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Hash output: 
stored in a login DB
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Adversaries may run        many times 
(e.g. large-scale server attacks). F
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<latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit>

Hash output: 
stored in a login DBSalt/Pepper



Password Hashing

F
<latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit>

Password

Desirable goal: 
Make brute-force attacks hard by making        hard to compute over many hashes. F

<latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit>

Honest evaluators need 
only use         few times 

Adversaries may run        many times 
(e.g. large-scale server attacks). F

<latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit>

F
<latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit>

Hash output: 
stored in a login DBSalt/Pepper



Password Hashing

F
<latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit>

Password

Desirable goal: 
Make brute-force attacks hard by making        hard to compute over many hashes. F

<latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit>

Honest evaluators need 
only use         few times 

Adversaries may run        many times 
(e.g. large-scale server attacks). F

<latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit>

F
<latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit>

(Not implied by traditional hash function guarantees like collision-resistance.)

Hash output: 
stored in a login DBSalt/Pepper
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Honest Evaluator vs. Adversary
Honest Evaluator
• Few evaluations

• Total cost ≈ cost per evaluation
• Cannot amortize costs

• General-purpose hardware

Adversary
• Many evaluations 

• Total cost = cost of many evaluations
• Can use amortization / parallelization

• Special-purpose hardware
(e.g., ASICs optimized for hash computation) 

Desirable goal: 
Make brute-force attacks hard by making        hard to compute over many hashesF

<latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit>



Honest Evaluator vs. Adversary
Honest Evaluator
• Few evaluations

• Total cost ≈ cost per evaluation
• Cannot amortize costs

• General-purpose hardware

Adversary
• Many evaluations 

• Total cost = cost of many evaluations
• Can use amortization / parallelization

• Special-purpose hardware
(e.g., ASICs optimized for hash computation) 

Desirable goal: 
Make brute-force attacks hard by making        hard to compute over many hashes

even against adversaries with the advantages of hardware and scale.
F

<latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit>
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Memory Complexity Measures

• Several have been proposed
1. ST-Complexity
2. Cumulative Complexity
3. Sustained Space Complexity

• Each has their strengths and weaknesses

• Next: a quick overview of prior proposed measures
• Then we’ll get into our contributions

Memory doesn’t just 
mean buying a disk, it 

could mean renting 
storage space from 

AWS, etc.



ST-Complexity

• “ST” = “Space-Time” = max (peak) memory usage x time
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ST-Complexity

• Limitation: does not capture amortization

Honest evaluations 
(f & g have same ST-complexity) 

Multiple adversarial evaluations of g 

Not robust to 
amortization 

attacks!



Cumulative Memory Complexity (CC) [AS15]

• Goal: Solves amortization of cost issue for ST-complexity
• CC: Sum of the memory used over time

Memory Usage

Time

Cumulative Complexity



Cumulative Memory Complexity (CC) [AS15]

• Caveat: Could still result in different hardware costs (e.g. one time 
cost or cost varies with time)

Memory Usage

Time

Memory Usage

Time

Same CC but different cost i.e. cost is not uniform w.r.t. time 
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Memory Usage

Time

N space for T/2 time

N

T/2

Sustained Space Complexity (SSC) [ABP17]

• SSCN: Space usage ≥ N is sustained for a period of time

N

T/2

Inherently parameterized notion
(what’s the most informative N for a given situation?)

?

Sum of all memory 
(to some power) 

over total eval time: 
CC-alpha (look in 

paper!)



Memory-Hard Functions [AS15]

• Goal: Protection against large-scale password-cracking attacks
• Resilient against: special circuitry, parallel evaluation, amortization of cost 

over multiple evaluations

• Using memory instead of time [Percival 2009, ACPRT16]: A (data-dependent) 
function scrypt that needs a lot of memory to compute (not time)
• Advances in memory access times incremental
• Construction forces sequential evaluations
• Complexity measure (CC-complexity)  

✓ Special Circuitry 
✓ Parallelism
✓ Amortization



Memory-Hard Functions (MHFs)

