv1qv19mkdsYo7y+RHWe8fMU2uhg==</latexit><latexit sha1_base64="zY1m5cH1E3CgQhbQ4lbUrinuPJs=">AAACPXicfZDNSsNAFIUn/tb4r0s3wSqISElE0GVRF25ERauFppSb6U0cO5mEmYlYQh/BrT6Oz+EDuBO3bp3WCGrFCwMf556ZufcEKWdKu+6zNTI6Nj4xWZqyp2dm5+YXFpcuVZJJijWa8ETWA1DImcCaZppjPZUIccDxKugc9PtXtygVS8SF7qbYjCESLGQUtJHOg9ZNa6HsVtxBOcPgFVAmRZ22Fq01v53QLEahKQelGp6b6mYOUjPKsWf7mcIUaAcibBgUEKNq5oNZe866UdpOmEhzhHYG6vcbOcRKdePAOGPQ1+p3ry/+1WtkOtxr5kykmUZBPz8KM+7oxOkv7rSZRKp51wBQycysDr0GCVSbeGzbP0SzjMRj8/BJihJ0IjdzH2QUw13PLBf5W336z8jEl9GQydX7neIwXG5XPLfine2Uq/tFwiWyQlbJBvHILqmSI3JKaoSSiNyTB/JoPVkv1qv19mkdsYo7y+RHWe8fMU2uhg==</latexit><latexit sha1_base64="zY1m5cH1E3CgQhbQ4lbUrinuPJs=">AAACPXicfZDNSsNAFIUn/tb4r0s3wSqISElE0GVRF25ERauFppSb6U0cO5mEmYlYQh/BrT6Oz+EDuBO3bp3WCGrFCwMf556ZufcEKWdKu+6zNTI6Nj4xWZqyp2dm5+YXFpcuVZJJijWa8ETWA1DImcCaZppjPZUIccDxKugc9PtXtygVS8SF7qbYjCESLGQUtJHOg9ZNa6HsVtxBOcPgFVAmRZ22Fq01v53QLEahKQelGp6b6mYOUjPKsWf7mcIUaAcibBgUEKNq5oNZe866UdpOmEhzhHYG6vcbOcRKdePAOGPQ1+p3ry/+1WtkOtxr5kykmUZBPz8KM+7oxOkv7rSZRKp51wBQycysDr0GCVSbeGzbP0SzjMRj8/BJihJ0IjdzH2QUw13PLBf5W336z8jEl9GQydX7neIwXG5XPLfine2Uq/tFwiWyQlbJBvHILqmSI3JKaoSSiNyTB/JoPVkv1qv19mkdsYo7y+RHWe8fMU2uhg==</latexit><latexit sha1_base64="zY1m5cH1E3CgQhbQ4lbUrinuPJs=">AAACPXicfZDNSsNAFIUn/tb4r0s3wSqISElE0GVRF25ERauFppSb6U0cO5mEmYlYQh/BrT6Oz+EDuBO3bp3WCGrFCwMf556ZufcEKWdKu+6zNTI6Nj4xWZqyp2dm5+YXFpcuVZJJijWa8ETWA1DImcCaZppjPZUIccDxKugc9PtXtygVS8SF7qbYjCESLGQUtJHOg9ZNa6HsVtxBOcPgFVAmRZ22Fq01v53QLEahKQelGp6b6mYOUjPKsWf7mcIUaAcibBgUEKNq5oNZe866UdpOmEhzhHYG6vcbOcRKdePAOGPQ1+p3ry/+1WtkOtxr5kykmUZBPz8KM+7oxOkv7rSZRKp51wBQycysDr0GCVSbeGzbP0SzjMRj8/BJihJ0IjdzH2QUw13PLBf5W336z8jEl9GQydX7neIwXG5XPLfine2Uq/tFwiWyQlbJBvHILqmSI3JKaoSSiNyTB/JoPVkv1qv19mkdsYo7y+RHWe8fMU2uhg==</latexit>

1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

8Source: Isola, Torralba, Freeman



Computation in a neural net

yj = xTwj + bj
<latexit sha1_base64="UK8iq9feakJXdGRU85hvWL1kWN0="></latexit><latexit sha1_base64="UK8iq9feakJXdGRU85hvWL1kWN0="></latexit><latexit sha1_base64="UK8iq9feakJXdGRU85hvWL1kWN0="></latexit><latexit sha1_base64="t1NUP8dA+F4Ny14xgm6myJIl5wA=">AAACLHicfZHNSsNAEMc39avGqu3ZS7AKIlISL3oU9OBFrGBroSllspmkSzebsLsRS+gLePVxfBKP3sSncPshaCsOLPz4z+zszH+DjDOlXffNKq2srq1vlDftrYq9vbNbrbRVmkuKLZryVHYCUMiZwJZmmmMnkwhJwPEhGF5O8g+PKBVLxb0eZdhLIBYsYhS0kZr9at1tuNNwlsGbQ53Mo1+zDvwwpXmCQlMOSnU9N9O9AqRmlOPY9nOFGdAhxNg1KCBB1Sumc46dQ6OETpRKc4R2purPGwUkSo2SwFQmoAdqMTcR/8p1cx2d9womslyjoLOHopw7OnUmSzshk0g1HxkAKpmZ1aEDkEC1sca2/Ss0y0i8MY1vM5SgU3lc+CDjBJ7GZrnYP5nQf4VMfBcaMrZ6iyYuQ/u04bkN784lZbJH9skR8cgZuSDXpElahJKQPJMX69V6tz5m9pes+T/UyK+wPr8AB9mqqA==</latexit><latexit sha1_base64="TYp5TGPK/fqPoe2vnPcgnvBm6vE="></latexit><latexit sha1_base64="TYp5TGPK/fqPoe2vnPcgnvBm6vE="></latexit><latexit sha1_base64="H0hHbuX2Ccv1hMfPmMc6jH0/alU="></latexit><latexit sha1_base64="UK8iq9feakJXdGRU85hvWL1kWN0="></latexit><latexit sha1_base64="UK8iq9feakJXdGRU85hvWL1kWN0="></latexit><latexit sha1_base64="UK8iq9feakJXdGRU85hvWL1kWN0="></latexit><latexit sha1_base64="UK8iq9feakJXdGRU85hvWL1kWN0="></latexit><latexit sha1_base64="UK8iq9feakJXdGRU85hvWL1kWN0="></latexit><latexit sha1_base64="UK8iq9feakJXdGRU85hvWL1kWN0="></latexit>

Input 
representation 

Output 
representation 

yj
<latexit sha1_base64="6EhQp4bhMUwDs33bM9SyOR4GS+Y=">AAACPXicfZDNSsNAFIUn/tb6r0s3wSqISElE0GVRF25ERauFJpSb6U0cO5mEmYkYQh/BrT6Oz+EDuBO3bp3WCmrFCwMf556ZufcEKWdKO86zNTI6Nj4xWZoqT8/Mzs0vLC5dqiSTFOs04YlsBKCQM4F1zTTHRioR4oDjVdA56PWvblEqlogLnafoxxAJFjIK2kjneeumtVBxqk6/7GFwB1AhgzptLVprXjuhWYxCUw5KNV0n1X4BUjPKsVv2MoUp0A5E2DQoIEblF/1Zu/a6Udp2mEhzhLb76vcbBcRK5XFgnDHoa/W71xP/6jUzHe75BRNpplHQz4/CjNs6sXuL220mkWqeGwAqmZnVptcggWoTT7nsHaJZRuKxefgkRQk6kZuFBzKK4a5rlou8rR79Z2Tiy2jI5Or+TnEYLrerrlN1z3Yqtf1BwiWyQlbJBnHJLqmRI3JK6oSSiNyTB/JoPVkv1qv19mkdsQZ3lsmPst4/AFvMrp0=</latexit><latexit sha1_base64="6EhQp4bhMUwDs33bM9SyOR4GS+Y=">AAACPXicfZDNSsNAFIUn/tb6r0s3wSqISElE0GVRF25ERauFJpSb6U0cO5mEmYkYQh/BrT6Oz+EDuBO3bp3WCmrFCwMf556ZufcEKWdKO86zNTI6Nj4xWZoqT8/Mzs0vLC5dqiSTFOs04YlsBKCQM4F1zTTHRioR4oDjVdA56PWvblEqlogLnafoxxAJFjIK2kjneeumtVBxqk6/7GFwB1AhgzptLVprXjuhWYxCUw5KNV0n1X4BUjPKsVv2MoUp0A5E2DQoIEblF/1Zu/a6Udp2mEhzhLb76vcbBcRK5XFgnDHoa/W71xP/6jUzHe75BRNpplHQz4/CjNs6sXuL220mkWqeGwAqmZnVptcggWoTT7nsHaJZRuKxefgkRQk6kZuFBzKK4a5rlou8rR79Z2Tiy2jI5Or+TnEYLrerrlN1z3Yqtf1BwiWyQlbJBnHJLqmRI3JK6oSSiNyTB/JoPVkv1qv19mkdsQZ3lsmPst4/AFvMrp0=</latexit><latexit sha1_base64="6EhQp4bhMUwDs33bM9SyOR4GS+Y=">AAACPXicfZDNSsNAFIUn/tb6r0s3wSqISElE0GVRF25ERauFJpSb6U0cO5mEmYkYQh/BrT6Oz+EDuBO3bp3WCmrFCwMf556ZufcEKWdKO86zNTI6Nj4xWZoqT8/Mzs0vLC5dqiSTFOs04YlsBKCQM4F1zTTHRioR4oDjVdA56PWvblEqlogLnafoxxAJFjIK2kjneeumtVBxqk6/7GFwB1AhgzptLVprXjuhWYxCUw5KNV0n1X4BUjPKsVv2MoUp0A5E2DQoIEblF/1Zu/a6Udp2mEhzhLb76vcbBcRK5XFgnDHoa/W71xP/6jUzHe75BRNpplHQz4/CjNs6sXuL220mkWqeGwAqmZnVptcggWoTT7nsHaJZRuKxefgkRQk6kZuFBzKK4a5rlou8rR79Z2Tiy2jI5Or+TnEYLrerrlN1z3Yqtf1BwiWyQlbJBnHJLqmRI3JK6oSSiNyTB/JoPVkv1qv19mkdsQZ3lsmPst4/AFvMrp0=</latexit><latexit sha1_base64="6EhQp4bhMUwDs33bM9SyOR4GS+Y=">AAACPXicfZDNSsNAFIUn/tb6r0s3wSqISElE0GVRF25ERauFJpSb6U0cO5mEmYkYQh/BrT6Oz+EDuBO3bp3WCmrFCwMf556ZufcEKWdKO86zNTI6Nj4xWZoqT8/Mzs0vLC5dqiSTFOs04YlsBKCQM4F1zTTHRioR4oDjVdA56PWvblEqlogLnafoxxAJFjIK2kjneeumtVBxqk6/7GFwB1AhgzptLVprXjuhWYxCUw5KNV0n1X4BUjPKsVv2MoUp0A5E2DQoIEblF/1Zu/a6Udp2mEhzhLb76vcbBcRK5XFgnDHoa/W71xP/6jUzHe75BRNpplHQz4/CjNs6sXuL220mkWqeGwAqmZnVptcggWoTT7nsHaJZRuKxefgkRQk6kZuFBzKK4a5rlou8rR79Z2Tiy2jI5Or+TnEYLrerrlN1z3Yqtf1BwiWyQlbJBnHJLqmRI3JK6oSSiNyTB/JoPVkv1qv19mkdsQZ3lsmPst4/AFvMrp0=</latexit>

Linear layer

weights 

bias 

✓ = {W,b}
<latexit sha1_base64="qh9++MreF0Kvr2Wejnm+bETYhEk="></latexit><latexit sha1_base64="qh9++MreF0Kvr2Wejnm+bETYhEk="></latexit><latexit sha1_base64="qh9++MreF0Kvr2Wejnm+bETYhEk="></latexit><latexit sha1_base64="qh9++MreF0Kvr2Wejnm+bETYhEk="></latexit>

wj
<latexit sha1_base64="xWDOYYXD2DUdDriueGPmB+ShG5U="></latexit><latexit sha1_base64="xWDOYYXD2DUdDriueGPmB+ShG5U="></latexit><latexit sha1_base64="xWDOYYXD2DUdDriueGPmB+ShG5U="></latexit><latexit sha1_base64="xWDOYYXD2DUdDriueGPmB+ShG5U="></latexit>

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit>

bj
<latexit sha1_base64="zY1m5cH1E3CgQhbQ4lbUrinuPJs=">AAACPXicfZDNSsNAFIUn/tb4r0s3wSqISElE0GVRF25ERauFppSb6U0cO5mEmYlYQh/BrT6Oz+EDuBO3bp3WCGrFCwMf556ZufcEKWdKu+6zNTI6Nj4xWZqyp2dm5+YXFpcuVZJJijWa8ETWA1DImcCaZppjPZUIccDxKugc9PtXtygVS8SF7qbYjCESLGQUtJHOg9ZNa6HsVtxBOcPgFVAmRZ22Fq01v53QLEahKQelGp6b6mYOUjPKsWf7mcIUaAcibBgUEKNq5oNZe866UdpOmEhzhHYG6vcbOcRKdePAOGPQ1+p3ry/+1WtkOtxr5kykmUZBPz8KM+7oxOkv7rSZRKp51wBQycysDr0GCVSbeGzbP0SzjMRj8/BJihJ0IjdzH2QUw13PLBf5W336z8jEl9GQydX7neIwXG5XPLfine2Uq/tFwiWyQlbJBvHILqmSI3JKaoSSiNyTB/JoPVkv1qv19mkdsYo7y+RHWe8fMU2uhg==</latexit><latexit sha1_base64="zY1m5cH1E3CgQhbQ4lbUrinuPJs=">AAACPXicfZDNSsNAFIUn/tb4r0s3wSqISElE0GVRF25ERauFppSb6U0cO5mEmYlYQh/BrT6Oz+EDuBO3bp3WCGrFCwMf556ZufcEKWdKu+6zNTI6Nj4xWZqyp2dm5+YXFpcuVZJJijWa8ETWA1DImcCaZppjPZUIccDxKugc9PtXtygVS8SF7qbYjCESLGQUtJHOg9ZNa6HsVtxBOcPgFVAmRZ22Fq01v53QLEahKQelGp6b6mYOUjPKsWf7mcIUaAcibBgUEKNq5oNZe866UdpOmEhzhHYG6vcbOcRKdePAOGPQ1+p3ry/+1WtkOtxr5kykmUZBPz8KM+7oxOkv7rSZRKp51wBQycysDr0GCVSbeGzbP0SzjMRj8/BJihJ0IjdzH2QUw13PLBf5W336z8jEl9GQydX7neIwXG5XPLfine2Uq/tFwiWyQlbJBvHILqmSI3JKaoSSiNyTB/JoPVkv1qv19mkdsYo7y+RHWe8fMU2uhg==</latexit><latexit sha1_base64="zY1m5cH1E3CgQhbQ4lbUrinuPJs=">AAACPXicfZDNSsNAFIUn/tb4r0s3wSqISElE0GVRF25ERauFppSb6U0cO5mEmYlYQh/BrT6Oz+EDuBO3bp3WCGrFCwMf556ZufcEKWdKu+6zNTI6Nj4xWZqyp2dm5+YXFpcuVZJJijWa8ETWA1DImcCaZppjPZUIccDxKugc9PtXtygVS8SF7qbYjCESLGQUtJHOg9ZNa6HsVtxBOcPgFVAmRZ22Fq01v53QLEahKQelGp6b6mYOUjPKsWf7mcIUaAcibBgUEKNq5oNZe866UdpOmEhzhHYG6vcbOcRKdePAOGPQ1+p3ry/+1WtkOtxr5kykmUZBPz8KM+7oxOkv7rSZRKp51wBQycysDr0GCVSbeGzbP0SzjMRj8/BJihJ0IjdzH2QUw13PLBf5W336z8jEl9GQydX7neIwXG5XPLfine2Uq/tFwiWyQlbJBvHILqmSI3JKaoSSiNyTB/JoPVkv1qv19mkdsYo7y+RHWe8fMU2uhg==</latexit><latexit sha1_base64="zY1m5cH1E3CgQhbQ4lbUrinuPJs=">AAACPXicfZDNSsNAFIUn/tb4r0s3wSqISElE0GVRF25ERauFppSb6U0cO5mEmYlYQh/BrT6Oz+EDuBO3bp3WCGrFCwMf556ZufcEKWdKu+6zNTI6Nj4xWZqyp2dm5+YXFpcuVZJJijWa8ETWA1DImcCaZppjPZUIccDxKugc9PtXtygVS8SF7qbYjCESLGQUtJHOg9ZNa6HsVtxBOcPgFVAmRZ22Fq01v53QLEahKQelGp6b6mYOUjPKsWf7mcIUaAcibBgUEKNq5oNZe866UdpOmEhzhHYG6vcbOcRKdePAOGPQ1+p3ry/+1WtkOtxr5kykmUZBPz8KM+7oxOkv7rSZRKp51wBQycysDr0GCVSbeGzbP0SzjMRj8/BJihJ0IjdzH2QUw13PLBf5W336z8jEl9GQydX7neIwXG5XPLfine2Uq/tFwiWyQlbJBvHILqmSI3JKaoSSiNyTB/JoPVkv1qv19mkdsYo7y+RHWe8fMU2uhg==</latexit>

1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

parameters of the model 

9Source: Isola, Torralba, Freeman



Computation in a neural net

Input 
representation 

Output 
representation 

yj
<latexit sha1_base64="6EhQp4bhMUwDs33bM9SyOR4GS+Y=">AAACPXicfZDNSsNAFIUn/tb6r0s3wSqISElE0GVRF25ERauFJpSb6U0cO5mEmYkYQh/BrT6Oz+EDuBO3bp3WCmrFCwMf556ZufcEKWdKO86zNTI6Nj4xWZoqT8/Mzs0vLC5dqiSTFOs04YlsBKCQM4F1zTTHRioR4oDjVdA56PWvblEqlogLnafoxxAJFjIK2kjneeumtVBxqk6/7GFwB1AhgzptLVprXjuhWYxCUw5KNV0n1X4BUjPKsVv2MoUp0A5E2DQoIEblF/1Zu/a6Udp2mEhzhLb76vcbBcRK5XFgnDHoa/W71xP/6jUzHe75BRNpplHQz4/CjNs6sXuL220mkWqeGwAqmZnVptcggWoTT7nsHaJZRuKxefgkRQk6kZuFBzKK4a5rlou8rR79Z2Tiy2jI5Or+TnEYLrerrlN1z3Yqtf1BwiWyQlbJBnHJLqmRI3JK6oSSiNyTB/JoPVkv1qv19mkdsQZ3lsmPst4/AFvMrp0=</latexit><latexit sha1_base64="6EhQp4bhMUwDs33bM9SyOR4GS+Y=">AAACPXicfZDNSsNAFIUn/tb6r0s3wSqISElE0GVRF25ERauFJpSb6U0cO5mEmYkYQh/BrT6Oz+EDuBO3bp3WCmrFCwMf556ZufcEKWdKO86zNTI6Nj4xWZoqT8/Mzs0vLC5dqiSTFOs04YlsBKCQM4F1zTTHRioR4oDjVdA56PWvblEqlogLnafoxxAJFjIK2kjneeumtVBxqk6/7GFwB1AhgzptLVprXjuhWYxCUw5KNV0n1X4BUjPKsVv2MoUp0A5E2DQoIEblF/1Zu/a6Udp2mEhzhLb76vcbBcRK5XFgnDHoa/W71xP/6jUzHe75BRNpplHQz4/CjNs6sXuL220mkWqeGwAqmZnVptcggWoTT7nsHaJZRuKxefgkRQk6kZuFBzKK4a5rlou8rR79Z2Tiy2jI5Or+TnEYLrerrlN1z3Yqtf1BwiWyQlbJBnHJLqmRI3JK6oSSiNyTB/JoPVkv1qv19mkdsQZ3lsmPst4/AFvMrp0=</latexit><latexit sha1_base64="6EhQp4bhMUwDs33bM9SyOR4GS+Y=">AAACPXicfZDNSsNAFIUn/tb6r0s3wSqISElE0GVRF25ERauFJpSb6U0cO5mEmYkYQh/BrT6Oz+EDuBO3bp3WCmrFCwMf556ZufcEKWdKO86zNTI6Nj4xWZoqT8/Mzs0vLC5dqiSTFOs04YlsBKCQM4F1zTTHRioR4oDjVdA56PWvblEqlogLnafoxxAJFjIK2kjneeumtVBxqk6/7GFwB1AhgzptLVprXjuhWYxCUw5KNV0n1X4BUjPKsVv2MoUp0A5E2DQoIEblF/1Zu/a6Udp2mEhzhLb76vcbBcRK5XFgnDHoa/W71xP/6jUzHe75BRNpplHQz4/CjNs6sXuL220mkWqeGwAqmZnVptcggWoTT7nsHaJZRuKxefgkRQk6kZuFBzKK4a5rlou8rR79Z2Tiy2jI5Or+TnEYLrerrlN1z3Yqtf1BwiWyQlbJBnHJLqmRI3JK6oSSiNyTB/JoPVkv1qv19mkdsQZ3lsmPst4/AFvMrp0=</latexit><latexit sha1_base64="6EhQp4bhMUwDs33bM9SyOR4GS+Y=">AAACPXicfZDNSsNAFIUn/tb6r0s3wSqISElE0GVRF25ERauFJpSb6U0cO5mEmYkYQh/BrT6Oz+EDuBO3bp3WCmrFCwMf556ZufcEKWdKO86zNTI6Nj4xWZoqT8/Mzs0vLC5dqiSTFOs04YlsBKCQM4F1zTTHRioR4oDjVdA56PWvblEqlogLnafoxxAJFjIK2kjneeumtVBxqk6/7GFwB1AhgzptLVprXjuhWYxCUw5KNV0n1X4BUjPKsVv2MoUp0A5E2DQoIEblF/1Zu/a6Udp2mEhzhLb76vcbBcRK5XFgnDHoa/W71xP/6jUzHe75BRNpplHQz4/CjNs6sXuL220mkWqeGwAqmZnVptcggWoTT7nsHaJZRuKxefgkRQk6kZuFBzKK4a5rlou8rR79Z2Tiy2jI5Or+TnEYLrerrlN1z3Yqtf1BwiWyQlbJBnHJLqmRI3JK6oSSiNyTB/JoPVkv1qv19mkdsQZ3lsmPst4/AFvMrp0=</latexit>

Linear layer

weights 

bias 

✓ = {W,b}
<latexit sha1_base64="qh9++MreF0Kvr2Wejnm+bETYhEk="></latexit><latexit sha1_base64="qh9++MreF0Kvr2Wejnm+bETYhEk="></latexit><latexit sha1_base64="qh9++MreF0Kvr2Wejnm+bETYhEk="></latexit><latexit sha1_base64="qh9++MreF0Kvr2Wejnm+bETYhEk="></latexit>

wj
<latexit sha1_base64="xWDOYYXD2DUdDriueGPmB+ShG5U="></latexit><latexit sha1_base64="xWDOYYXD2DUdDriueGPmB+ShG5U="></latexit><latexit sha1_base64="xWDOYYXD2DUdDriueGPmB+ShG5U="></latexit><latexit sha1_base64="xWDOYYXD2DUdDriueGPmB+ShG5U="></latexit>

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit>

bj
<latexit sha1_base64="zY1m5cH1E3CgQhbQ4lbUrinuPJs=">AAACPXicfZDNSsNAFIUn/tb4r0s3wSqISElE0GVRF25ERauFppSb6U0cO5mEmYlYQh/BrT6Oz+EDuBO3bp3WCGrFCwMf556ZufcEKWdKu+6zNTI6Nj4xWZqyp2dm5+YXFpcuVZJJijWa8ETWA1DImcCaZppjPZUIccDxKugc9PtXtygVS8SF7qbYjCESLGQUtJHOg9ZNa6HsVtxBOcPgFVAmRZ22Fq01v53QLEahKQelGp6b6mYOUjPKsWf7mcIUaAcibBgUEKNq5oNZe866UdpOmEhzhHYG6vcbOcRKdePAOGPQ1+p3ry/+1WtkOtxr5kykmUZBPz8KM+7oxOkv7rSZRKp51wBQycysDr0GCVSbeGzbP0SzjMRj8/BJihJ0IjdzH2QUw13PLBf5W336z8jEl9GQydX7neIwXG5XPLfine2Uq/tFwiWyQlbJBvHILqmSI3JKaoSSiNyTB/JoPVkv1qv19mkdsYo7y+RHWe8fMU2uhg==</latexit><latexit sha1_base64="zY1m5cH1E3CgQhbQ4lbUrinuPJs=">AAACPXicfZDNSsNAFIUn/tb4r0s3wSqISElE0GVRF25ERauFppSb6U0cO5mEmYlYQh/BrT6Oz+EDuBO3bp3WCGrFCwMf556ZufcEKWdKu+6zNTI6Nj4xWZqyp2dm5+YXFpcuVZJJijWa8ETWA1DImcCaZppjPZUIccDxKugc9PtXtygVS8SF7qbYjCESLGQUtJHOg9ZNa6HsVtxBOcPgFVAmRZ22Fq01v53QLEahKQelGp6b6mYOUjPKsWf7mcIUaAcibBgUEKNq5oNZe866UdpOmEhzhHYG6vcbOcRKdePAOGPQ1+p3ry/+1WtkOtxr5kykmUZBPz8KM+7oxOkv7rSZRKp51wBQycysDr0GCVSbeGzbP0SzjMRj8/BJihJ0IjdzH2QUw13PLBf5W336z8jEl9GQydX7neIwXG5XPLfine2Uq/tFwiWyQlbJBvHILqmSI3JKaoSSiNyTB/JoPVkv1qv19mkdsYo7y+RHWe8fMU2uhg==</latexit><latexit sha1_base64="zY1m5cH1E3CgQhbQ4lbUrinuPJs=">AAACPXicfZDNSsNAFIUn/tb4r0s3wSqISElE0GVRF25ERauFppSb6U0cO5mEmYlYQh/BrT6Oz+EDuBO3bp3WCGrFCwMf556ZufcEKWdKu+6zNTI6Nj4xWZqyp2dm5+YXFpcuVZJJijWa8ETWA1DImcCaZppjPZUIccDxKugc9PtXtygVS8SF7qbYjCESLGQUtJHOg9ZNa6HsVtxBOcPgFVAmRZ22Fq01v53QLEahKQelGp6b6mYOUjPKsWf7mcIUaAcibBgUEKNq5oNZe866UdpOmEhzhHYG6vcbOcRKdePAOGPQ1+p3ry/+1WtkOtxr5kykmUZBPz8KM+7oxOkv7rSZRKp51wBQycysDr0GCVSbeGzbP0SzjMRj8/BJihJ0IjdzH2QUw13PLBf5W336z8jEl9GQydX7neIwXG5XPLfine2Uq/tFwiWyQlbJBvHILqmSI3JKaoSSiNyTB/JoPVkv1qv19mkdsYo7y+RHWe8fMU2uhg==</latexit><latexit sha1_base64="zY1m5cH1E3CgQhbQ4lbUrinuPJs=">AAACPXicfZDNSsNAFIUn/tb4r0s3wSqISElE0GVRF25ERauFppSb6U0cO5mEmYlYQh/BrT6Oz+EDuBO3bp3WCGrFCwMf556ZufcEKWdKu+6zNTI6Nj4xWZqyp2dm5+YXFpcuVZJJijWa8ETWA1DImcCaZppjPZUIccDxKugc9PtXtygVS8SF7qbYjCESLGQUtJHOg9ZNa6HsVtxBOcPgFVAmRZ22Fq01v53QLEahKQelGp6b6mYOUjPKsWf7mcIUaAcibBgUEKNq5oNZe866UdpOmEhzhHYG6vcbOcRKdePAOGPQ1+p3ry/+1WtkOtxr5kykmUZBPz8KM+7oxOkv7rSZRKp51wBQycysDr0GCVSbeGzbP0SzjMRj8/BJihJ0IjdzH2QUw13PLBf5W336z8jEl9GQydX7neIwXG5XPLfine2Uq/tFwiWyQlbJBvHILqmSI3JKaoSSiNyTB/JoPVkv1qv19mkdsYo7y+RHWe8fMU2uhg==</latexit>

1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

parameters of the model 

10

Full layer

y = Wx+ b
<latexit sha1_base64="ce5ePovUubYWrKKlgie34iyynzg=">AAACKXicbVDLSgMxFM34rPU16tJNsAiCUGdU0I1QdOOygn1AW0qSZtrQZGZIMuIwzGf4FX6CW/0Ad+q2P2KmHYu2Hgice8693JuDQ86UdpxPa2FxaXlltbBWXN/Y3Nq2d3brKogkoTUS8EA2MVKUM5/WNNOcNkNJkcCcNvDwJvMbD1QqFvj3Og5pR6C+zzxGkDZS1z5pC6QH2EviFF7Bn6KRTuljCo+nBU67dskpO2PAeeLmpARyVLv2qN0LSCSorwlHSrVcJ9SdBEnNCKdpsR0pGiIyRH3aMtRHgqpOMv5YCg+N0oNeIM3zNRyrvycSJJSKBTad2YVq1svEfz2Mxcxq7V12EuaHkaY+mWz2Ig51ALPYYI9JSjSPDUFEMnM8JAMkEdEm3KJJxZ3NYJ7UT8vuWdm5Oy9VrvN8CmAfHIAj4IILUAG3oApqgIAn8AJewZv1bL1bH9bXpHXBymf2wB9Yo2/+36db</latexit>



Computation in a neural net

Input 
representation 

Output 
representation 

yj
<latexit sha1_base64="6EhQp4bhMUwDs33bM9SyOR4GS+Y=">AAACPXicfZDNSsNAFIUn/tb6r0s3wSqISElE0GVRF25ERauFJpSb6U0cO5mEmYkYQh/BrT6Oz+EDuBO3bp3WCmrFCwMf556ZufcEKWdKO86zNTI6Nj4xWZoqT8/Mzs0vLC5dqiSTFOs04YlsBKCQM4F1zTTHRioR4oDjVdA56PWvblEqlogLnafoxxAJFjIK2kjneeumtVBxqk6/7GFwB1AhgzptLVprXjuhWYxCUw5KNV0n1X4BUjPKsVv2MoUp0A5E2DQoIEblF/1Zu/a6Udp2mEhzhLb76vcbBcRK5XFgnDHoa/W71xP/6jUzHe75BRNpplHQz4/CjNs6sXuL220mkWqeGwAqmZnVptcggWoTT7nsHaJZRuKxefgkRQk6kZuFBzKK4a5rlou8rR79Z2Tiy2jI5Or+TnEYLrerrlN1z3Yqtf1BwiWyQlbJBnHJLqmRI3JK6oSSiNyTB/JoPVkv1qv19mkdsQZ3lsmPst4/AFvMrp0=</latexit><latexit sha1_base64="6EhQp4bhMUwDs33bM9SyOR4GS+Y=">AAACPXicfZDNSsNAFIUn/tb6r0s3wSqISElE0GVRF25ERauFJpSb6U0cO5mEmYkYQh/BrT6Oz+EDuBO3bp3WCmrFCwMf556ZufcEKWdKO86zNTI6Nj4xWZoqT8/Mzs0vLC5dqiSTFOs04YlsBKCQM4F1zTTHRioR4oDjVdA56PWvblEqlogLnafoxxAJFjIK2kjneeumtVBxqk6/7GFwB1AhgzptLVprXjuhWYxCUw5KNV0n1X4BUjPKsVv2MoUp0A5E2DQoIEblF/1Zu/a6Udp2mEhzhLb76vcbBcRK5XFgnDHoa/W71xP/6jUzHe75BRNpplHQz4/CjNs6sXuL220mkWqeGwAqmZnVptcggWoTT7nsHaJZRuKxefgkRQk6kZuFBzKK4a5rlou8rR79Z2Tiy2jI5Or+TnEYLrerrlN1z3Yqtf1BwiWyQlbJBnHJLqmRI3JK6oSSiNyTB/JoPVkv1qv19mkdsQZ3lsmPst4/AFvMrp0=</latexit><latexit sha1_base64="6EhQp4bhMUwDs33bM9SyOR4GS+Y=">AAACPXicfZDNSsNAFIUn/tb6r0s3wSqISElE0GVRF25ERauFJpSb6U0cO5mEmYkYQh/BrT6Oz+EDuBO3bp3WCmrFCwMf556ZufcEKWdKO86zNTI6Nj4xWZoqT8/Mzs0vLC5dqiSTFOs04YlsBKCQM4F1zTTHRioR4oDjVdA56PWvblEqlogLnafoxxAJFjIK2kjneeumtVBxqk6/7GFwB1AhgzptLVprXjuhWYxCUw5KNV0n1X4BUjPKsVv2MoUp0A5E2DQoIEblF/1Zu/a6Udp2mEhzhLb76vcbBcRK5XFgnDHoa/W71xP/6jUzHe75BRNpplHQz4/CjNs6sXuL220mkWqeGwAqmZnVptcggWoTT7nsHaJZRuKxefgkRQk6kZuFBzKK4a5rlou8rR79Z2Tiy2jI5Or+TnEYLrerrlN1z3Yqtf1BwiWyQlbJBnHJLqmRI3JK6oSSiNyTB/JoPVkv1qv19mkdsQZ3lsmPst4/AFvMrp0=</latexit><latexit sha1_base64="6EhQp4bhMUwDs33bM9SyOR4GS+Y=">AAACPXicfZDNSsNAFIUn/tb6r0s3wSqISElE0GVRF25ERauFJpSb6U0cO5mEmYkYQh/BrT6Oz+EDuBO3bp3WCmrFCwMf556ZufcEKWdKO86zNTI6Nj4xWZoqT8/Mzs0vLC5dqiSTFOs04YlsBKCQM4F1zTTHRioR4oDjVdA56PWvblEqlogLnafoxxAJFjIK2kjneeumtVBxqk6/7GFwB1AhgzptLVprXjuhWYxCUw5KNV0n1X4BUjPKsVv2MoUp0A5E2DQoIEblF/1Zu/a6Udp2mEhzhLb76vcbBcRK5XFgnDHoa/W71xP/6jUzHe75BRNpplHQz4/CjNs6sXuL220mkWqeGwAqmZnVptcggWoTT7nsHaJZRuKxefgkRQk6kZuFBzKK4a5rlou8rR79Z2Tiy2jI5Or+TnEYLrerrlN1z3Yqtf1BwiWyQlbJBnHJLqmRI3JK6oSSiNyTB/JoPVkv1qv19mkdsQZ3lsmPst4/AFvMrp0=</latexit>

Linear layer

weights + bias 

wj
<latexit sha1_base64="xWDOYYXD2DUdDriueGPmB+ShG5U="></latexit><latexit sha1_base64="xWDOYYXD2DUdDriueGPmB+ShG5U="></latexit><latexit sha1_base64="xWDOYYXD2DUdDriueGPmB+ShG5U="></latexit><latexit sha1_base64="xWDOYYXD2DUdDriueGPmB+ShG5U="></latexit>