• MHFs [AS15, AB16, AB17, ABP17, RD16]: Memory is generated dynamically at 
runtime given the input to the hash function (i.e. in RAM, not on disk)
• Existing constructions rely on combinatorial concept of pebbling a hard-to-

pebble graph “via” random oracle queries

• Caveats: Size of memory requirement is bounded by runtime needed by honest 
evaluator
• Honest evaluator needs to pebble the graph at runtime provided input to the 

function



Our Contributions

• Static-Memory-Hard Functions (SHFs)
• Definition
• Preliminaries for construction: 

graph pebbling & parallel random oracle model (PROM)
• New pebbling game useful for our constructions: black-magic pebble game

• Constructions
• CC-alpha

(new complexity measure capturing non-linear space/time tradeoffs)
• Optimal-CC construction in sequential setting (up to polylog factors)



Talk Outline

• Static-Memory-Hard Functions (SHFs)
• Definition
• Preliminaries for our constructions
• Graph pebbling & parallel random oracle model (PROM)

• New pebbling game useful for our constructions: black-magic pebble game
• Functions defined by DAGs

• Constructions
• CC-alpha

(new complexity measure capturing non-linear space/time tradeoffs)
• Optimal-CC construction in sequential setting (up to polylog factors)



Static-Memory-Hard Functions (SHFs)

• Goal: Account for static memory requirements
• Static (read-only, on-disk) memory requirements can serve as deterrent to 

large-scale attacks, but are not captured at all by existing MHF definitions.
• Static memory requirements may be much greater than dynamic memory 

requirements captured by MHF notions, because they could be >> runtime. 
• Two-part hash function: 
• Part 1 (setup phase):

One-time generation of value table (static generation of memory)
• Part 2 (online phase): 

Quick online lookups, given oracle access to the output of Part 1
(Low time complexity hash evaluation given input, for honest evaluator)
• Note: Part 1 is input-independent.

• Complementary & incomparable to standard MHF guarantee
• Ideally, want both! (“Dynamic-SHF” — will mention briefly later.)
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• (Parallel) random oracle model
• Syntax: 
• A static-memory hash function family

is described by deterministic oracle algorithms                   : 
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Static-Memory-Hard Functions (SHFs)

• (Parallel) random oracle model
• Syntax: 
• A static-memory hash function family

is described by deterministic oracle algorithms                   : 

(H2 computes the correct hash output on input x, 
and has oracle access to the output of H1)

(R is a “big string” or “lookup table” and
H1 is a succinct description of how to generate R)

One-time setup:

Online computation:

H1 is 
input-independent

models static (disk) memory access



Static-Memory-Hard Functions (SHFs)

• Adversary model: 2-part adversary
• A1 outputs a “big string” R’ (think of this as the adversary’s static memory)
• A2 tries to output correct pairs (x,h(x)) given oracle access to R’

Intuition: A2 shouldn’t be able to correctly guess more pairs than fit in R’

• Security guarantee (informal):                        -hardness 
Any adversary                 that produces ≥q correct input-output pairs of the 
hash function must either
• have A1 produce Λ-Δ static memory (i.e., |R’|≥ Λ-Δ)   or
• have A2 use Λ dynamic memory sustained over τ time-steps
⇒ requires runtime at least Λ. 
• Recall: Λ may be gigabytes & honest evaluator only requires a few oracle accesses to their 

“big string”, so this adversary’s runtime >> honest runtime of H2!
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Graph Pebbling and PROM

• Given a DAG, computation of the hash result follows from rules of our 
black-magic pebble game
• Computation in parallel model 

Magic pebbles placed 
anywhere at any time

Limited number M of pebbles

Once you’ve used one and 
delete it, it’s gone!
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Graph Pebbling and PROM

• Given a DAG, computation of the hash result follows from rules of our 
black-magic pebble game
• Computation in parallel model 

Complexity of Strategy = maximum 
number of pebbles on the graph at 
any time and total number of magic 

pebbles

Similar to the pebble game 
presented in [DFKP15].



Functions Defined by DAGs

• Function defined by DAG:
• Magic pebbles represent stored labels
• Label each node via recursive function where a black pebble represents 

computing a label:

labelO,⇣(v) =

(
O(v, ⇣) if indeg(v) = 0

O(v, labelO,⇣(pred(v))) if indeg(v) > 0.
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Black pebbles represent 
label computation