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit>

bj
<latexit sha1_base64="zY1m5cH1E3CgQhbQ4lbUrinuPJs=">AAACPXicfZDNSsNAFIUn/tb4r0s3wSqISElE0GVRF25ERauFppSb6U0cO5mEmYlYQh/BrT6Oz+EDuBO3bp3WCGrFCwMf556ZufcEKWdKu+6zNTI6Nj4xWZqyp2dm5+YXFpcuVZJJijWa8ETWA1DImcCaZppjPZUIccDxKugc9PtXtygVS8SF7qbYjCESLGQUtJHOg9ZNa6HsVtxBOcPgFVAmRZ22Fq01v53QLEahKQelGp6b6mYOUjPKsWf7mcIUaAcibBgUEKNq5oNZe866UdpOmEhzhHYG6vcbOcRKdePAOGPQ1+p3ry/+1WtkOtxr5kykmUZBPz8KM+7oxOkv7rSZRKp51wBQycysDr0GCVSbeGzbP0SzjMRj8/BJihJ0IjdzH2QUw13PLBf5W336z8jEl9GQydX7neIwXG5XPLfine2Uq/tFwiWyQlbJBvHILqmSI3JKaoSSiNyTB/JoPVkv1qv19mkdsYo7y+RHWe8fMU2uhg==</latexit><latexit sha1_base64="zY1m5cH1E3CgQhbQ4lbUrinuPJs=">AAACPXicfZDNSsNAFIUn/tb4r0s3wSqISElE0GVRF25ERauFppSb6U0cO5mEmYlYQh/BrT6Oz+EDuBO3bp3WCGrFCwMf556ZufcEKWdKu+6zNTI6Nj4xWZqyp2dm5+YXFpcuVZJJijWa8ETWA1DImcCaZppjPZUIccDxKugc9PtXtygVS8SF7qbYjCESLGQUtJHOg9ZNa6HsVtxBOcPgFVAmRZ22Fq01v53QLEahKQelGp6b6mYOUjPKsWf7mcIUaAcibBgUEKNq5oNZe866UdpOmEhzhHYG6vcbOcRKdePAOGPQ1+p3ry/+1WtkOtxr5kykmUZBPz8KM+7oxOkv7rSZRKp51wBQycysDr0GCVSbeGzbP0SzjMRj8/BJihJ0IjdzH2QUw13PLBf5W336z8jEl9GQydX7neIwXG5XPLfine2Uq/tFwiWyQlbJBvHILqmSI3JKaoSSiNyTB/JoPVkv1qv19mkdsYo7y+RHWe8fMU2uhg==</latexit><latexit sha1_base64="zY1m5cH1E3CgQhbQ4lbUrinuPJs=">AAACPXicfZDNSsNAFIUn/tb4r0s3wSqISElE0GVRF25ERauFppSb6U0cO5mEmYlYQh/BrT6Oz+EDuBO3bp3WCGrFCwMf556ZufcEKWdKu+6zNTI6Nj4xWZqyp2dm5+YXFpcuVZJJijWa8ETWA1DImcCaZppjPZUIccDxKugc9PtXtygVS8SF7qbYjCESLGQUtJHOg9ZNa6HsVtxBOcPgFVAmRZ22Fq01v53QLEahKQelGp6b6mYOUjPKsWf7mcIUaAcibBgUEKNq5oNZe866UdpOmEhzhHYG6vcbOcRKdePAOGPQ1+p3ry/+1WtkOtxr5kykmUZBPz8KM+7oxOkv7rSZRKp51wBQycysDr0GCVSbeGzbP0SzjMRj8/BJihJ0IjdzH2QUw13PLBf5W336z8jEl9GQydX7neIwXG5XPLfine2Uq/tFwiWyQlbJBvHILqmSI3JKaoSSiNyTB/JoPVkv1qv19mkdsYo7y+RHWe8fMU2uhg==</latexit><latexit sha1_base64="zY1m5cH1E3CgQhbQ4lbUrinuPJs=">AAACPXicfZDNSsNAFIUn/tb4r0s3wSqISElE0GVRF25ERauFppSb6U0cO5mEmYlYQh/BrT6Oz+EDuBO3bp3WCGrFCwMf556ZufcEKWdKu+6zNTI6Nj4xWZqyp2dm5+YXFpcuVZJJijWa8ETWA1DImcCaZppjPZUIccDxKugc9PtXtygVS8SF7qbYjCESLGQUtJHOg9ZNa6HsVtxBOcPgFVAmRZ22Fq01v53QLEahKQelGp6b6mYOUjPKsWf7mcIUaAcibBgUEKNq5oNZe866UdpOmEhzhHYG6vcbOcRKdePAOGPQ1+p3ry/+1WtkOtxr5kykmUZBPz8KM+7oxOkv7rSZRKp51wBQycysDr0GCVSbeGzbP0SzjMRj8/BJihJ0IjdzH2QUw13PLBf5W336z8jEl9GQydX7neIwXG5XPLfine2Uq/tFwiWyQlbJBvHILqmSI3JKaoSSiNyTB/JoPVkv1qv19mkdsYo7y+RHWe8fMU2uhg==</latexit>

1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

11

Full layer

y = Wx+ b
<latexit sha1_base64="ce5ePovUubYWrKKlgie34iyynzg=">AAACKXicbVDLSgMxFM34rPU16tJNsAiCUGdU0I1QdOOygn1AW0qSZtrQZGZIMuIwzGf4FX6CW/0Ad+q2P2KmHYu2Hgice8693JuDQ86UdpxPa2FxaXlltbBWXN/Y3Nq2d3brKogkoTUS8EA2MVKUM5/WNNOcNkNJkcCcNvDwJvMbD1QqFvj3Og5pR6C+zzxGkDZS1z5pC6QH2EviFF7Bn6KRTuljCo+nBU67dskpO2PAeeLmpARyVLv2qN0LSCSorwlHSrVcJ9SdBEnNCKdpsR0pGiIyRH3aMtRHgqpOMv5YCg+N0oNeIM3zNRyrvycSJJSKBTad2YVq1svEfz2Mxcxq7V12EuaHkaY+mWz2Ig51ALPYYI9JSjSPDUFEMnM8JAMkEdEm3KJJxZ3NYJ7UT8vuWdm5Oy9VrvN8CmAfHIAj4IILUAG3oApqgIAn8AJewZv1bL1bH9bXpHXBymf2wB9Yo2/+36db</latexit>

Can again simplify notation by 
appending a 1 to  x



What’s the problem with this idea?

12

Consider stacking multiple layers:

W1x

x

W2W1x W3W2W1x

Can be expressed as 
single linear layer! 

(∏
i

Wi) x = Ŵx

Limited power.



Input 
representation 

Output 
representation 

y
<latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit>

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit> w

<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

g(y)

1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

b
<latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit>

g(y)

g(y) =

(
1, if y > 0

0, otherwise
<latexit sha1_base64="OacHKfLiQDrZIeuE4tEXxBo4Wuw="></latexit><latexit sha1_base64="OacHKfLiQDrZIeuE4tEXxBo4Wuw="></latexit><latexit sha1_base64="OacHKfLiQDrZIeuE4tEXxBo4Wuw="></latexit><latexit sha1_base64="OacHKfLiQDrZIeuE4tEXxBo4Wuw="></latexit>

y
<latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit>

Pointwise 
Non-linearity 

Solution: simple nonlinearity

13Source: Isola, Torralba, Freeman



Input 
representation 

Output 
representation 

y
<latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit>

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit> w

<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

g(y)

1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

b
<latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit>

g(y)

g(y) =

(
1, if y > 0

0, otherwise
<latexit sha1_base64="OacHKfLiQDrZIeuE4tEXxBo4Wuw="></latexit><latexit sha1_base64="OacHKfLiQDrZIeuE4tEXxBo4Wuw="></latexit><latexit sha1_base64="OacHKfLiQDrZIeuE4tEXxBo4Wuw="></latexit><latexit sha1_base64="OacHKfLiQDrZIeuE4tEXxBo4Wuw="></latexit>

y
<latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit>

14 Source: Isola, Torralba, Freeman

Computation in a neural net — nonlinearity

Can’t use with gradient descent, 
∂
∂y

g = 0



g(y)

Input 
representation 

Output 
representation 

y
<latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit>

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit> w

<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

g(y)

1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

b
<latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit>

y
<latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit>

Computation in a neural net — nonlinearity

Sigmoid

15 Source: Isola, Torralba, Freeman

g(y) = �(y) =
1

1 + e�y
<latexit sha1_base64="VtviOpEyH5xR/y+qFWppws+bQIY=">AAACH3icbZDLSgMxFIYz9VbrbdSlm2ApVMQyo4JuhKIblxXsBdqxZNJMG5pkhiQjDMM8gU/hI7jVB3Anbrv2RUzbWWj1h8DPf87hnHx+xKjSjjOxCkvLK6trxfXSxubW9o69u9dSYSwxaeKQhbLjI0UYFaSpqWakE0mCuM9I2x/fTOvtRyIVDcW9TiLicTQUNKAYaRP17cqwmhzBK9hTdMhR7gOJcOpmqXtMHtKTJMv6dtmpOTPBv8bNTRnkavTtr94gxDEnQmOGlOq6TqS9FElNMSNZqRcrEiE8RkPSNVYgTpSXzr6TwYpJBjAIpXlCw1n6cyJFXKmE+6aTIz1Si7Vp+G/N9/nCah1ceikVUayJwPPNQcygDuEUFhxQSbBmiTEIS2qOh3iEDB1tkJYMFXeRwV/TOq25ZzXn7rxcv875FMEBOARV4IILUAe3oAGaAIMn8AJewZv1bL1bH9bnvLVg5TP74JesyTfs56Fl</latexit>



g(y)

y
<latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit>

Sigmoid• Interpretation as firing rate of neuron 

• Bounded between [0,1] 

• Saturation for large +/- inputs 

• Gradients go to zero 

• Centered at 0.5. Better in practice to 
use:   tanh(y) = 2g(y) − 1

Computation in a neural net — nonlinearity

16 Source: Isola, Torralba, Freeman

g(y) = �(y) =
1

1 + e�y
<latexit sha1_base64="VtviOpEyH5xR/y+qFWppws+bQIY=">AAACH3icbZDLSgMxFIYz9VbrbdSlm2ApVMQyo4JuhKIblxXsBdqxZNJMG5pkhiQjDMM8gU/hI7jVB3Anbrv2RUzbWWj1h8DPf87hnHx+xKjSjjOxCkvLK6trxfXSxubW9o69u9dSYSwxaeKQhbLjI0UYFaSpqWakE0mCuM9I2x/fTOvtRyIVDcW9TiLicTQUNKAYaRP17cqwmhzBK9hTdMhR7gOJcOpmqXtMHtKTJMv6dtmpOTPBv8bNTRnkavTtr94gxDEnQmOGlOq6TqS9FElNMSNZqRcrEiE8RkPSNVYgTpSXzr6TwYpJBjAIpXlCw1n6cyJFXKmE+6aTIz1Si7Vp+G/N9/nCah1ceikVUayJwPPNQcygDuEUFhxQSbBmiTEIS2qOh3iEDB1tkJYMFXeRwV/TOq25ZzXn7rxcv875FMEBOARV4IILUAe3oAGaAIMn8AJewZv1bL1bH9bnvLVg5TP74JesyTfs56Fl</latexit>



g(y)

y
<latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit>

Rectified linear unit (ReLU)

g(y) = max(0, y)

• Unbounded output (on positive side) 

• Efficient to implement: 

• Also seems to help convergence (6x 
speedup vs. tanh in [Krizhevsky et al. 
2012]) 

• Drawback: if strongly in negative 
region, unit is dead forever (no gradient). 

• Default choice: widely used in current 
models!

Computation in a neural net — nonlinearity

@g

@y
=

(
0, if y < 0

1, if y � 0
<latexit sha1_base64="ruPFB8gsiXCS6lyiWjJddusU7mw="></latexit><latexit sha1_base64="ruPFB8gsiXCS6lyiWjJddusU7mw="></latexit><latexit sha1_base64="ruPFB8gsiXCS6lyiWjJddusU7mw="></latexit><latexit sha1_base64="ruPFB8gsiXCS6lyiWjJddusU7mw="></latexit>

17 Source: Isola, Torralba, Freeman



g(y)

y
<latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit>

Leaky ReLU
• where α is small (e.g., 0.02) 

• Efficient to implement: 

• Has non-zero gradients everywhere (unlike 
ReLU) 

Computation in a neural net — nonlinearity

g(y) =

(
max(0, y), if y � 0

amin(0, y), if y < 0
<latexit sha1_base64="vaKiXLveVNMBtSmpQ2hxktsC4sA="></latexit><latexit sha1_base64="vaKiXLveVNMBtSmpQ2hxktsC4sA="></latexit><latexit sha1_base64="vaKiXLveVNMBtSmpQ2hxktsC4sA="></latexit><latexit sha1_base64="vaKiXLveVNMBtSmpQ2hxktsC4sA="></latexit>

@g

@y
=

(
�a, if y < 0

1, if y � 0
<latexit sha1_base64="vKLP71ePYRihPJ7T8qBk1mP/frw="></latexit><latexit sha1_base64="vKLP71ePYRihPJ7T8qBk1mP/frw="></latexit><latexit sha1_base64="vKLP71ePYRihPJ7T8qBk1mP/frw="></latexit><latexit sha1_base64="raQpPe+YVB+cNmlLOAsjCzLtPm8="></latexit><latexit sha1_base64="SIjWJc6VAIBsD79mX9FjdgOmXeo="></latexit><latexit sha1_base64="SIjWJc6VAIBsD79mX9FjdgOmXeo="></latexit><latexit sha1_base64="uSfKimnJpgyiAkfY7F5Uf8085X0="></latexit><latexit sha1_base64="vKLP71ePYRihPJ7T8qBk1mP/frw="></latexit><latexit sha1_base64="vKLP71ePYRihPJ7T8qBk1mP/frw="></latexit><latexit sha1_base64="vKLP71ePYRihPJ7T8qBk1mP/frw="></latexit><latexit sha1_base64="vKLP71ePYRihPJ7T8qBk1mP/frw="></latexit><latexit sha1_base64="vKLP71ePYRihPJ7T8qBk1mP/frw="></latexit><latexit sha1_base64="vKLP71ePYRihPJ7T8qBk1mP/frw="></latexit>

18 Source: Isola, Torralba, Freeman
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f(x) = fL(. . . f2(f1(x)))

Deep nets

19Source: Isola, Torralba, Freeman
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“clown fish”

Loss

Learned

How do we learn the parameters?

✓1
<latexit sha1_base64="jdlg7NGrnJcaH/VcD2JvBoOrWj0="></latexit><latexit sha1_base64="jdlg7NGrnJcaH/VcD2JvBoOrWj0="></latexit><latexit sha1_base64="jdlg7NGrnJcaH/VcD2JvBoOrWj0="></latexit><latexit sha1_base64="jdlg7NGrnJcaH/VcD2JvBoOrWj0="></latexit>

✓2
<latexit sha1_base64="iVXCJZktr2Eln/pkk7Aj/62g948="></latexit><latexit sha1_base64="iVXCJZktr2Eln/pkk7Aj/62g948="></latexit><latexit sha1_base64="iVXCJZktr2Eln/pkk7Aj/62g948="></latexit><latexit sha1_base64="iVXCJZktr2Eln/pkk7Aj/62g948="></latexit>

✓3
<latexit sha1_base64="reWg5/K7U0PXdk1ubbo0pbdjPKk="></latexit><latexit sha1_base64="reWg5/K7U0PXdk1ubbo0pbdjPKk="></latexit><latexit sha1_base64="reWg5/K7U0PXdk1ubbo0pbdjPKk="></latexit><latexit sha1_base64="reWg5/K7U0PXdk1ubbo0pbdjPKk="></latexit>

✓4
<latexit sha1_base64="7Ngbm8oatoIEczf5bGzdlabUqio="></latexit><latexit sha1_base64="7Ngbm8oatoIEczf5bGzdlabUqio="></latexit><latexit sha1_base64="7Ngbm8oatoIEczf5bGzdlabUqio="></latexit><latexit sha1_base64="7Ngbm8oatoIEczf5bGzdlabUqio="></latexit>

✓5
<latexit sha1_base64="c+xP7yXt8IAUGttWNf57Pb7fO0I="></latexit><latexit sha1_base64="c+xP7yXt8IAUGttWNf57Pb7fO0I="></latexit><latexit sha1_base64="c+xP7yXt8IAUGttWNf57Pb7fO0I="></latexit><latexit sha1_base64="c+xP7yXt8IAUGttWNf57Pb7fO0I="></latexit>

✓6
<latexit sha1_base64="MwMtPAOwyA4XXwcUh1F3lF5KRWQ="></latexit><latexit sha1_base64="MwMtPAOwyA4XXwcUh1F3lF5KRWQ="></latexit><latexit sha1_base64="MwMtPAOwyA4XXwcUh1F3lF5KRWQ="></latexit><latexit sha1_base64="MwMtPAOwyA4XXwcUh1F3lF5KRWQ="></latexit>

L(f✓(x1),y1)
<latexit sha1_base64="9o1huIyMJYmNnbA5giaTmqRHW/Y="></latexit><latexit sha1_base64="9o1huIyMJYmNnbA5giaTmqRHW/Y="></latexit><latexit sha1_base64="9o1huIyMJYmNnbA5giaTmqRHW/Y="></latexit><latexit sha1_base64="9o1huIyMJYmNnbA5giaTmqRHW/Y="></latexit>

✓⇤ = argmin
✓

NX

i=1

L(f✓(xi),yi)
<latexit sha1_base64="NY7Asv10v4fRUCn8YLdDvRAq9Jk="></latexit><latexit sha1_base64="NY7Asv10v4fRUCn8YLdDvRAq9Jk="></latexit><latexit sha1_base64="NY7Asv10v4fRUCn8YLdDvRAq9Jk="></latexit><latexit sha1_base64="NY7Asv10v4fRUCn8YLdDvRAq9Jk="></latexit>

y1
<latexit sha1_base64="J51W9itlTvHBbqqqJ0NiQ93Cq3w="></latexit><latexit sha1_base64="J51W9itlTvHBbqqqJ0NiQ93Cq3w="></latexit><latexit sha1_base64="J51W9itlTvHBbqqqJ0NiQ93Cq3w="></latexit><latexit sha1_base64="J51W9itlTvHBbqqqJ0NiQ93Cq3w="></latexit>

x1
<latexit sha1_base64="Oigk9pKRqxnyH+TvotRGxAo8RjA="></latexit><latexit sha1_base64="Oigk9pKRqxnyH+TvotRGxAo8RjA="></latexit><latexit sha1_base64="Oigk9pKRqxnyH+TvotRGxAo8RjA="></latexit><latexit sha1_base64="Oigk9pKRqxnyH+TvotRGxAo8RjA="></latexit>

20 Source: Isola, Torralba, Freeman
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L =
1
2

(y − σ(wx + b))2

L =
1
2

(y − f(x))2

Squared loss with single-variable network:
g(y) = �(y) =

1

1 + e�y
<latexit sha1_base64="VtviOpEyH5xR/y+qFWppws+bQIY=">AAACH3icbZDLSgMxFIYz9VbrbdSlm2ApVMQyo4JuhKIblxXsBdqxZNJMG5pkhiQjDMM8gU/hI7jVB3Anbrv2RUzbWWj1h8DPf87hnHx+xKjSjjOxCkvLK6trxfXSxubW9o69u9dSYSwxaeKQhbLjI0UYFaSpqWakE0mCuM9I2x/fTOvtRyIVDcW9TiLicTQUNKAYaRP17cqwmhzBK9hTdMhR7gOJcOpmqXtMHtKTJMv6dtmpOTPBv8bNTRnkavTtr94gxDEnQmOGlOq6TqS9FElNMSNZqRcrEiE8RkPSNVYgTpSXzr6TwYpJBjAIpXlCw1n6cyJFXKmE+6aTIz1Si7Vp+G/N9/nCah1ceikVUayJwPPNQcygDuEUFhxQSbBmiTEIS2qOh3iEDB1tkJYMFXeRwV/TOq25ZzXn7rxcv875FMEBOARV4IILUAe3oAGaAIMn8AJewZv1bL1bH9bnvLVg5TP74JesyTfs56Fl</latexit>

Example source: Roger Grosse
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L =
1
2

(y − σ(wx + b))2

L =
1
2

(y − f(x))2

Squared loss with single-variable network:

Want: derivatives  , 
∂L
∂w

∂L
∂b

Example source: Roger Grosse

x1
<latexit sha1_base64="9Ebez7AsyXnUS7K0KmzSc78bSSE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9T3+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9e4uK/XrPI4inMApnIMHNajDLTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwALsI2g</latexit><latexit sha1_base64="9Ebez7AsyXnUS7K0KmzSc78bSSE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9T3+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9e4uK/XrPI4inMApnIMHNajDLTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwALsI2g</latexit><latexit sha1_base64="9Ebez7AsyXnUS7K0KmzSc78bSSE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9T3+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9e4uK/XrPI4inMApnIMHNajDLTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwALsI2g</latexit><latexit sha1_base64="9Ebez7AsyXnUS7K0KmzSc78bSSE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9T3+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9e4uK/XrPI4inMApnIMHNajDLTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwALsI2g</latexit>

y
<latexit sha1_base64="l29WxoUb9DEbvmhLG7jHtZ0OU24=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM120q7dbMLuRgihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/mdJ1Sax/LBZAn6ER1JHnJGjZWa2aBSdWvuHGSVeAWpQoHGoPLVH8YsjVAaJqjWPc9NjJ9TZTgTOC33U40JZRM6wp6lkkao/Xx+6JScW2VIwljZkobM1d8TOY20zqLAdkbUjPWyNxP/83qpCW/8nMskNSjZYlGYCmJiMvuaDLlCZkRmCWWK21sJG1NFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfnvYz9</latexit><latexit sha1_base64="l29WxoUb9DEbvmhLG7jHtZ0OU24=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM120q7dbMLuRgihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/mdJ1Sax/LBZAn6ER1JHnJGjZWa2aBSdWvuHGSVeAWpQoHGoPLVH8YsjVAaJqjWPc9NjJ9TZTgTOC33U40JZRM6wp6lkkao/Xx+6JScW2VIwljZkobM1d8TOY20zqLAdkbUjPWyNxP/83qpCW/8nMskNSjZYlGYCmJiMvuaDLlCZkRmCWWK21sJG1NFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfnvYz9</latexit><latexit sha1_base64="l29WxoUb9DEbvmhLG7jHtZ0OU24=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM120q7dbMLuRgihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/mdJ1Sax/LBZAn6ER1JHnJGjZWa2aBSdWvuHGSVeAWpQoHGoPLVH8YsjVAaJqjWPc9NjJ9TZTgTOC33U40JZRM6wp6lkkao/Xx+6JScW2VIwljZkobM1d8TOY20zqLAdkbUjPWyNxP/83qpCW/8nMskNSjZYlGYCmJiMvuaDLlCZkRmCWWK21sJG1NFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfnvYz9</latexit><latexit sha1_base64="l29WxoUb9DEbvmhLG7jHtZ0OU24=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM120q7dbMLuRgihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/mdJ1Sax/LBZAn6ER1JHnJGjZWa2aBSdWvuHGSVeAWpQoHGoPLVH8YsjVAaJqjWPc9NjJ9TZTgTOC33U40JZRM6wp6lkkao/Xx+6JScW2VIwljZkobM1d8TOY20zqLAdkbUjPWyNxP/83qpCW/8nMskNSjZYlGYCmJiMvuaDLlCZkRmCWWK21sJG1NFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfnvYz9</latexit>
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Writing out the layers explicitly: 
 

 
 

 
 

z = wx + b

t = σ(z)

L =
1
2

(y − t)2

How do we do this? 
Use the chain rule! 

∂
∂x

f(g(x)) =
∂f
∂g

∂g
∂x

Example source: Roger Grosse



Computing derivatives with the chain rule

24 Example source: Roger Grosse

∂L
∂w

=
∂

∂w [ 1
2

(y − σ(wx + b))2]
= (y − σ(wx + b))

∂
∂w

(y − σ(wx + b))

= (y − σ(wx + b))σ′￼(wx + b)
∂

∂w
(wx + b)

= (y − σ(wx + b))σ′￼(wx + b)x

∂L
∂b

=
∂

∂b [ 1
2

(y − σ(wx + b))2]
= (y − σ(wx + b))

∂
∂b

(y − σ(wx + b))

= (y − σ(wx + b))σ′￼(wx + b)
∂

∂b
(wx + b)

= (y − σ(wx + b))σ′￼(wx + b)
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Writing out the layers: 
 

 
 

 

z = wx + b

t = σ(z)

L =
1
2

(y − t)2

Example source: Roger Grosse

linear (affine) layer

nonlinearity

loss
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Writing out the layers: 
 

 
 

 

z = wx + b

t = σ(z)

L =
1
2

(y − t)2

Example source: Roger Grosse

Another way to write derivatives:

∂L
∂t

= t − y

∂L
∂z

=
∂L
∂t

∂t
∂z

=
∂L
∂t

σ′￼(z)

∂L
∂w

=
∂L
∂z

x
∂L
∂b

=
∂L
∂z

Each step is easy to compute, 
and we can reuse computation.
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Computation graph: loss

z t L

y

w

x

b Computation

Adapted from: Roger Grosse
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Computation graph: derivatives

t L

y

w

x

b

z

Computation

Adapted from: Roger Grosse
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Backpropagation

z t L

y

w

x

b

 Forward pass: 
   for i = 0 … N: 

 
 

Adapted from: Roger Grosse

Step #1: Compute loss and every value in computation graph.

compute each node value  using 
values from previous nodes

vi

where N nodes  are ordered topographically (i.e. inputs 
always come before outputs).

v0, v1, . . . vn
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Backpropagation

Adapted from: Roger Grosse

z t L

y

w

x

b

 Backward pass: 
    
   for i = N-1 .. 0: 

vN = 1

Step #2: Compute derivatives.

∂L
∂vi

= ∑
j∈Outputs(vi)

∂L
∂vj

∂vj

∂vi

Starting from the loss, work your way to the inputs. Compute the 
derivative of the loss w.r.t. each value.
Summary: compute derivatives efficiently using the chain rule.



Automatic differentiation

• Backpropagation: algorithm for computing derivatives 

• An instance of reverse-mode automatic differentiation 
• Usually implement backprop using autodifferentiation (“autodiff”) software 

package. 

• Build your program out of primitive operations, similar to numpy operations  
• Behind the scenes, the autodiff package builds the computation graph for you! 
• It’s not finite difference. Computes exact gradients using backprop!

31



“Fish”Classifier

Processing images with neural nets

image x label y
32

Source: Isola, Torralba, Freeman



“Fish”

image x label y

What should these be?

33
Source: Isola, Torralba, Freeman

Processing images with neural nets



Fully-connected (a.k.a. linear) layer 

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit>

1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

Idea #1: Fully-connected network

W
<latexit sha1_base64="Ggo3WPYQVP54iv8XulakDlzRgTw=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdh1pkNqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8wfLFJD7</latexit><latexit sha1_base64="Ggo3WPYQVP54iv8XulakDlzRgTw=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdh1pkNqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8wfLFJD7</latexit><latexit sha1_base64="Ggo3WPYQVP54iv8XulakDlzRgTw=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdh1pkNqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8wfLFJD7</latexit><latexit sha1_base64="Ggo3WPYQVP54iv8XulakDlzRgTw=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdh1pkNqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8wfLFJD7</latexit>

b
<latexit sha1_base64="GzkDGoTHQZtfUngWQn2o7T4JC7s=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdhFswG1Zpbd+cgq8QrSA0KNAfVr/4wZmnEFTJJjel5boJ+RjUKJvms0k8NTyib0BHvWapoxI2fzRPPyJlVhiSMtX0KyVz9vZHRyJhpFNjJPKFZ9nLxP6+XYnjtZ0IlKXLFFh+FqSQYk/x8MhSaM5RTSyjTwmYlbEw1ZWhLqtgSvOWTV0n7ou65de/+sta4Keoowwmcwjl4cAUNuIMmtICBgmd4hTfHOC/Ou/OxGC05xc4x/IHz+QPby5EG</latexit><latexit sha1_base64="GzkDGoTHQZtfUngWQn2o7T4JC7s=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdhFswG1Zpbd+cgq8QrSA0KNAfVr/4wZmnEFTJJjel5boJ+RjUKJvms0k8NTyib0BHvWapoxI2fzRPPyJlVhiSMtX0KyVz9vZHRyJhpFNjJPKFZ9nLxP6+XYnjtZ0IlKXLFFh+FqSQYk/x8MhSaM5RTSyjTwmYlbEw1ZWhLqtgSvOWTV0n7ou65de/+sta4Keoowwmcwjl4cAUNuIMmtICBgmd4hTfHOC/Ou/OxGC05xc4x/IHz+QPby5EG</latexit><latexit sha1_base64="GzkDGoTHQZtfUngWQn2o7T4JC7s=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdhFswG1Zpbd+cgq8QrSA0KNAfVr/4wZmnEFTJJjel5boJ+RjUKJvms0k8NTyib0BHvWapoxI2fzRPPyJlVhiSMtX0KyVz9vZHRyJhpFNjJPKFZ9nLxP6+XYnjtZ0IlKXLFFh+FqSQYk/x8MhSaM5RTSyjTwmYlbEw1ZWhLqtgSvOWTV0n7ou65de/+sta4Keoowwmcwjl4cAUNuIMmtICBgmd4hTfHOC/Ou/OxGC05xc4x/IHz+QPby5EG</latexit><latexit sha1_base64="GzkDGoTHQZtfUngWQn2o7T4JC7s=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdhFswG1Zpbd+cgq8QrSA0KNAfVr/4wZmnEFTJJjel5boJ+RjUKJvms0k8NTyib0BHvWapoxI2fzRPPyJlVhiSMtX0KyVz9vZHRyJhpFNjJPKFZ9nLxP6+XYnjtZ0IlKXLFFh+FqSQYk/x8MhSaM5RTSyjTwmYlbEw1ZWhLqtgSvOWTV0n7ou65de/+sta4Keoowwmcwjl4cAUNuIMmtICBgmd4hTfHOC/Ou/OxGC05xc4x/IHz+QPby5EG</latexit>

y
<latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit>

g(y)

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit>

=

34

But     is really big!x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit>

Say, 256 x 256 x 3 = 197k



Can we use convolution in a neural network?

filter

35 Source: Isola, Torralba, Freeman



Sparsely connected network

y
<latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit>

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit> w

<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

g(y)
1

<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

b
<latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit>

36 Source: Isola, Torralba, Freeman

Each unit is connected to a 
subset of the units in the 
previous layer.



w
<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

Conv layer

y
<latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit>

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit>

g(y)

Each output unit is computed 
from an image patch.

Convolutional neural network

37 Source: Isola, Torralba, Freeman

a.k.a. CNN or ConvNet



w
<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

w
<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

w
<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

w
<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

w
<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

w
<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

Weight sharing

y
<latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit>

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit>

g(y)

Conv layer

38 Source: Isola, Torralba, Freeman

We “share” weights for each 
patch.

If a feature is useful in one 
position, it should be useful 
in others, too.



w
<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

Conv layer

Multiple input channels

x(0)
<latexit sha1_base64="s4Us6OiZrVbBKO6VJcOHzpIlrg0=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQNyURQZdFNy4r2Ae0sUymk3boZBJmJsUS8iduXCji1j9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zbZXW1jc2t8rblZ3dvf0D+/CoraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cpv7nSmVikXiQc9i6oV4JFjACNZGGth2P8R67AfpU/aY1pzzbGBXnbozB1olbkGqUKA5sL/6w4gkIRWacKxUz3Vi7aVYakY4zSr9RNEYkwke0Z6hAodUeek8eYbOjDJEQSTNExrN1d8bKQ6VmoW+mcxzqmUvF//zeokOrr2UiTjRVJDFoSDhSEcorwENmaRE85khmEhmsiIyxhITbcqqmBLc5S+vkvZF3XXq7v1ltXFT1FGGEziFGrhwBQ24gya0gMAUnuEV3qzUerHerY/FaMkqdo7hD6zPHztNk2A=</latexit><latexit sha1_base64="s4Us6OiZrVbBKO6VJcOHzpIlrg0=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQNyURQZdFNy4r2Ae0sUymk3boZBJmJsUS8iduXCji1j9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zbZXW1jc2t8rblZ3dvf0D+/CoraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cpv7nSmVikXiQc9i6oV4JFjACNZGGth2P8R67AfpU/aY1pzzbGBXnbozB1olbkGqUKA5sL/6w4gkIRWacKxUz3Vi7aVYakY4zSr9RNEYkwke0Z6hAodUeek8eYbOjDJEQSTNExrN1d8bKQ6VmoW+mcxzqmUvF//zeokOrr2UiTjRVJDFoSDhSEcorwENmaRE85khmEhmsiIyxhITbcqqmBLc5S+vkvZF3XXq7v1ltXFT1FGGEziFGrhwBQ24gya0gMAUnuEV3qzUerHerY/FaMkqdo7hD6zPHztNk2A=</latexit><latexit sha1_base64="s4Us6OiZrVbBKO6VJcOHzpIlrg0=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQNyURQZdFNy4r2Ae0sUymk3boZBJmJsUS8iduXCji1j9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zbZXW1jc2t8rblZ3dvf0D+/CoraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cpv7nSmVikXiQc9i6oV4JFjACNZGGth2P8R67AfpU/aY1pzzbGBXnbozB1olbkGqUKA5sL/6w4gkIRWacKxUz3Vi7aVYakY4zSr9RNEYkwke0Z6hAodUeek8eYbOjDJEQSTNExrN1d8bKQ6VmoW+mcxzqmUvF//zeokOrr2UiTjRVJDFoSDhSEcorwENmaRE85khmEhmsiIyxhITbcqqmBLc5S+vkvZF3XXq7v1ltXFT1FGGEziFGrhwBQ24gya0gMAUnuEV3qzUerHerY/FaMkqdo7hD6zPHztNk2A=</latexit><latexit sha1_base64="s4Us6OiZrVbBKO6VJcOHzpIlrg0=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQNyURQZdFNy4r2Ae0sUymk3boZBJmJsUS8iduXCji1j9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zbZXW1jc2t8rblZ3dvf0D+/CoraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cpv7nSmVikXiQc9i6oV4JFjACNZGGth2P8R67AfpU/aY1pzzbGBXnbozB1olbkGqUKA5sL/6w4gkIRWacKxUz3Vi7aVYakY4zSr9RNEYkwke0Z6hAodUeek8eYbOjDJEQSTNExrN1d8bKQ6VmoW+mcxzqmUvF//zeokOrr2UiTjRVJDFoSDhSEcorwENmaRE85khmEhmsiIyxhITbcqqmBLc5S+vkvZF3XXq7v1ltXFT1FGGEziFGrhwBQ24gya0gMAUnuEV3qzUerHerY/FaMkqdo7hD6zPHztNk2A=</latexit>

x(1)
<latexit sha1_base64="/vmejF4SEjl1GoG5my2WR/IozSY=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQNyURQZdFNy4r2Ae0sUymk3boZBJmJsUS8iduXCji1j9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zbZXW1jc2t8rblZ3dvf0D+/CoraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cpv7nSmVikXiQc9i6oV4JFjACNZGGth2P8R67AfpU/aY1tzzbGBXnbozB1olbkGqUKA5sL/6w4gkIRWacKxUz3Vi7aVYakY4zSr9RNEYkwke0Z6hAodUeek8eYbOjDJEQSTNExrN1d8bKQ6VmoW+mcxzqmUvF//zeokOrr2UiTjRVJDFoSDhSEcorwENmaRE85khmEhmsiIyxhITbcqqmBLc5S+vkvZF3XXq7v1ltXFT1FGGEziFGrhwBQ24gya0gMAUnuEV3qzUerHerY/FaMkqdo7hD6zPHzzTk2E=</latexit><latexit sha1_base64="/vmejF4SEjl1GoG5my2WR/IozSY=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQNyURQZdFNy4r2Ae0sUymk3boZBJmJsUS8iduXCji1j9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zbZXW1jc2t8rblZ3dvf0D+/CoraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cpv7nSmVikXiQc9i6oV4JFjACNZGGth2P8R67AfpU/aY1tzzbGBXnbozB1olbkGqUKA5sL/6w4gkIRWacKxUz3Vi7aVYakY4zSr9RNEYkwke0Z6hAodUeek8eYbOjDJEQSTNExrN1d8bKQ6VmoW+mcxzqmUvF//zeokOrr2UiTjRVJDFoSDhSEcorwENmaRE85khmEhmsiIyxhITbcqqmBLc5S+vkvZF3XXq7v1ltXFT1FGGEziFGrhwBQ24gya0gMAUnuEV3qzUerHerY/FaMkqdo7hD6zPHzzTk2E=</latexit><latexit sha1_base64="/vmejF4SEjl1GoG5my2WR/IozSY=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQNyURQZdFNy4r2Ae0sUymk3boZBJmJsUS8iduXCji1j9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zbZXW1jc2t8rblZ3dvf0D+/CoraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cpv7nSmVikXiQc9i6oV4JFjACNZGGth2P8R67AfpU/aY1tzzbGBXnbozB1olbkGqUKA5sL/6w4gkIRWacKxUz3Vi7aVYakY4zSr9RNEYkwke0Z6hAodUeek8eYbOjDJEQSTNExrN1d8bKQ6VmoW+mcxzqmUvF//zeokOrr2UiTjRVJDFoSDhSEcorwENmaRE85khmEhmsiIyxhITbcqqmBLc5S+vkvZF3XXq7v1ltXFT1FGGEziFGrhwBQ24gya0gMAUnuEV3qzUerHerY/FaMkqdo7hD6zPHzzTk2E=</latexit><latexit sha1_base64="/vmejF4SEjl1GoG5my2WR/IozSY=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQNyURQZdFNy4r2Ae0sUymk3boZBJmJsUS8iduXCji1j9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zbZXW1jc2t8rblZ3dvf0D+/CoraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cpv7nSmVikXiQc9i6oV4JFjACNZGGth2P8R67AfpU/aY1tzzbGBXnbozB1olbkGqUKA5sL/6w4gkIRWacKxUz3Vi7aVYakY4zSr9RNEYkwke0Z6hAodUeek8eYbOjDJEQSTNExrN1d8bKQ6VmoW+mcxzqmUvF//zeokOrr2UiTjRVJDFoSDhSEcorwENmaRE85khmEhmsiIyxhITbcqqmBLc5S+vkvZF3XXq7v1ltXFT1FGGEziFGrhwBQ24gya0gMAUnuEV3qzUerHerY/FaMkqdo7hD6zPHzzTk2E=</latexit>