Magic pebbles 
represent stored 
labels (or equiv.)
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<latexit sha1_base64="ECcpylH27Ka84k2WF9KYUesiEPM="></latexit><latexit sha1_base64="ECcpylH27Ka84k2WF9KYUesiEPM="></latexit><latexit sha1_base64="ECcpylH27Ka84k2WF9KYUesiEPM="></latexit><latexit sha1_base64="ECcpylH27Ka84k2WF9KYUesiEPM="></latexit>

labelO,⇣(v)
<latexit sha1_base64="/gerw6ljbp6XUp8eTR4iq98X3WQ=">AAACD3icbVDJSgNBEO2JW4zbqEcvjUGJIGFGBD0GvXgzglkgCaGmU0ma9Cx09wTiMH/gxV/x4kERr169+Td2loMmPmh4/V4VVfW8SHClHefbyiwtr6yuZddzG5tb2zv27l5VhbFkWGGhCGXdA4WCB1jRXAusRxLB9wTWvMH12K8NUSoeBvd6FGHLh17Au5yBNlLbPm76oPvSTwR4KNJ2MvkzEMltekqbD6ghLQxP2nbeKToT0EXizkiezFBu21/NTshiHwPNBCjVcJ1ItxKQmjOBaa4ZK4yADaCHDUMD8FG1ksk9KT0ySod2Q2leoOlE/d2RgK/UyPdM5XhbNe+Nxf+8Rqy7l62EB1GsMWDTQd1YUB3ScTi0wyUyLUaGAJPc7EpZHyQwbSLMmRDc+ZMXSfWs6DpF9+48X7qaxZElB+SQFIhLLkiJ3JAyqRBGHskzeSVv1pP1Yr1bH9PSjDXr2Sd/YH3+AJ4+nPs=</latexit><latexit sha1_base64="/gerw6ljbp6XUp8eTR4iq98X3WQ=">AAACD3icbVDJSgNBEO2JW4zbqEcvjUGJIGFGBD0GvXgzglkgCaGmU0ma9Cx09wTiMH/gxV/x4kERr169+Td2loMmPmh4/V4VVfW8SHClHefbyiwtr6yuZddzG5tb2zv27l5VhbFkWGGhCGXdA4WCB1jRXAusRxLB9wTWvMH12K8NUSoeBvd6FGHLh17Au5yBNlLbPm76oPvSTwR4KNJ2MvkzEMltekqbD6ghLQxP2nbeKToT0EXizkiezFBu21/NTshiHwPNBCjVcJ1ItxKQmjOBaa4ZK4yADaCHDUMD8FG1ksk9KT0ySod2Q2leoOlE/d2RgK/UyPdM5XhbNe+Nxf+8Rqy7l62EB1GsMWDTQd1YUB3ScTi0wyUyLUaGAJPc7EpZHyQwbSLMmRDc+ZMXSfWs6DpF9+48X7qaxZElB+SQFIhLLkiJ3JAyqRBGHskzeSVv1pP1Yr1bH9PSjDXr2Sd/YH3+AJ4+nPs=</latexit><latexit sha1_base64="/gerw6ljbp6XUp8eTR4iq98X3WQ=">AAACD3icbVDJSgNBEO2JW4zbqEcvjUGJIGFGBD0GvXgzglkgCaGmU0ma9Cx09wTiMH/gxV/x4kERr169+Td2loMmPmh4/V4VVfW8SHClHefbyiwtr6yuZddzG5tb2zv27l5VhbFkWGGhCGXdA4WCB1jRXAusRxLB9wTWvMH12K8NUSoeBvd6FGHLh17Au5yBNlLbPm76oPvSTwR4KNJ2MvkzEMltekqbD6ghLQxP2nbeKToT0EXizkiezFBu21/NTshiHwPNBCjVcJ1ItxKQmjOBaa4ZK4yADaCHDUMD8FG1ksk9KT0ySod2Q2leoOlE/d2RgK/UyPdM5XhbNe+Nxf+8Rqy7l62EB1GsMWDTQd1YUB3ScTi0wyUyLUaGAJPc7EpZHyQwbSLMmRDc+ZMXSfWs6DpF9+48X7qaxZElB+SQFIhLLkiJ3JAyqRBGHskzeSVv1pP1Yr1bH9PSjDXr2Sd/YH3+AJ4+nPs=</latexit><latexit sha1_base64="/gerw6ljbp6XUp8eTR4iq98X3WQ=">AAACD3icbVDJSgNBEO2JW4zbqEcvjUGJIGFGBD0GvXgzglkgCaGmU0ma9Cx09wTiMH/gxV/x4kERr169+Td2loMmPmh4/V4VVfW8SHClHefbyiwtr6yuZddzG5tb2zv27l5VhbFkWGGhCGXdA4WCB1jRXAusRxLB9wTWvMH12K8NUSoeBvd6FGHLh17Au5yBNlLbPm76oPvSTwR4KNJ2MvkzEMltekqbD6ghLQxP2nbeKToT0EXizkiezFBu21/NTshiHwPNBCjVcJ1ItxKQmjOBaa4ZK4yADaCHDUMD8FG1ksk9KT0ySod2Q2leoOlE/d2RgK/UyPdM5XhbNe+Nxf+8Rqy7l62EB1GsMWDTQd1YUB3ScTi0wyUyLUaGAJPc7EpZHyQwbSLMmRDc+ZMXSfWs6DpF9+48X7qaxZElB+SQFIhLLkiJ3JAyqRBGHskzeSVv1pP1Yr1bH9PSjDXr2Sd/YH3+AJ4+nPs=</latexit>