RN⇥C ! RN⇥1
<latexit sha1_base64="BQpYSY3K1PeyM825bth/tJyo7Jg=">AAACJHicbVDLSsNAFJ3UV62vqEs3g0VwVRIRFNwUu3ElVewDmlgm02k7dPJg5kYpIR/jxl9x48IHLtz4LU7aLLTtgQuHc+7l3nu8SHAFlvVtFJaWV1bXiuuljc2t7R1zd6+pwlhS1qChCGXbI4oJHrAGcBCsHUlGfE+wljeqZX7rgUnFw+AOxhFzfTIIeJ9TAlrqmheOT2Doecltep9cYwe4zxSupdiRfDAEImX4iBf22GnXLFsVawI8T+yclFGOetf8cHohjX0WABVEqY5tReAmRAKngqUlJ1YsInREBqyjaUD0HjeZPJniI630cD+UugLAE/XvREJ8pca+pzuzc9Wsl4mLvE4M/XM34UEUAwvodFE/FhhCnCWGe1wyCmKsCaGS61sxHRJJKOhcSzoEe/bledI8qdhWxb45LVcv8ziK6AAdomNkozNURVeojhqIoif0gt7Qu/FsvBqfxte0tWDkM/voH4yfX2ZTpT4=</latexit><latexit sha1_base64="BQpYSY3K1PeyM825bth/tJyo7Jg=">AAACJHicbVDLSsNAFJ3UV62vqEs3g0VwVRIRFNwUu3ElVewDmlgm02k7dPJg5kYpIR/jxl9x48IHLtz4LU7aLLTtgQuHc+7l3nu8SHAFlvVtFJaWV1bXiuuljc2t7R1zd6+pwlhS1qChCGXbI4oJHrAGcBCsHUlGfE+wljeqZX7rgUnFw+AOxhFzfTIIeJ9TAlrqmheOT2Doecltep9cYwe4zxSupdiRfDAEImX4iBf22GnXLFsVawI8T+yclFGOetf8cHohjX0WABVEqY5tReAmRAKngqUlJ1YsInREBqyjaUD0HjeZPJniI630cD+UugLAE/XvREJ8pca+pzuzc9Wsl4mLvE4M/XM34UEUAwvodFE/FhhCnCWGe1wyCmKsCaGS61sxHRJJKOhcSzoEe/bledI8qdhWxb45LVcv8ziK6AAdomNkozNURVeojhqIoif0gt7Qu/FsvBqfxte0tWDkM/voH4yfX2ZTpT4=</latexit><latexit sha1_base64="BQpYSY3K1PeyM825bth/tJyo7Jg=">AAACJHicbVDLSsNAFJ3UV62vqEs3g0VwVRIRFNwUu3ElVewDmlgm02k7dPJg5kYpIR/jxl9x48IHLtz4LU7aLLTtgQuHc+7l3nu8SHAFlvVtFJaWV1bXiuuljc2t7R1zd6+pwlhS1qChCGXbI4oJHrAGcBCsHUlGfE+wljeqZX7rgUnFw+AOxhFzfTIIeJ9TAlrqmheOT2Doecltep9cYwe4zxSupdiRfDAEImX4iBf22GnXLFsVawI8T+yclFGOetf8cHohjX0WABVEqY5tReAmRAKngqUlJ1YsInREBqyjaUD0HjeZPJniI630cD+UugLAE/XvREJ8pca+pzuzc9Wsl4mLvE4M/XM34UEUAwvodFE/FhhCnCWGe1wyCmKsCaGS61sxHRJJKOhcSzoEe/bledI8qdhWxb45LVcv8ziK6AAdomNkozNURVeojhqIoif0gt7Qu/FsvBqfxte0tWDkM/voH4yfX2ZTpT4=</latexit><latexit sha1_base64="BQpYSY3K1PeyM825bth/tJyo7Jg=">AAACJHicbVDLSsNAFJ3UV62vqEs3g0VwVRIRFNwUu3ElVewDmlgm02k7dPJg5kYpIR/jxl9x48IHLtz4LU7aLLTtgQuHc+7l3nu8SHAFlvVtFJaWV1bXiuuljc2t7R1zd6+pwlhS1qChCGXbI4oJHrAGcBCsHUlGfE+wljeqZX7rgUnFw+AOxhFzfTIIeJ9TAlrqmheOT2Doecltep9cYwe4zxSupdiRfDAEImX4iBf22GnXLFsVawI8T+yclFGOetf8cHohjX0WABVEqY5tReAmRAKngqUlJ1YsInREBqyjaUD0HjeZPJniI630cD+UugLAE/XvREJ8pca+pzuzc9Wsl4mLvE4M/XM34UEUAwvodFE/FhhCnCWGe1wyCmKsCaGS61sxHRJJKOhcSzoEe/bledI8qdhWxb45LVcv8ziK6AAdomNkozNURVeojhqIoif0gt7Qu/FsvBqfxte0tWDkM/voH4yfX2ZTpT4=</latexit>

39 Source: Isola, Torralba, Freeman



w2
<latexit sha1_base64="YBpbs9lJphDaXoUI3POfZtfYqK4=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclaQIuiy6cVnBPqApZTK9aYdOJmFmopTQ33DjQhG3/ow7/8ZJm4W2Hhg4nHMv98wJEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5zf3OIyrNY/lgpgn2IzqSPOSMGiv5fkTNOAizp9mgPqhU3Zo7B1klXkGqUKA5qHz5w5ilEUrDBNW657mJ6WdUGc4Ezsp+qjGhbEJH2LNU0gh1P5tnnpFzqwxJGCv7pCFz9fdGRiOtp1FgJ/OMetnLxf+8XmrC637GZZIalGxxKEwFMTHJCyBDrpAZMbWEMsVtVsLGVFFmbE1lW4K3/OVV0q7XPLfm3V9WGzdFHSU4hTO4AA+uoAF30IQWMEjgGV7hzUmdF+fd+ViMrjnFzgn8gfP5AypdkcA=</latexit><latexit sha1_base64="YBpbs9lJphDaXoUI3POfZtfYqK4=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclaQIuiy6cVnBPqApZTK9aYdOJmFmopTQ33DjQhG3/ow7/8ZJm4W2Hhg4nHMv98wJEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5zf3OIyrNY/lgpgn2IzqSPOSMGiv5fkTNOAizp9mgPqhU3Zo7B1klXkGqUKA5qHz5w5ilEUrDBNW657mJ6WdUGc4Ezsp+qjGhbEJH2LNU0gh1P5tnnpFzqwxJGCv7pCFz9fdGRiOtp1FgJ/OMetnLxf+8XmrC637GZZIalGxxKEwFMTHJCyBDrpAZMbWEMsVtVsLGVFFmbE1lW4K3/OVV0q7XPLfm3V9WGzdFHSU4hTO4AA+uoAF30IQWMEjgGV7hzUmdF+fd+ViMrjnFzgn8gfP5AypdkcA=</latexit><latexit sha1_base64="YBpbs9lJphDaXoUI3POfZtfYqK4=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclaQIuiy6cVnBPqApZTK9aYdOJmFmopTQ33DjQhG3/ow7/8ZJm4W2Hhg4nHMv98wJEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5zf3OIyrNY/lgpgn2IzqSPOSMGiv5fkTNOAizp9mgPqhU3Zo7B1klXkGqUKA5qHz5w5ilEUrDBNW657mJ6WdUGc4Ezsp+qjGhbEJH2LNU0gh1P5tnnpFzqwxJGCv7pCFz9fdGRiOtp1FgJ/OMetnLxf+8XmrC637GZZIalGxxKEwFMTHJCyBDrpAZMbWEMsVtVsLGVFFmbE1lW4K3/OVV0q7XPLfm3V9WGzdFHSU4hTO4AA+uoAF30IQWMEjgGV7hzUmdF+fd+ViMrjnFzgn8gfP5AypdkcA=</latexit><latexit sha1_base64="YBpbs9lJphDaXoUI3POfZtfYqK4=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclaQIuiy6cVnBPqApZTK9aYdOJmFmopTQ33DjQhG3/ow7/8ZJm4W2Hhg4nHMv98wJEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5zf3OIyrNY/lgpgn2IzqSPOSMGiv5fkTNOAizp9mgPqhU3Zo7B1klXkGqUKA5qHz5w5ilEUrDBNW657mJ6WdUGc4Ezsp+qjGhbEJH2LNU0gh1P5tnnpFzqwxJGCv7pCFz9fdGRiOtp1FgJ/OMetnLxf+8XmrC637GZZIalGxxKEwFMTHJCyBDrpAZMbWEMsVtVsLGVFFmbE1lW4K3/OVV0q7XPLfm3V9WGzdFHSU4hTO4AA+uoAF30IQWMEjgGV7hzUmdF+fd+ViMrjnFzgn8gfP5AypdkcA=</latexit>

Conv layer

Multiple output channels

x(0)
<latexit sha1_base64="s4Us6OiZrVbBKO6VJcOHzpIlrg0=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQNyURQZdFNy4r2Ae0sUymk3boZBJmJsUS8iduXCji1j9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zbZXW1jc2t8rblZ3dvf0D+/CoraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cpv7nSmVikXiQc9i6oV4JFjACNZGGth2P8R67AfpU/aY1pzzbGBXnbozB1olbkGqUKA5sL/6w4gkIRWacKxUz3Vi7aVYakY4zSr9RNEYkwke0Z6hAodUeek8eYbOjDJEQSTNExrN1d8bKQ6VmoW+mcxzqmUvF//zeokOrr2UiTjRVJDFoSDhSEcorwENmaRE85khmEhmsiIyxhITbcqqmBLc5S+vkvZF3XXq7v1ltXFT1FGGEziFGrhwBQ24gya0gMAUnuEV3qzUerHerY/FaMkqdo7hD6zPHztNk2A=</latexit><latexit sha1_base64="s4Us6OiZrVbBKO6VJcOHzpIlrg0=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQNyURQZdFNy4r2Ae0sUymk3boZBJmJsUS8iduXCji1j9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zbZXW1jc2t8rblZ3dvf0D+/CoraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cpv7nSmVikXiQc9i6oV4JFjACNZGGth2P8R67AfpU/aY1pzzbGBXnbozB1olbkGqUKA5sL/6w4gkIRWacKxUz3Vi7aVYakY4zSr9RNEYkwke0Z6hAodUeek8eYbOjDJEQSTNExrN1d8bKQ6VmoW+mcxzqmUvF//zeokOrr2UiTjRVJDFoSDhSEcorwENmaRE85khmEhmsiIyxhITbcqqmBLc5S+vkvZF3XXq7v1ltXFT1FGGEziFGrhwBQ24gya0gMAUnuEV3qzUerHerY/FaMkqdo7hD6zPHztNk2A=</latexit><latexit sha1_base64="s4Us6OiZrVbBKO6VJcOHzpIlrg0=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQNyURQZdFNy4r2Ae0sUymk3boZBJmJsUS8iduXCji1j9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zbZXW1jc2t8rblZ3dvf0D+/CoraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cpv7nSmVikXiQc9i6oV4JFjACNZGGth2P8R67AfpU/aY1pzzbGBXnbozB1olbkGqUKA5sL/6w4gkIRWacKxUz3Vi7aVYakY4zSr9RNEYkwke0Z6hAodUeek8eYbOjDJEQSTNExrN1d8bKQ6VmoW+mcxzqmUvF//zeokOrr2UiTjRVJDFoSDhSEcorwENmaRE85khmEhmsiIyxhITbcqqmBLc5S+vkvZF3XXq7v1ltXFT1FGGEziFGrhwBQ24gya0gMAUnuEV3qzUerHerY/FaMkqdo7hD6zPHztNk2A=</latexit><latexit sha1_base64="s4Us6OiZrVbBKO6VJcOHzpIlrg0=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQNyURQZdFNy4r2Ae0sUymk3boZBJmJsUS8iduXCji1j9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zbZXW1jc2t8rblZ3dvf0D+/CoraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cpv7nSmVikXiQc9i6oV4JFjACNZGGth2P8R67AfpU/aY1pzzbGBXnbozB1olbkGqUKA5sL/6w4gkIRWacKxUz3Vi7aVYakY4zSr9RNEYkwke0Z6hAodUeek8eYbOjDJEQSTNExrN1d8bKQ6VmoW+mcxzqmUvF//zeokOrr2UiTjRVJDFoSDhSEcorwENmaRE85khmEhmsiIyxhITbcqqmBLc5S+vkvZF3XXq7v1ltXFT1FGGEziFGrhwBQ24gya0gMAUnuEV3qzUerHerY/FaMkqdo7hD6zPHztNk2A=</latexit>

x(1)
<latexit sha1_base64="/vmejF4SEjl1GoG5my2WR/IozSY=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQNyURQZdFNy4r2Ae0sUymk3boZBJmJsUS8iduXCji1j9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zbZXW1jc2t8rblZ3dvf0D+/CoraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cpv7nSmVikXiQc9i6oV4JFjACNZGGth2P8R67AfpU/aY1tzzbGBXnbozB1olbkGqUKA5sL/6w4gkIRWacKxUz3Vi7aVYakY4zSr9RNEYkwke0Z6hAodUeek8eYbOjDJEQSTNExrN1d8bKQ6VmoW+mcxzqmUvF//zeokOrr2UiTjRVJDFoSDhSEcorwENmaRE85khmEhmsiIyxhITbcqqmBLc5S+vkvZF3XXq7v1ltXFT1FGGEziFGrhwBQ24gya0gMAUnuEV3qzUerHerY/FaMkqdo7hD6zPHzzTk2E=</latexit><latexit sha1_base64="/vmejF4SEjl1GoG5my2WR/IozSY=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQNyURQZdFNy4r2Ae0sUymk3boZBJmJsUS8iduXCji1j9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zbZXW1jc2t8rblZ3dvf0D+/CoraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cpv7nSmVikXiQc9i6oV4JFjACNZGGth2P8R67AfpU/aY1tzzbGBXnbozB1olbkGqUKA5sL/6w4gkIRWacKxUz3Vi7aVYakY4zSr9RNEYkwke0Z6hAodUeek8eYbOjDJEQSTNExrN1d8bKQ6VmoW+mcxzqmUvF//zeokOrr2UiTjRVJDFoSDhSEcorwENmaRE85khmEhmsiIyxhITbcqqmBLc5S+vkvZF3XXq7v1ltXFT1FGGEziFGrhwBQ24gya0gMAUnuEV3qzUerHerY/FaMkqdo7hD6zPHzzTk2E=</latexit><latexit sha1_base64="/vmejF4SEjl1GoG5my2WR/IozSY=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQNyURQZdFNy4r2Ae0sUymk3boZBJmJsUS8iduXCji1j9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zbZXW1jc2t8rblZ3dvf0D+/CoraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cpv7nSmVikXiQc9i6oV4JFjACNZGGth2P8R67AfpU/aY1tzzbGBXnbozB1olbkGqUKA5sL/6w4gkIRWacKxUz3Vi7aVYakY4zSr9RNEYkwke0Z6hAodUeek8eYbOjDJEQSTNExrN1d8bKQ6VmoW+mcxzqmUvF//zeokOrr2UiTjRVJDFoSDhSEcorwENmaRE85khmEhmsiIyxhITbcqqmBLc5S+vkvZF3XXq7v1ltXFT1FGGEziFGrhwBQ24gya0gMAUnuEV3qzUerHerY/FaMkqdo7hD6zPHzzTk2E=</latexit><latexit sha1_base64="/vmejF4SEjl1GoG5my2WR/IozSY=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQNyURQZdFNy4r2Ae0sUymk3boZBJmJsUS8iduXCji1j9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zbZXW1jc2t8rblZ3dvf0D+/CoraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cpv7nSmVikXiQc9i6oV4JFjACNZGGth2P8R67AfpU/aY1tzzbGBXnbozB1olbkGqUKA5sL/6w4gkIRWacKxUz3Vi7aVYakY4zSr9RNEYkwke0Z6hAodUeek8eYbOjDJEQSTNExrN1d8bKQ6VmoW+mcxzqmUvF//zeokOrr2UiTjRVJDFoSDhSEcorwENmaRE85khmEhmsiIyxhITbcqqmBLc5S+vkvZF3XXq7v1ltXFT1FGGEziFGrhwBQ24gya0gMAUnuEV3qzUerHerY/FaMkqdo7hD6zPHzzTk2E=</latexit>

RN⇥C(0)

! RN⇥C(1)

<latexit sha1_base64="14tZpQiTqzP7Dza5N1wtTdH41To=">AAACMHicdVDLSgNBEJz1GeNr1aOXwSDES9gVQY/BHPQkUcwDskmYnUySIbMPZnqVsOwnefFT9KKgiFe/wtlkD5poQ0NRVU13lxsKrsCyXo2FxaXlldXcWn59Y3Nr29zZrasgkpTVaCAC2XSJYoL7rAYcBGuGkhHPFazhjiqp3rhjUvHAv4VxyNoeGfi8zykBTXXNC8cjMHTd+CbpxFfYAe4xhSuduGgdJQl2JB8MgUgZ3ON/nbZ2ds2CVbImheeBnYECyqraNZ+cXkAjj/lABVGqZVshtGMigVPBkrwTKRYSOiID1tLQJ3pbO548nOBDzfRwP5C6fcAT9udETDylxp6rnenRalZLyb+0VgT9s3bM/TAC5tPpon4kMAQ4TQ/3uGQUxFgDQiXXt2I6JJJQ0BnndQj27MvzoH5csq2SfX1SKJ9nceTQPjpARWSjU1RGl6iKaoiiB/SM3tC78Wi8GB/G59S6YGQze+hXGV/f6Hqpdw==</latexit><latexit sha1_base64="14tZpQiTqzP7Dza5N1wtTdH41To=">AAACMHicdVDLSgNBEJz1GeNr1aOXwSDES9gVQY/BHPQkUcwDskmYnUySIbMPZnqVsOwnefFT9KKgiFe/wtlkD5poQ0NRVU13lxsKrsCyXo2FxaXlldXcWn59Y3Nr29zZrasgkpTVaCAC2XSJYoL7rAYcBGuGkhHPFazhjiqp3rhjUvHAv4VxyNoeGfi8zykBTXXNC8cjMHTd+CbpxFfYAe4xhSuduGgdJQl2JB8MgUgZ3ON/nbZ2ds2CVbImheeBnYECyqraNZ+cXkAjj/lABVGqZVshtGMigVPBkrwTKRYSOiID1tLQJ3pbO548nOBDzfRwP5C6fcAT9udETDylxp6rnenRalZLyb+0VgT9s3bM/TAC5tPpon4kMAQ4TQ/3uGQUxFgDQiXXt2I6JJJQ0BnndQj27MvzoH5csq2SfX1SKJ9nceTQPjpARWSjU1RGl6iKaoiiB/SM3tC78Wi8GB/G59S6YGQze+hXGV/f6Hqpdw==</latexit><latexit sha1_base64="14tZpQiTqzP7Dza5N1wtTdH41To=">AAACMHicdVDLSgNBEJz1GeNr1aOXwSDES9gVQY/BHPQkUcwDskmYnUySIbMPZnqVsOwnefFT9KKgiFe/wtlkD5poQ0NRVU13lxsKrsCyXo2FxaXlldXcWn59Y3Nr29zZrasgkpTVaCAC2XSJYoL7rAYcBGuGkhHPFazhjiqp3rhjUvHAv4VxyNoeGfi8zykBTXXNC8cjMHTd+CbpxFfYAe4xhSuduGgdJQl2JB8MgUgZ3ON/nbZ2ds2CVbImheeBnYECyqraNZ+cXkAjj/lABVGqZVshtGMigVPBkrwTKRYSOiID1tLQJ3pbO548nOBDzfRwP5C6fcAT9udETDylxp6rnenRalZLyb+0VgT9s3bM/TAC5tPpon4kMAQ4TQ/3uGQUxFgDQiXXt2I6JJJQ0BnndQj27MvzoH5csq2SfX1SKJ9nceTQPjpARWSjU1RGl6iKaoiiB/SM3tC78Wi8GB/G59S6YGQze+hXGV/f6Hqpdw==</latexit><latexit sha1_base64="14tZpQiTqzP7Dza5N1wtTdH41To=">AAACMHicdVDLSgNBEJz1GeNr1aOXwSDES9gVQY/BHPQkUcwDskmYnUySIbMPZnqVsOwnefFT9KKgiFe/wtlkD5poQ0NRVU13lxsKrsCyXo2FxaXlldXcWn59Y3Nr29zZrasgkpTVaCAC2XSJYoL7rAYcBGuGkhHPFazhjiqp3rhjUvHAv4VxyNoeGfi8zykBTXXNC8cjMHTd+CbpxFfYAe4xhSuduGgdJQl2JB8MgUgZ3ON/nbZ2ds2CVbImheeBnYECyqraNZ+cXkAjj/lABVGqZVshtGMigVPBkrwTKRYSOiID1tLQJ3pbO548nOBDzfRwP5C6fcAT9udETDylxp6rnenRalZLyb+0VgT9s3bM/TAC5tPpon4kMAQ4TQ/3uGQUxFgDQiXXt2I6JJJQ0BnndQj27MvzoH5csq2SfX1SKJ9nceTQPjpARWSjU1RGl6iKaoiiB/SM3tC78Wi8GB/G59S6YGQze+hXGV/f6Hqpdw==</latexit>

40 Source: Isola, Torralba, Freeman

E.g.:



Conv layer

Multiple input and output channels

RN⇥C(l)

! RN⇥C(l+1)

<latexit sha1_base64="U5jSQsYgUy1sUMJHaTxvWgodPbs=">AAACMnicdVDLSgNBEJyNrxhfUY9eBoMQEcKuCHoM5qIXiWIekN2E2ckkGTL7YKZXCct+kxe/RPCgB0W8+hFOkj1oog0NRVU13V1uKLgC03wxMguLS8sr2dXc2vrG5lZ+e6eugkhSVqOBCGTTJYoJ7rMacBCsGUpGPFewhjusjPXGHZOKB/4tjELmeKTv8x6nBDTVyV/aHoGB68Y3STu+wjZwjylcacdFcZgk2Ja8PwAiZXCP/3ceWdrbyRfMkjkpPA+sFBRQWtVO/snuBjTymA9UEKValhmCExMJnAqW5OxIsZDQIemzloY+0fucePJygg8008W9QOr2AU/YnxMx8ZQaea52js9Ws9qY/EtrRdA7c2LuhxEwn04X9SKBIcDj/HCXS0ZBjDQgVHJ9K6YDIgkFnXJOh2DNvjwP6sclyyxZ1yeF8nkaRxbtoX1URBY6RWV0gaqohih6QM/oDb0bj8ar8WF8Tq0ZI53ZRb/K+PoGsrSqXg==</latexit><latexit sha1_base64="U5jSQsYgUy1sUMJHaTxvWgodPbs=">AAACMnicdVDLSgNBEJyNrxhfUY9eBoMQEcKuCHoM5qIXiWIekN2E2ckkGTL7YKZXCct+kxe/RPCgB0W8+hFOkj1oog0NRVU13V1uKLgC03wxMguLS8sr2dXc2vrG5lZ+e6eugkhSVqOBCGTTJYoJ7rMacBCsGUpGPFewhjusjPXGHZOKB/4tjELmeKTv8x6nBDTVyV/aHoGB68Y3STu+wjZwjylcacdFcZgk2Ja8PwAiZXCP/3ceWdrbyRfMkjkpPA+sFBRQWtVO/snuBjTymA9UEKValhmCExMJnAqW5OxIsZDQIemzloY+0fucePJygg8008W9QOr2AU/YnxMx8ZQaea52js9Ws9qY/EtrRdA7c2LuhxEwn04X9SKBIcDj/HCXS0ZBjDQgVHJ9K6YDIgkFnXJOh2DNvjwP6sclyyxZ1yeF8nkaRxbtoX1URBY6RWV0gaqohih6QM/oDb0bj8ar8WF8Tq0ZI53ZRb/K+PoGsrSqXg==</latexit><latexit sha1_base64="U5jSQsYgUy1sUMJHaTxvWgodPbs=">AAACMnicdVDLSgNBEJyNrxhfUY9eBoMQEcKuCHoM5qIXiWIekN2E2ckkGTL7YKZXCct+kxe/RPCgB0W8+hFOkj1oog0NRVU13V1uKLgC03wxMguLS8sr2dXc2vrG5lZ+e6eugkhSVqOBCGTTJYoJ7rMacBCsGUpGPFewhjusjPXGHZOKB/4tjELmeKTv8x6nBDTVyV/aHoGB68Y3STu+wjZwjylcacdFcZgk2Ja8PwAiZXCP/3ceWdrbyRfMkjkpPA+sFBRQWtVO/snuBjTymA9UEKValhmCExMJnAqW5OxIsZDQIemzloY+0fucePJygg8008W9QOr2AU/YnxMx8ZQaea52js9Ws9qY/EtrRdA7c2LuhxEwn04X9SKBIcDj/HCXS0ZBjDQgVHJ9K6YDIgkFnXJOh2DNvjwP6sclyyxZ1yeF8nkaRxbtoX1URBY6RWV0gaqohih6QM/oDb0bj8ar8WF8Tq0ZI53ZRb/K+PoGsrSqXg==</latexit><latexit sha1_base64="U5jSQsYgUy1sUMJHaTxvWgodPbs=">AAACMnicdVDLSgNBEJyNrxhfUY9eBoMQEcKuCHoM5qIXiWIekN2E2ckkGTL7YKZXCct+kxe/RPCgB0W8+hFOkj1oog0NRVU13V1uKLgC03wxMguLS8sr2dXc2vrG5lZ+e6eugkhSVqOBCGTTJYoJ7rMacBCsGUpGPFewhjusjPXGHZOKB/4tjELmeKTv8x6nBDTVyV/aHoGB68Y3STu+wjZwjylcacdFcZgk2Ja8PwAiZXCP/3ceWdrbyRfMkjkpPA+sFBRQWtVO/snuBjTymA9UEKValhmCExMJnAqW5OxIsZDQIemzloY+0fucePJygg8008W9QOr2AU/YnxMx8ZQaea52js9Ws9qY/EtrRdA7c2LuhxEwn04X9SKBIcDj/HCXS0ZBjDQgVHJ9K6YDIgkFnXJOh2DNvjwP6sclyyxZ1yeF8nkaRxbtoX1URBY6RWV0gaqohih6QM/oDb0bj8ar8WF8Tq0ZI53ZRb/K+PoGsrSqXg==</latexit>

x(l)
<latexit sha1_base64="+sUTn7TxuTwOA++YRWa7e8G6+1o=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQNyURQZdFNy4r2Ae0sUymk3boZBJmJsUS8iduXCji1j9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zbZXW1jc2t8rblZ3dvf0D+/CoraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cpv7nSmVikXiQc9i6oV4JFjACNZGGth2P8R67AfpU/aY1vh5NrCrTt2ZA60StyBVKNAc2F/9YUSSkApNOFaq5zqx9lIsNSOcZpV+omiMyQSPaM9QgUOqvHSePENnRhmiIJLmCY3m6u+NFIdKzULfTOY51bKXi/95vUQH117KRJxoKsjiUJBwpCOU14CGTFKi+cwQTCQzWREZY4mJNmVVTAnu8pdXSfui7jp19/6y2rgp6ijDCZxCDVy4ggbcQRNaQGAKz/AKb1ZqvVjv1sditGQVO8fwB9bnD5a1k5w=</latexit><latexit sha1_base64="+sUTn7TxuTwOA++YRWa7e8G6+1o=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQNyURQZdFNy4r2Ae0sUymk3boZBJmJsUS8iduXCji1j9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zbZXW1jc2t8rblZ3dvf0D+/CoraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cpv7nSmVikXiQc9i6oV4JFjACNZGGth2P8R67AfpU/aY1vh5NrCrTt2ZA60StyBVKNAc2F/9YUSSkApNOFaq5zqx9lIsNSOcZpV+omiMyQSPaM9QgUOqvHSePENnRhmiIJLmCY3m6u+NFIdKzULfTOY51bKXi/95vUQH117KRJxoKsjiUJBwpCOU14CGTFKi+cwQTCQzWREZY4mJNmVVTAnu8pdXSfui7jp19/6y2rgp6ijDCZxCDVy4ggbcQRNaQGAKz/AKb1ZqvVjv1sditGQVO8fwB9bnD5a1k5w=</latexit><latexit sha1_base64="+sUTn7TxuTwOA++YRWa7e8G6+1o=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQNyURQZdFNy4r2Ae0sUymk3boZBJmJsUS8iduXCji1j9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zbZXW1jc2t8rblZ3dvf0D+/CoraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cpv7nSmVikXiQc9i6oV4JFjACNZGGth2P8R67AfpU/aY1vh5NrCrTt2ZA60StyBVKNAc2F/9YUSSkApNOFaq5zqx9lIsNSOcZpV+omiMyQSPaM9QgUOqvHSePENnRhmiIJLmCY3m6u+NFIdKzULfTOY51bKXi/95vUQH117KRJxoKsjiUJBwpCOU14CGTFKi+cwQTCQzWREZY4mJNmVVTAnu8pdXSfui7jp19/6y2rgp6ijDCZxCDVy4ggbcQRNaQGAKz/AKb1ZqvVjv1sditGQVO8fwB9bnD5a1k5w=</latexit><latexit sha1_base64="+sUTn7TxuTwOA++YRWa7e8G6+1o=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQNyURQZdFNy4r2Ae0sUymk3boZBJmJsUS8iduXCji1j9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zbZXW1jc2t8rblZ3dvf0D+/CoraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cpv7nSmVikXiQc9i6oV4JFjACNZGGth2P8R67AfpU/aY1vh5NrCrTt2ZA60StyBVKNAc2F/9YUSSkApNOFaq5zqx9lIsNSOcZpV+omiMyQSPaM9QgUOqvHSePENnRhmiIJLmCY3m6u+NFIdKzULfTOY51bKXi/95vUQH117KRJxoKsjiUJBwpCOU14CGTFKi+cwQTCQzWREZY4mJNmVVTAnu8pdXSfui7jp19/6y2rgp6ijDCZxCDVy4ggbcQRNaQGAKz/AKb1ZqvVjv1sditGQVO8fwB9bnD5a1k5w=</latexit>

x(l+1)
<latexit sha1_base64="mU8KseuOwMflhaEfhBb2a/JZhAw=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBahIpREBF0W3bisYB/Q1jKZTtqhk0mYmUhLyK+4caGIW3/EnX/jpM1CWw8MHM65l3vmeBFnSjvOt1VYW9/Y3Cpul3Z29/YP7MNyS4WxJLRJQh7KjocV5UzQpmaa004kKQ48Ttve5Dbz209UKhaKBz2LaD/AI8F8RrA20sAu9wKsx56fTNPHpMrP3bN0YFecmjMHWiVuTiqQozGwv3rDkMQBFZpwrFTXdSLdT7DUjHCalnqxohEmEzyiXUMFDqjqJ/PsKTo1yhD5oTRPaDRXf28kOFBqFnhmMkuqlr1M/M/rxtq/7idMRLGmgiwO+TFHOkRZEWjIJCWazwzBRDKTFZExlphoU1fJlOAuf3mVtC5qrlNz7y8r9Zu8jiIcwwlUwYUrqMMdNKAJBKbwDK/wZqXWi/VufSxGC1a+cwR/YH3+AHixlAw=</latexit><latexit sha1_base64="mU8KseuOwMflhaEfhBb2a/JZhAw=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBahIpREBF0W3bisYB/Q1jKZTtqhk0mYmUhLyK+4caGIW3/EnX/jpM1CWw8MHM65l3vmeBFnSjvOt1VYW9/Y3Cpul3Z29/YP7MNyS4WxJLRJQh7KjocV5UzQpmaa004kKQ48Ttve5Dbz209UKhaKBz2LaD/AI8F8RrA20sAu9wKsx56fTNPHpMrP3bN0YFecmjMHWiVuTiqQozGwv3rDkMQBFZpwrFTXdSLdT7DUjHCalnqxohEmEzyiXUMFDqjqJ/PsKTo1yhD5oTRPaDRXf28kOFBqFnhmMkuqlr1M/M/rxtq/7idMRLGmgiwO+TFHOkRZEWjIJCWazwzBRDKTFZExlphoU1fJlOAuf3mVtC5qrlNz7y8r9Zu8jiIcwwlUwYUrqMMdNKAJBKbwDK/wZqXWi/VufSxGC1a+cwR/YH3+AHixlAw=</latexit><latexit sha1_base64="mU8KseuOwMflhaEfhBb2a/JZhAw=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBahIpREBF0W3bisYB/Q1jKZTtqhk0mYmUhLyK+4caGIW3/EnX/jpM1CWw8MHM65l3vmeBFnSjvOt1VYW9/Y3Cpul3Z29/YP7MNyS4WxJLRJQh7KjocV5UzQpmaa004kKQ48Ttve5Dbz209UKhaKBz2LaD/AI8F8RrA20sAu9wKsx56fTNPHpMrP3bN0YFecmjMHWiVuTiqQozGwv3rDkMQBFZpwrFTXdSLdT7DUjHCalnqxohEmEzyiXUMFDqjqJ/PsKTo1yhD5oTRPaDRXf28kOFBqFnhmMkuqlr1M/M/rxtq/7idMRLGmgiwO+TFHOkRZEWjIJCWazwzBRDKTFZExlphoU1fJlOAuf3mVtC5qrlNz7y8r9Zu8jiIcwwlUwYUrqMMdNKAJBKbwDK/wZqXWi/VufSxGC1a+cwR/YH3+AHixlAw=</latexit><latexit sha1_base64="mU8KseuOwMflhaEfhBb2a/JZhAw=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBahIpREBF0W3bisYB/Q1jKZTtqhk0mYmUhLyK+4caGIW3/EnX/jpM1CWw8MHM65l3vmeBFnSjvOt1VYW9/Y3Cpul3Z29/YP7MNyS4WxJLRJQh7KjocV5UzQpmaa004kKQ48Ttve5Dbz209UKhaKBz2LaD/AI8F8RrA20sAu9wKsx56fTNPHpMrP3bN0YFecmjMHWiVuTiqQozGwv3rDkMQBFZpwrFTXdSLdT7DUjHCalnqxohEmEzyiXUMFDqjqJ/PsKTo1yhD5oTRPaDRXf28kOFBqFnhmMkuqlr1M/M/rxtq/7idMRLGmgiwO+TFHOkRZEWjIJCWazwzBRDKTFZExlphoU1fJlOAuf3mVtC5qrlNz7y8r9Zu8jiIcwwlUwYUrqMMdNKAJBKbwDK/wZqXWi/VufSxGC1a+cwR/YH3+AHixlAw=</latexit>