Black pebbles represent 
label computation

Magic pebbles 
represent stored 
labels (or equiv.)

Memory complexity represented by max 
number of pebbles on the graph and 
total number of magic pebbles used 



Functions Defined by DAGs

• Function defined by DAG:
• Magic pebbles represent stored labels
• Label each node via recursive function where a black pebble represents 

computing a label:

labelO,⇣(v) =

(
O(v, ⇣) if indeg(v) = 0

O(v, labelO,⇣(pred(v))) if indeg(v) > 0.
<latexit sha1_base64="ECcpylH27Ka84k2WF9KYUesiEPM="></latexit><latexit sha1_base64="ECcpylH27Ka84k2WF9KYUesiEPM="></latexit><latexit sha1_base64="ECcpylH27Ka84k2WF9KYUesiEPM="></latexit><latexit sha1_base64="ECcpylH27Ka84k2WF9KYUesiEPM="></latexit>

labelO,⇣(v)
<latexit sha1_base64="/gerw6ljbp6XUp8eTR4iq98X3WQ=">AAACD3icbVDJSgNBEO2JW4zbqEcvjUGJIGFGBD0GvXgzglkgCaGmU0ma9Cx09wTiMH/gxV/x4kERr169+Td2loMmPmh4/V4VVfW8SHClHefbyiwtr6yuZddzG5tb2zv27l5VhbFkWGGhCGXdA4WCB1jRXAusRxLB9wTWvMH12K8NUSoeBvd6FGHLh17Au5yBNlLbPm76oPvSTwR4KNJ2MvkzEMltekqbD6ghLQxP2nbeKToT0EXizkiezFBu21/NTshiHwPNBCjVcJ1ItxKQmjOBaa4ZK4yADaCHDUMD8FG1ksk9KT0ySod2Q2leoOlE/d2RgK/UyPdM5XhbNe+Nxf+8Rqy7l62EB1GsMWDTQd1YUB3ScTi0wyUyLUaGAJPc7EpZHyQwbSLMmRDc+ZMXSfWs6DpF9+48X7qaxZElB+SQFIhLLkiJ3JAyqRBGHskzeSVv1pP1Yr1bH9PSjDXr2Sd/YH3+AJ4+nPs=</latexit><latexit sha1_base64="/gerw6ljbp6XUp8eTR4iq98X3WQ=">AAACD3icbVDJSgNBEO2JW4zbqEcvjUGJIGFGBD0GvXgzglkgCaGmU0ma9Cx09wTiMH/gxV/x4kERr169+Td2loMmPmh4/V4VVfW8SHClHefbyiwtr6yuZddzG5tb2zv27l5VhbFkWGGhCGXdA4WCB1jRXAusRxLB9wTWvMH12K8NUSoeBvd6FGHLh17Au5yBNlLbPm76oPvSTwR4KNJ2MvkzEMltekqbD6ghLQxP2nbeKToT0EXizkiezFBu21/NTshiHwPNBCjVcJ1ItxKQmjOBaa4ZK4yADaCHDUMD8FG1ksk9KT0ySod2Q2leoOlE/d2RgK/UyPdM5XhbNe+Nxf+8Rqy7l62EB1GsMWDTQd1YUB3ScTi0wyUyLUaGAJPc7EpZHyQwbSLMmRDc+ZMXSfWs6DpF9+48X7qaxZElB+SQFIhLLkiJ3JAyqRBGHskzeSVv1pP1Yr1bH9PSjDXr2Sd/YH3+AJ4+nPs=</latexit><latexit sha1_base64="/gerw6ljbp6XUp8eTR4iq98X3WQ=">AAACD3icbVDJSgNBEO2JW4zbqEcvjUGJIGFGBD0GvXgzglkgCaGmU0ma9Cx09wTiMH/gxV/x4kERr169+Td2loMmPmh4/V4VVfW8SHClHefbyiwtr6yuZddzG5tb2zv27l5VhbFkWGGhCGXdA4WCB1jRXAusRxLB9wTWvMH12K8NUSoeBvd6FGHLh17Au5yBNlLbPm76oPvSTwR4KNJ2MvkzEMltekqbD6ghLQxP2nbeKToT0EXizkiezFBu21/NTshiHwPNBCjVcJ1ItxKQmjOBaa4ZK4yADaCHDUMD8FG1ksk9KT0ySod2Q2leoOlE/d2RgK/UyPdM5XhbNe+Nxf+8Rqy7l62EB1GsMWDTQd1YUB3ScTi0wyUyLUaGAJPc7EpZHyQwbSLMmRDc+ZMXSfWs6DpF9+48X7qaxZElB+SQFIhLLkiJ3JAyqRBGHskzeSVv1pP1Yr1bH9PSjDXr2Sd/YH3+AJ4+nPs=</latexit><latexit sha1_base64="/gerw6ljbp6XUp8eTR4iq98X3WQ=">AAACD3icbVDJSgNBEO2JW4zbqEcvjUGJIGFGBD0GvXgzglkgCaGmU0ma9Cx09wTiMH/gxV/x4kERr169+Td2loMmPmh4/V4VVfW8SHClHefbyiwtr6yuZddzG5tb2zv27l5VhbFkWGGhCGXdA4WCB1jRXAusRxLB9wTWvMH12K8NUSoeBvd6FGHLh17Au5yBNlLbPm76oPvSTwR4KNJ2MvkzEMltekqbD6ghLQxP2nbeKToT0EXizkiezFBu21/NTshiHwPNBCjVcJ1ItxKQmjOBaa4ZK4yADaCHDUMD8FG1ksk9KT0ySod2Q2leoOlE/d2RgK/UyPdM5XhbNe+Nxf+8Rqy7l62EB1GsMWDTQd1YUB3ScTi0wyUyLUaGAJPc7EpZHyQwbSLMmRDc+ZMXSfWs6DpF9+48X7qaxZElB+SQFIhLLkiJ3JAyqRBGHskzeSVv1pP1Yr1bH9PSjDXr2Sd/YH3+AJ4+nPs=</latexit>

Black pebbles represent 
label computation

Magic pebbles 
represent stored 
labels (or equiv.)

Memory complexity represented by max 
number of pebbles on the graph and 
total number of magic pebbles used 

Target nodes -> R



Static-Memory-Hard Function Definition

• (      ,       ):        computes static table of values via black-magic pebble game
• One-time set-up computation

• queries for values in table provided hash function input
• Many queries over entire period of use

• construction:
• On input      and given oracle access to                where       is the string output 