… …
W1

<latexit sha1_base64="ULVvVePFmvgO9Tgbb0e+uacsitA=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclUQEXRbduKxgH9CEMplO2qGTSZi5EUrob7hxoYhbf8adf+OkzUJbDwwczrmXe+aEqRQGXffbWVvf2NzaruxUd/f2Dw5rR8cdk2Sa8TZLZKJ7ITVcCsXbKFDyXqo5jUPJu+HkrvC7T1wbkahHnKY8iOlIiUgwilby/ZjiOIzy7mzgDWp1t+HOQVaJV5I6lGgNal/+MGFZzBUySY3pe26KQU41Cib5rOpnhqeUTeiI9y1VNOYmyOeZZ+TcKkMSJdo+hWSu/t7IaWzMNA7tZJHRLHuF+J/XzzC6CXKh0gy5YotDUSYJJqQogAyF5gzl1BLKtLBZCRtTTRnamqq2BG/5y6ukc9nw3Ib3cFVv3pZ1VOAUzuACPLiGJtxDC9rAIIVneIU3J3NenHfnYzG65pQ7J/AHzucP9+qRnw==</latexit><latexit sha1_base64="ULVvVePFmvgO9Tgbb0e+uacsitA=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclUQEXRbduKxgH9CEMplO2qGTSZi5EUrob7hxoYhbf8adf+OkzUJbDwwczrmXe+aEqRQGXffbWVvf2NzaruxUd/f2Dw5rR8cdk2Sa8TZLZKJ7ITVcCsXbKFDyXqo5jUPJu+HkrvC7T1wbkahHnKY8iOlIiUgwilby/ZjiOIzy7mzgDWp1t+HOQVaJV5I6lGgNal/+MGFZzBUySY3pe26KQU41Cib5rOpnhqeUTeiI9y1VNOYmyOeZZ+TcKkMSJdo+hWSu/t7IaWzMNA7tZJHRLHuF+J/XzzC6CXKh0gy5YotDUSYJJqQogAyF5gzl1BLKtLBZCRtTTRnamqq2BG/5y6ukc9nw3Ib3cFVv3pZ1VOAUzuACPLiGJtxDC9rAIIVneIU3J3NenHfnYzG65pQ7J/AHzucP9+qRnw==</latexit><latexit sha1_base64="ULVvVePFmvgO9Tgbb0e+uacsitA=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclUQEXRbduKxgH9CEMplO2qGTSZi5EUrob7hxoYhbf8adf+OkzUJbDwwczrmXe+aEqRQGXffbWVvf2NzaruxUd/f2Dw5rR8cdk2Sa8TZLZKJ7ITVcCsXbKFDyXqo5jUPJu+HkrvC7T1wbkahHnKY8iOlIiUgwilby/ZjiOIzy7mzgDWp1t+HOQVaJV5I6lGgNal/+MGFZzBUySY3pe26KQU41Cib5rOpnhqeUTeiI9y1VNOYmyOeZZ+TcKkMSJdo+hWSu/t7IaWzMNA7tZJHRLHuF+J/XzzC6CXKh0gy5YotDUSYJJqQogAyF5gzl1BLKtLBZCRtTTRnamqq2BG/5y6ukc9nw3Ib3cFVv3pZ1VOAUzuACPLiGJtxDC9rAIIVneIU3J3NenHfnYzG65pQ7J/AHzucP9+qRnw==</latexit><latexit sha1_base64="ULVvVePFmvgO9Tgbb0e+uacsitA=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclUQEXRbduKxgH9CEMplO2qGTSZi5EUrob7hxoYhbf8adf+OkzUJbDwwczrmXe+aEqRQGXffbWVvf2NzaruxUd/f2Dw5rR8cdk2Sa8TZLZKJ7ITVcCsXbKFDyXqo5jUPJu+HkrvC7T1wbkahHnKY8iOlIiUgwilby/ZjiOIzy7mzgDWp1t+HOQVaJV5I6lGgNal/+MGFZzBUySY3pe26KQU41Cib5rOpnhqeUTeiI9y1VNOYmyOeZZ+TcKkMSJdo+hWSu/t7IaWzMNA7tZJHRLHuF+J/XzzC6CXKh0gy5YotDUSYJJqQogAyF5gzl1BLKtLBZCRtTTRnamqq2BG/5y6ukc9nw3Ib3cFVv3pZ1VOAUzuACPLiGJtxDC9rAIIVneIU3J3NenHfnYzG65pQ7J/AHzucP9+qRnw==</latexit>

WC(l+1)
<latexit sha1_base64="DMDLPDEFk0iwBx82bY9ansTfzEA=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm2ARKkJJRNBlsRuXFewD2hgm00k7dDIJMxOhxCz8FTcuFHHrb7jzb5y0WWj1wMDhnHu5Z44fMyqVbX8ZpaXlldW18nplY3Nre8fc3evIKBGYtHHEItHzkSSMctJWVDHSiwVBoc9I1580c797T4SkEb9V05i4IRpxGlCMlJY882AQIjX2g7SbeWnzLq2xU+ckyzyzatftGay/xClIFQq0PPNzMIxwEhKuMENS9h07Vm6KhKKYkawySCSJEZ6gEelrylFIpJvO8mfWsVaGVhAJ/biyZurPjRSFUk5DX0/maeWil4v/ef1EBZduSnmcKMLx/FCQMEtFVl6GNaSCYMWmmiAsqM5q4TESCCtdWUWX4Cx++S/pnNUdu+7cnFcbV0UdZTiEI6iBAxfQgGtoQRswPMATvMCr8Wg8G2/G+3y0ZBQ7+/ALxsc3ZdqVrQ==</latexit><latexit sha1_base64="DMDLPDEFk0iwBx82bY9ansTfzEA=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm2ARKkJJRNBlsRuXFewD2hgm00k7dDIJMxOhxCz8FTcuFHHrb7jzb5y0WWj1wMDhnHu5Z44fMyqVbX8ZpaXlldW18nplY3Nre8fc3evIKBGYtHHEItHzkSSMctJWVDHSiwVBoc9I1580c797T4SkEb9V05i4IRpxGlCMlJY882AQIjX2g7SbeWnzLq2xU+ckyzyzatftGay/xClIFQq0PPNzMIxwEhKuMENS9h07Vm6KhKKYkawySCSJEZ6gEelrylFIpJvO8mfWsVaGVhAJ/biyZurPjRSFUk5DX0/maeWil4v/ef1EBZduSnmcKMLx/FCQMEtFVl6GNaSCYMWmmiAsqM5q4TESCCtdWUWX4Cx++S/pnNUdu+7cnFcbV0UdZTiEI6iBAxfQgGtoQRswPMATvMCr8Wg8G2/G+3y0ZBQ7+/ALxsc3ZdqVrQ==</latexit><latexit sha1_base64="DMDLPDEFk0iwBx82bY9ansTfzEA=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm2ARKkJJRNBlsRuXFewD2hgm00k7dDIJMxOhxCz8FTcuFHHrb7jzb5y0WWj1wMDhnHu5Z44fMyqVbX8ZpaXlldW18nplY3Nre8fc3evIKBGYtHHEItHzkSSMctJWVDHSiwVBoc9I1580c797T4SkEb9V05i4IRpxGlCMlJY882AQIjX2g7SbeWnzLq2xU+ckyzyzatftGay/xClIFQq0PPNzMIxwEhKuMENS9h07Vm6KhKKYkawySCSJEZ6gEelrylFIpJvO8mfWsVaGVhAJ/biyZurPjRSFUk5DX0/maeWil4v/ef1EBZduSnmcKMLx/FCQMEtFVl6GNaSCYMWmmiAsqM5q4TESCCtdWUWX4Cx++S/pnNUdu+7cnFcbV0UdZTiEI6iBAxfQgGtoQRswPMATvMCr8Wg8G2/G+3y0ZBQ7+/ALxsc3ZdqVrQ==</latexit><latexit sha1_base64="DMDLPDEFk0iwBx82bY9ansTfzEA=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm2ARKkJJRNBlsRuXFewD2hgm00k7dDIJMxOhxCz8FTcuFHHrb7jzb5y0WWj1wMDhnHu5Z44fMyqVbX8ZpaXlldW18nplY3Nre8fc3evIKBGYtHHEItHzkSSMctJWVDHSiwVBoc9I1580c797T4SkEb9V05i4IRpxGlCMlJY882AQIjX2g7SbeWnzLq2xU+ckyzyzatftGay/xClIFQq0PPNzMIxwEhKuMENS9h07Vm6KhKKYkawySCSJEZ6gEelrylFIpJvO8mfWsVaGVhAJ/biyZurPjRSFUk5DX0/maeWil4v/ef1EBZduSnmcKMLx/FCQMEtFVl6GNaSCYMWmmiAsqM5q4TESCCtdWUWX4Cx++S/pnNUdu+7cnFcbV0UdZTiEI6iBAxfQgGtoQRswPMATvMCr8Wg8G2/G+3y0ZBQ7+/ALxsc3ZdqVrQ==</latexit>

…

41 Source: Isola, Torralba, Freeman



“Fish”Classifier

Image classification

image x label y

Conv ReLU Conv ReLU Conv ReLU

42 Source: Isola, Torralba, Freeman

Problems with this idea: 
1. No “global” processing.  
2. How do you get the final label?



w
<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

Pooling

Filter

z

Pool

y
<latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit>

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit>

g(y)
1

<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

b
<latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit>

zk = max
j2N (j)

g(yj)

Max pooling

max
<latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit><latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit><latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit><latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit>

43 Source: Isola, Torralba, Freeman



zk = max
j2N (j)

g(yj)

Max pooling

w
<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

Pooling

Filter

z

Pool

y
<latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit>

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit>

g(y)
1

<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

b
<latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit>

⌃
<latexit sha1_base64="xl6gt5zesTVLaQIKxfcD+hK+ntk=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmgckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+mfntJ6oNU/LBThIaCjyULGYEWye1evdsKHC/XPGr/hxolQQ5qUCORr/81RsokgoqLeHYmG7gJzbMsLaMcDot9VJDE0zGeEi7jkosqAmz+bVTdOaUAYqVdiUtmqu/JzIsjJmIyHUKbEdm2ZuJ/3nd1MZXYcZkkloqyWJRnHJkFZq9jgZMU2L5xBFMNHO3IjLCGhPrAiq5EILll1dJ66Ia+NXg7rJSv87jKMIJnMI5BFCDOtxCA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPa1+PAw==</latexit><latexit sha1_base64="xl6gt5zesTVLaQIKxfcD+hK+ntk=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmgckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+mfntJ6oNU/LBThIaCjyULGYEWye1evdsKHC/XPGr/hxolQQ5qUCORr/81RsokgoqLeHYmG7gJzbMsLaMcDot9VJDE0zGeEi7jkosqAmz+bVTdOaUAYqVdiUtmqu/JzIsjJmIyHUKbEdm2ZuJ/3nd1MZXYcZkkloqyWJRnHJkFZq9jgZMU2L5xBFMNHO3IjLCGhPrAiq5EILll1dJ66Ia+NXg7rJSv87jKMIJnMI5BFCDOtxCA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPa1+PAw==</latexit><latexit sha1_base64="xl6gt5zesTVLaQIKxfcD+hK+ntk=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmgckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+mfntJ6oNU/LBThIaCjyULGYEWye1evdsKHC/XPGr/hxolQQ5qUCORr/81RsokgoqLeHYmG7gJzbMsLaMcDot9VJDE0zGeEi7jkosqAmz+bVTdOaUAYqVdiUtmqu/JzIsjJmIyHUKbEdm2ZuJ/3nd1MZXYcZkkloqyWJRnHJkFZq9jgZMU2L5xBFMNHO3IjLCGhPrAiq5EILll1dJ66Ia+NXg7rJSv87jKMIJnMI5BFCDOtxCA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPa1+PAw==</latexit><latexit sha1_base64="xl6gt5zesTVLaQIKxfcD+hK+ntk=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmgckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+mfntJ6oNU/LBThIaCjyULGYEWye1evdsKHC/XPGr/hxolQQ5qUCORr/81RsokgoqLeHYmG7gJzbMsLaMcDot9VJDE0zGeEi7jkosqAmz+bVTdOaUAYqVdiUtmqu/JzIsjJmIyHUKbEdm2ZuJ/3nd1MZXYcZkkloqyWJRnHJkFZq9jgZMU2L5xBFMNHO3IjLCGhPrAiq5EILll1dJ66Ia+NXg7rJSv87jKMIJnMI5BFCDOtxCA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPa1+PAw==</latexit>

44 Adapted from: Isola, Torralba, Freeman

Blurring [Zhang 2019]

zk =
1

|N |
X

j2N (j)

g(yj)

<latexit sha1_base64="s8saY3SvX3hrMaUhfq7cKJlIcWA="></latexit><latexit sha1_base64="s8saY3SvX3hrMaUhfq7cKJlIcWA="></latexit><latexit sha1_base64="s8saY3SvX3hrMaUhfq7cKJlIcWA="></latexit><latexit sha1_base64="s8saY3SvX3hrMaUhfq7cKJlIcWA="></latexit>

Mean pooling

<latexit sha1_base64="YDZ2OuixOIp+z9sujKXn1EjBMFc="></latexit>

z = conv(y,

2

4
1 2 1
2 4 2
1 2 1

3

5)

<latexit sha1_base64="YDZ2OuixOIp+z9sujKXn1EjBMFc="></latexit>

z = conv(y,

2

4
1 2 1
2 4 2
1 2 1

3

5)
<latexit sha1_base64="QdZjWdSOIikczswCVkwF04CGep8=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQtlsN+3SzWbZ3Qgl5G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5oeRMG9f9dkobm1vbO+Xdyt7+weFR9fikq5NUEdohCU9UP8SaciZoxzDDaV8qiuOQ0144vZv7vSeqNEvEo5lJGsR4LFjECDZW8v1IYZJ5eeY182G15tbdBdA68QpSgwLtYfXLHyUkjakwhGOtB54rTZBhZRjhNK/4qaYSkyke04GlAsdUB9ni5hxdWGWEokTZEgYt1N8TGY61nsWh7YyxmehVby7+5w1SE90EGRMyNVSQ5aIo5cgkaB4AGjFFieEzSzBRzN6KyATbGIyNqWJD8FZfXifdq7rXrDceGrXWbRFHGc7gHC7Bg2towT20oQMEJDzDK7w5qfPivDsfy9aSU8ycwh84nz+1fJF7</latexit>

1

16



Pooling — Why?

Pooling across spatial locations achieves 
stability w.r.t. small translations:

max
<latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit><latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit><latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit><latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit>

45
Source: Isola, Torralba, Freeman



Pooling — Why?

Pooling across spatial locations achieves 
stability w.r.t. small translations:

max
<latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit><latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit><latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit><latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit>

same large response 
regardless of exact 
position of edge
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Source: Isola, Torralba, Freeman



Pooling — Why?

Pooling across spatial locations achieves 
stability w.r.t. small translations:

max
<latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit><latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit><latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit><latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit>
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Source: Isola, Torralba, Freeman

however, if the 
image is translated a 
lot…



Downsampling

w
<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

z

Filter Pool

y
<latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit>

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit>

g(y)
1

<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

b
<latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit>

and downsample

48
Source: Isola, Torralba, Freeman



Downsampling

w
<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

z

Filter Downsample

y
<latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit>

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit>

g(y)
1

<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

b
<latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit>

RH
(l)⇥W

(l)⇥C
(l)

! RH
(l+1)⇥W

(l+1)⇥C
(l+1)

<latexit sha1_base64="ow9J5LgQe3qVeht/35IDkQ/P448="></latexit><latexit sha1_base64="ow9J5LgQe3qVeht/35IDkQ/P448="></latexit><latexit sha1_base64="ow9J5LgQe3qVeht/35IDkQ/P448="></latexit><latexit sha1_base64="ow9J5LgQe3qVeht/35IDkQ/P448="></latexit>

49
Source: Isola, Torralba, Freeman



w
<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

Conv layer

y
<latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit><latexit sha1_base64="wmQTi+CiSNXY0OM6Rdab2EC57Yw=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UHrSyeafgjMueB3cKeTKtUitn7XvtkMYBCk05KNVwnUg3E5CaUY7DjBcrjID2oYsNgwICVM1kPOnQPjBK2+6E0hyh7bH680YCgVKDwDfOAHRPzfZG4l+9Rqw7582EiSjWKOjko07MbR3ao7XtNpNINR8YACqZmdWmPZBAtQknk/Gu0Cwj8cY8fBuhBB3Ko8QD2Q3gYWiW63rHI/rPyMS30ZDJ1Z1NcR6qJwXXKbjl03zxYppwmuySPXJIXHJGiuSalEiFUILkkTyRZ+vFerPerY+JNWVN7+yQX2V9fgGeHq3A</latexit>

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit>

g(y)

Strided operations

Stride 2

Strided operations combine a 
given operation (convolution or 
pooling) and downsampling 
into a single operation. 