from 

H1
<latexit sha1_base64="b0+pGNZN9Xd+K/ea1cDNYpaOQ50=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy4r2Ae0Q8mkt21oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJfea3p6g0j+SjmcXoh3Qk+ZAzaqzk90JqxoyKtD7ve/1yxa26C5B14uWkAjka/fJXbxCxJERpmKBadz03Nn5KleFM4LzUSzTGlE3oCLuWShqi9tNF6Dm5sMqADCNlnzRkof7eSGmo9SwM7GQWUq96mfif103M8NZPuYwTg5ItDw0TQUxEsgbIgCtkRswsoUxxm5WwMVWUGdtTyZbgrX55nbSuqp5b9R6uK7W7vI4inME5XIIHN1CDOjSgCQye4Ble4c2ZOi/Ou/OxHC04+c4p/IHz+QOofZIC</latexit><latexit sha1_base64="b0+pGNZN9Xd+K/ea1cDNYpaOQ50=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy4r2Ae0Q8mkt21oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJfea3p6g0j+SjmcXoh3Qk+ZAzaqzk90JqxoyKtD7ve/1yxa26C5B14uWkAjka/fJXbxCxJERpmKBadz03Nn5KleFM4LzUSzTGlE3oCLuWShqi9tNF6Dm5sMqADCNlnzRkof7eSGmo9SwM7GQWUq96mfif103M8NZPuYwTg5ItDw0TQUxEsgbIgCtkRswsoUxxm5WwMVWUGdtTyZbgrX55nbSuqp5b9R6uK7W7vI4inME5XIIHN1CDOjSgCQye4Ble4c2ZOi/Ou/OxHC04+c4p/IHz+QOofZIC</latexit><latexit sha1_base64="b0+pGNZN9Xd+K/ea1cDNYpaOQ50=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy4r2Ae0Q8mkt21oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJfea3p6g0j+SjmcXoh3Qk+ZAzaqzk90JqxoyKtD7ve/1yxa26C5B14uWkAjka/fJXbxCxJERpmKBadz03Nn5KleFM4LzUSzTGlE3oCLuWShqi9tNF6Dm5sMqADCNlnzRkof7eSGmo9SwM7GQWUq96mfif103M8NZPuYwTg5ItDw0TQUxEsgbIgCtkRswsoUxxm5WwMVWUGdtTyZbgrX55nbSuqp5b9R6uK7W7vI4inME5XIIHN1CDOjSgCQye4Ble4c2ZOi/Ou/OxHC04+c4p/IHz+QOofZIC</latexit><latexit sha1_base64="b0+pGNZN9Xd+K/ea1cDNYpaOQ50=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy4r2Ae0Q8mkt21oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJfea3p6g0j+SjmcXoh3Qk+ZAzaqzk90JqxoyKtD7ve/1yxa26C5B14uWkAjka/fJXbxCxJERpmKBadz03Nn5KleFM4LzUSzTGlE3oCLuWShqi9tNF6Dm5sMqADCNlnzRkof7eSGmo9SwM7GQWUq96mfif103M8NZPuYwTg5ItDw0TQUxEsgbIgCtkRswsoUxxm5WwMVWUGdtTyZbgrX55nbSuqp5b9R6uK7W7vI4inME5XIIHN1CDOjSgCQye4Ble4c2ZOi/Ou/OxHC04+c4p/IHz+QOofZIC</latexit>

H2
<latexit sha1_base64="EQzJ3s9SZyx7ZO4QsHYnlag25wU=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZki6LLopssK9gHtUO6kmTY0kxmTTKEM/Q43LhRx68e4829M21lo64HA4Zx7uScnSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2M7+d+e8KU5rF8NNOE+REOJQ85RWMlvxehGVEUWX3Wr/ZLZbfiLkDWiZeTMuRo9EtfvUFM04hJQwVq3fXcxPgZKsOpYLNiL9UsQTrGIetaKjFi2s8WoWfk0ioDEsbKPmnIQv29kWGk9TQK7OQ8pF715uJ/Xjc14a2fcZmkhkm6PBSmgpiYzBsgA64YNWJqCVLFbVZCR6iQGttT0ZbgrX55nbSqFc+teA/X5dpdXkcBzuECrsCDG6hBHRrQBApP8Ayv8OZMnBfn3flYjm44+c4Z/IHz+QOqAZID</latexit><latexit sha1_base64="EQzJ3s9SZyx7ZO4QsHYnlag25wU=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZki6LLopssK9gHtUO6kmTY0kxmTTKEM/Q43LhRx68e4829M21lo64HA4Zx7uScnSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2M7+d+e8KU5rF8NNOE+REOJQ85RWMlvxehGVEUWX3Wr/ZLZbfiLkDWiZeTMuRo9EtfvUFM04hJQwVq3fXcxPgZKsOpYLNiL9UsQTrGIetaKjFi2s8WoWfk0ioDEsbKPmnIQv29kWGk9TQK7OQ8pF715uJ/Xjc14a2fcZmkhkm6PBSmgpiYzBsgA64YNWJqCVLFbVZCR6iQGttT0ZbgrX55nbSqFc+teA/X5dpdXkcBzuECrsCDG6hBHRrQBApP8Ayv8OZMnBfn3flYjm44+c4Z/IHz+QOqAZID</latexit><latexit sha1_base64="EQzJ3s9SZyx7ZO4QsHYnlag25wU=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZki6LLopssK9gHtUO6kmTY0kxmTTKEM/Q43LhRx68e4829M21lo64HA4Zx7uScnSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2M7+d+e8KU5rF8NNOE+REOJQ85RWMlvxehGVEUWX3Wr/ZLZbfiLkDWiZeTMuRo9EtfvUFM04hJQwVq3fXcxPgZKsOpYLNiL9UsQTrGIetaKjFi2s8WoWfk0ioDEsbKPmnIQv29kWGk9TQK7OQ8pF715uJ/Xjc14a2fcZmkhkm6PBSmgpiYzBsgA64YNWJqCVLFbVZCR6iQGttT0ZbgrX55nbSqFc+teA/X5dpdXkcBzuECrsCDG6hBHRrQBApP8Ayv8OZMnBfn3flYjm44+c4Z/IHz+QOqAZID</latexit><latexit sha1_base64="EQzJ3s9SZyx7ZO4QsHYnlag25wU=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZki6LLopssK9gHtUO6kmTY0kxmTTKEM/Q43LhRx68e4829M21lo64HA4Zx7uScnSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2M7+d+e8KU5rF8NNOE+REOJQ85RWMlvxehGVEUWX3Wr/ZLZbfiLkDWiZeTMuRo9EtfvUFM04hJQwVq3fXcxPgZKsOpYLNiL9UsQTrGIetaKjFi2s8WoWfk0ioDEsbKPmnIQv29kWGk9TQK7OQ8pF715uJ/Xjc14a2fcZmkhkm6PBSmgpiYzBsgA64YNWJqCVLFbVZCR6iQGttT0ZbgrX55nbSqFc+teA/X5dpdXkcBzuECrsCDG6hBHRrQBApP8Ayv8OZMnBfn3flYjm44+c4Z/IHz+QOqAZID</latexit>