Strided convolution is an 
alternative to pooling layers: 
just do a strided convolution!

50 Source: Isola, Torralba, Freeman



Strided operations (2D)

Source: Foundations of Computer Vision. Torralba, Isola, Freeman
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i

Convolutional Neural Nets 339

1. How many parameters does each filter have? (A) 9, (B) 27, (C) 96, (D) 864
2. How many filters are in the filter bank? (A) 3, (B) 27, (C) 96, (D) can’t say

The answers are given in the footnote.1

24.2.2 Strided Convolution
Convolutional layers, as defined previously, maintain the spatial resolution of the signal
they process. However, commonly it is sufficient, or even desirable, to output a lower
resolution. This can be achieved with strided convolution:

Here and below, we define
operations for the simplest
case of convolution of a
single square filter with a
single channel 2D signal.
All these operations can
be straightforwardly
extended for the
multichannel in,
multichannel out case, and
for ND signals, and for
non-square kernels. We
leave it as an exercise for
the reader to write out
these variations as needed.

xout[n, m] = b +
KX

k1,k2=–K

w[k1, k2]xin[snn – k1, smm – k2] / conv (strided) (24.7)

where sn and sm are the strides in the vertical and horizontal directions, respectively. Com-
monly we use the same stride sn = sm = s. A convolution layer with these strides performs a
mapping RM⇥N ! RN/sn⇥M/sm . In order to make this mapping well-defined, we require that
N or M are divisible by sn and sm, respectively; if they are not, we may may pad (or crop)
the input until they are.

Strided convolution looks like this (figure 24.7):

w

filter

?

xin

stride

w

w

w · · ·

...

. . .

=

xout

Figure 24.7: Strided
convolution.

Strided convolutions can significantly reduce the computational cost and memory
requirements when a neural network is large. However, strided convolution can decrease
the quality of the convolution. Let’s look at one concrete example where the kernel is the
2D Laplacian:

w =

2

4
0 –1 0

–1 4 –1
0 –1 0

3

5 (24.8)

As we saw in chapter 18, this filter detects boundaries on images. Figure 24.8 shows an
input image, and the result of strided convolution with the Laplacian kernel with strides 1,
2, and 4. The second row shows the magnitude of the discrete Fourier transforms (DFT).

The result with stride 1 looks fine, and it is the output we would expect. However, stride
2 starts showing some artifacts on the boundaries, and stride 4 shows very severe artifacts,
with some boundaries disappearing. The DFTs make the artifacts more obvious. In the

1. The answers are 1-B, 2-C.



“clown fish”

Filte
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ReLU

Downsample

…

Classi
fy

Computation in a neural net

f(x) = fL(. . . f2(f1(x)))
52 Source: Isola, Torralba, Freeman



“clown fish”
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Computation in a neural net

f(x) = fL(. . . f2(f1(x)))
53 Source: Isola, Torralba, Freeman



Receptive fields

54
Source: Isola, Torralba, Freeman



Receptive fields
3x1 Filter Pool and 

downsample by 2

RF = RF + floor(3/2)*2

kernel size

RF = RF*2

scale factor

Pool and 
downsample by 2

RF = RF*2

55 Source: Isola, Torralba, Freeman[See also: http://fomoro.com/tools/receptive-fields/index.html]

http://fomoro.com/tools/receptive-fields/index.html


ResNet [He et al, 2016]

Main developments 

•Increased depth possible 
through residual blocks

2016: ResNet 
>100 conv. layers

Error: 3.6%
Source: Isola, Torralba, Freeman56



Idea: Make it easy to represent for the network to implement the identity.

Residual Blocks

57

x = max(0, conv(max(0, conv(x, F1)), F2) + x)

x = relu(conv(x, f) + x)
x = relu(conv(x, f))

x = max(0, conv(max(0, conv(x, F1)), F2) + x)

Problem: Hard to train very deep nets (50+ layers). This is an optimization issue, not 
overfitting: shallow models often get higher training accuracy than deep ones!

Residual connection

xi+1 = relu((xi � f) + xi)
<latexit sha1_base64="7VEOdJgzfgSgj3Zh+d8w2AaFSvM=">AAACKHicbVDLSgMxFM3UV62vUZdugkVoKZQZFXQjFN24rGAf0JYhk2ba0CQzJBlpGeYv/Ao/wa1+gDvpVn/EtJ2Fth4InHvOvdyb40eMKu04Uyu3tr6xuZXfLuzs7u0f2IdHTRXGEpMGDlko2z5ShFFBGppqRtqRJIj7jLT80d3Mbz0RqWgoHvUkIj2OBoIGFCNtJM+ujr2EVtwU3sCky5EeSp5IwuI0LZXGHoVdTCWGQRlWoCnLnl10qs4ccJW4GSmCDHXP/u72QxxzIjRmSKmO60S6lyCpKWYkLXRjRSKER2hAOoYKxInqJfN/pfDMKH0YhNI8oeFc/T2RIK7UhPumc3a6WvZm4r+e7/Ol1Tq47iVURLEmAi82BzGDOoSz1GCfSoI1mxiCsKTmeIiHSCKsTbYFk4q7nMEqaZ5X3Yuq83BZrN1m+eTBCTgFJeCCK1AD96AOGgCDZ/AK3sC79WJ9WJ/WdNGas7KZY/AH1tcPkd6lVQ==</latexit>

Normal convolution + relu:

xi+1 = relu(xi � f)
<latexit sha1_base64="Am5ZnMnlCMcTBQc0Up/6nSIC5jc=">AAACIHicbVDLSsNAFJ3UV62vqEs3g0WpCCVRQTdC0Y3LCvYBTQiT6aQdOpOEmYm0hPyBX+EnuNUPcCcudeuPOGmz0OqBC4dz7uXee/yYUaks68MoLSwuLa+UVytr6xubW+b2TltGicCkhSMWia6PJGE0JC1FFSPdWBDEfUY6/ug69zv3REgahXdqEhOXo0FIA4qR0pJnHo69lB7bGbyEqcORGgqeCsKSLKuNPQodTAWGwZFnVq 26NQX8S+yCVEGBpmd+Of0IJ5yECjMkZc+2YuWmSCiKGckqTiJJjPAIDUhP0xBxIt10+k8GD7TSh0EkdIUKTtWfEyniUk64rzvzk+W8l4v/er7P51ar4MJNaRgnioR4tjlIGFQRzNOCfSoIVmyiCcKC6uMhHiKBsNKZVnQq9nwGf0n7pG6f1q3bs2rjqsinDPbAPqgBG5yDBrgBTdACGDyAJ/AMXoxH49V4M95nrSWjmNkFv2B8fgPQnaMJ</latexit>

More generally: do multiple convolutions (with nonlinearities) before summing:

xi+1 = relu(F(xi) + xi)
<latexit sha1_base64="Yf1vEYHL2ecHEZUsnzk/JvLWm6s=">AAACK3icbVDdSsMwGE3n35x/VS+9CQ5hMhitCnojDAXxcoL7ga2UNMu2sKQtSSobpc/hU/gI3uoDeKV4J76HadcL3TwQcnLO9/F9OV7IqFSW9W4UlpZXVteK66WNza3tHXN3ryWDSGDSxAELRMdDkjDqk6aiipFOKAjiHiNtb3yd+u0HIiQN/Hs1DYnD0dCnA4qR0pJr2hM3plU7gZcw7nGkRoLHgrAoSSrZEyMW3ySViUuPYR Wml2uWrZqVAS4SOydlkKPhml+9foAjTnyFGZKya1uhcmIkFMWMJKVeJEmI8BgNSVdTH3EinTj7WgKPtNKHg0Do4yuYqb87YsSlnHJPV6brynkvFf/1PI/PjVaDCyemfhgp4uPZ5EHEoApgGhzsU0GwYlNNEBZULw/xCAmElY63pFOx5zNYJK2Tmn1as+7OyvWrPJ8iOACHoAJscA7q4BY0QBNg8AiewQt4NZ6MN+PD+JyVFoy8Zx/8gfH9AyGmp0Q=</latexit>



Residual Blocks

Why do they work? 

•Gradients can propagate faster 
(via the identity mapping) 

• Within each block, only small 
residuals have to be learned

Source: Isola, Torralba, Freeman 58



• Standardize activations by subtracting mean and dividing 
by standard deviation (averaged over all spatial locations).

Normalization layers

• Obtains invariance to mean and variance.

• This provides a constant “interface” for later layers of the 
networks. Ensures that the previous layer will have unit 
variance and zero mean.

59

• Can allow you to train with larger learning rate and 
significantly speed up training!



Normalization layers

h
<latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit> ReLUNorm h+

<latexit sha1_base64="IaX/PorAm4cP8KitJkUKLau4/1E="></latexit><latexit sha1_base64="IaX/PorAm4cP8KitJkUKLau4/1E="></latexit><latexit sha1_base64="IaX/PorAm4cP8KitJkUKLau4/1E="></latexit><latexit sha1_base64="IaX/PorAm4cP8KitJkUKLau4/1E="></latexit>

ĥ
<latexit sha1_base64="H6c9LBdb+WUCr96ooh5WScs6L4M="></latexit><latexit sha1_base64="H6c9LBdb+WUCr96ooh5WScs6L4M="></latexit><latexit sha1_base64="H6c9LBdb+WUCr96ooh5WScs6L4M="></latexit><latexit sha1_base64="H6c9LBdb+WUCr96ooh5WScs6L4M="></latexit>

ĥk =
hk � E[hk]p

Var[hk]
<latexit sha1_base64="k/sO3kNZkWQ+EUepdr59/3mFsKI="></latexit><latexit sha1_base64="k/sO3kNZkWQ+EUepdr59/3mFsKI="></latexit><latexit sha1_base64="k/sO3kNZkWQ+EUepdr59/3mFsKI="></latexit><latexit sha1_base64="k/sO3kNZkWQ+EUepdr59/3mFsKI="></latexit>

E[hk]
<latexit sha1_base64="VxLnEIDOnggg4VwaMJXqftgjBRs="></latexit><latexit sha1_base64="VxLnEIDOnggg4VwaMJXqftgjBRs="></latexit><latexit sha1_base64="VxLnEIDOnggg4VwaMJXqftgjBRs="></latexit><latexit sha1_base64="VxLnEIDOnggg4VwaMJXqftgjBRs="></latexit>

Var[hk]
<latexit sha1_base64="wk8BF/z8gcvjuBPAobS//tPLkck="></latexit><latexit sha1_base64="wk8BF/z8gcvjuBPAobS//tPLkck="></latexit><latexit sha1_base64="wk8BF/z8gcvjuBPAobS//tPLkck="></latexit><latexit sha1_base64="wk8BF/z8gcvjuBPAobS//tPLkck="></latexit>

60
Source: Isola, Torralba, Freeman



Normalization layers

h
<latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit> ReLUNorm h+

<latexit sha1_base64="IaX/PorAm4cP8KitJkUKLau4/1E="></latexit><latexit sha1_base64="IaX/PorAm4cP8KitJkUKLau4/1E="></latexit><latexit sha1_base64="IaX/PorAm4cP8KitJkUKLau4/1E="></latexit><latexit sha1_base64="IaX/PorAm4cP8KitJkUKLau4/1E="></latexit>

ĥ
<latexit sha1_base64="H6c9LBdb+WUCr96ooh5WScs6L4M="></latexit><latexit sha1_base64="H6c9LBdb+WUCr96ooh5WScs6L4M="></latexit><latexit sha1_base64="H6c9LBdb+WUCr96ooh5WScs6L4M="></latexit><latexit sha1_base64="H6c9LBdb+WUCr96ooh5WScs6L4M="></latexit>

ĥk =
hk � E[hk]p

Var[hk]
<latexit sha1_base64="k/sO3kNZkWQ+EUepdr59/3mFsKI="></latexit><latexit sha1_base64="k/sO3kNZkWQ+EUepdr59/3mFsKI="></latexit><latexit sha1_base64="k/sO3kNZkWQ+EUepdr59/3mFsKI="></latexit><latexit sha1_base64="k/sO3kNZkWQ+EUepdr59/3mFsKI="></latexit>

61
Source: Isola, Torralba, Freeman



Normalization layers

h
<latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit> ReLUNorm h+

<latexit sha1_base64="IaX/PorAm4cP8KitJkUKLau4/1E="></latexit><latexit sha1_base64="IaX/PorAm4cP8KitJkUKLau4/1E="></latexit><latexit sha1_base64="IaX/PorAm4cP8KitJkUKLau4/1E="></latexit><latexit sha1_base64="IaX/PorAm4cP8KitJkUKLau4/1E="></latexit>

ĥ
<latexit sha1_base64="H6c9LBdb+WUCr96ooh5WScs6L4M="></latexit><latexit sha1_base64="H6c9LBdb+WUCr96ooh5WScs6L4M="></latexit><latexit sha1_base64="H6c9LBdb+WUCr96ooh5WScs6L4M="></latexit><latexit sha1_base64="H6c9LBdb+WUCr96ooh5WScs6L4M="></latexit>

ĥk =
hk � E[hk]p

Var[hk]
<latexit sha1_base64="k/sO3kNZkWQ+EUepdr59/3mFsKI="></latexit><latexit sha1_base64="k/sO3kNZkWQ+EUepdr59/3mFsKI="></latexit><latexit sha1_base64="k/sO3kNZkWQ+EUepdr59/3mFsKI="></latexit><latexit sha1_base64="k/sO3kNZkWQ+EUepdr59/3mFsKI="></latexit>

62
Source: Isola, Torralba, Freeman



Normalization layers

h
<latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit> ReLUNorm h+

<latexit sha1_base64="IaX/PorAm4cP8KitJkUKLau4/1E="></latexit><latexit sha1_base64="IaX/PorAm4cP8KitJkUKLau4/1E="></latexit><latexit sha1_base64="IaX/PorAm4cP8KitJkUKLau4/1E="></latexit><latexit sha1_base64="IaX/PorAm4cP8KitJkUKLau4/1E="></latexit>

ĥ
<latexit sha1_base64="H6c9LBdb+WUCr96ooh5WScs6L4M="></latexit><latexit sha1_base64="H6c9LBdb+WUCr96ooh5WScs6L4M="></latexit><latexit sha1_base64="H6c9LBdb+WUCr96ooh5WScs6L4M="></latexit><latexit sha1_base64="H6c9LBdb+WUCr96ooh5WScs6L4M="></latexit>

ĥk =
hk � E[hk]p

Var[hk]
<latexit sha1_base64="k/sO3kNZkWQ+EUepdr59/3mFsKI="></latexit><latexit sha1_base64="k/sO3kNZkWQ+EUepdr59/3mFsKI="></latexit><latexit sha1_base64="k/sO3kNZkWQ+EUepdr59/3mFsKI="></latexit><latexit sha1_base64="k/sO3kNZkWQ+EUepdr59/3mFsKI="></latexit>

63
Source: Isola, Torralba, Freeman



Network designs for generative models

64



Object recognition: what objects are in the image?

f
<latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit>

“Birds”

Source: Torralba, Freeman, Isola
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Predicting something at every pixel

f
<latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit>

(Colors represent categories)

General technique: predict something at every pixel!
Source: Torralba, Freeman, Isola
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Idea #1: Independently classify windows
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“Sky”f
<latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit>

“Sky”f
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“Bird”f
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“Bird”f
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What’s the object class of the center pixel?

Training data

n o
,

n o
,

n o
,

…

x

“Bird”

“Bird”

“Sky”

y
<latexit sha1_base64="vxBEnhzMsLfh3VlVCSTOZDBJ93o="></latexit><latexit sha1_base64="vxBEnhzMsLfh3VlVCSTOZDBJ93o="></latexit><latexit sha1_base64="vxBEnhzMsLfh3VlVCSTOZDBJ93o="></latexit><latexit sha1_base64="vxBEnhzMsLfh3VlVCSTOZDBJ93o="></latexit>

Source: Torralba, Freeman, Isola
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ReLU

Downsample

…
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Classification problem with  classesK

Idea #2: Fully convolutional networks



Encoder Decoder

Convolutions Deconvolutions

Source: Torralba, Freeman, Isola70

Idea #3: Encoder-decoder models



Upsampling

71

1 2

3 4

1 1 2 2
1 1 2 2
3 3 4 4
3 3 4 4

• Often using nearest-neighbor upsampling 
• Can also use interpolation. 
• Produces fewer “checkerboard” artifacts

Convolution



Transposed convolution
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1 1

2 3

1 2

3 4

• Weight the filter by the image coefficient and sum. 
• Also sometimes called “upconvolution” or “deconvolution”.

I F

1 2 0
3 4 0
0 0 0

0 1 2
0 3 4
0 0 0

0 0 0
2 4 0
6 8 0

0 0 0
0 3 6
0 9 12

+
1 3 2
5 14 10
6 17 12



Transposed convolution
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1 1

2 3

1 2

3 4

I F

[Odena et al. Distill article]
Can lead to “checkerboard” artifacts.

https://distill.pub/2016/deconv-checkerboard/


Encoder-decoder architectures

Encoder Decoder

Convolutions Deconvolutions

Skip connections

Source: Torralba, Freeman, Isola74



Encoder-decoder architectures
Transposed convolution

“Vanilla” encoder-decoder architecture

Early layers and late layers have 
same shape. Concatenate channel-wise!

U-Net

Figures from [Isola et al., “Image-to-Image Translation with Conditional Adversarial Networks”, 75



concat

U-net

…

W
2

×
H
2

W × H W × H

W
2

×
H
2



concat

concat

U-net

W
2

×
H
2

W × H W × H

W
2

×
H
2

…

W
4

×
H
4

W
4

×
H
4



Other uses for U-nets

78

+ =

Goal: recover the original image
Recall: denoising problem
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…

Denoising

Loss: ∥xclean − x̂∥2

=

xclean

+

random noise

x̂



Next class: variational autoencoders