H1
<latexit sha1_base64="b0+pGNZN9Xd+K/ea1cDNYpaOQ50=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy4r2Ae0Q8mkt21oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJfea3p6g0j+SjmcXoh3Qk+ZAzaqzk90JqxoyKtD7ve/1yxa26C5B14uWkAjka/fJXbxCxJERpmKBadz03Nn5KleFM4LzUSzTGlE3oCLuWShqi9tNF6Dm5sMqADCNlnzRkof7eSGmo9SwM7GQWUq96mfif103M8NZPuYwTg5ItDw0TQUxEsgbIgCtkRswsoUxxm5WwMVWUGdtTyZbgrX55nbSuqp5b9R6uK7W7vI4inME5XIIHN1CDOjSgCQye4Ble4c2ZOi/Ou/OxHC04+c4p/IHz+QOofZIC</latexit><latexit sha1_base64="b0+pGNZN9Xd+K/ea1cDNYpaOQ50=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy4r2Ae0Q8mkt21oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJfea3p6g0j+SjmcXoh3Qk+ZAzaqzk90JqxoyKtD7ve/1yxa26C5B14uWkAjka/fJXbxCxJERpmKBadz03Nn5KleFM4LzUSzTGlE3oCLuWShqi9tNF6Dm5sMqADCNlnzRkof7eSGmo9SwM7GQWUq96mfif103M8NZPuYwTg5ItDw0TQUxEsgbIgCtkRswsoUxxm5WwMVWUGdtTyZbgrX55nbSuqp5b9R6uK7W7vI4inME5XIIHN1CDOjSgCQye4Ble4c2ZOi/Ou/OxHC04+c4p/IHz+QOofZIC</latexit><latexit sha1_base64="b0+pGNZN9Xd+K/ea1cDNYpaOQ50=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy4r2Ae0Q8mkt21oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJfea3p6g0j+SjmcXoh3Qk+ZAzaqzk90JqxoyKtD7ve/1yxa26C5B14uWkAjka/fJXbxCxJERpmKBadz03Nn5KleFM4LzUSzTGlE3oCLuWShqi9tNF6Dm5sMqADCNlnzRkof7eSGmo9SwM7GQWUq96mfif103M8NZPuYwTg5ItDw0TQUxEsgbIgCtkRswsoUxxm5WwMVWUGdtTyZbgrX55nbSuqp5b9R6uK7W7vI4inME5XIIHN1CDOjSgCQye4Ble4c2ZOi/Ou/OxHC04+c4p/IHz+QOofZIC</latexit><latexit sha1_base64="b0+pGNZN9Xd+K/ea1cDNYpaOQ50=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy4r2Ae0Q8mkt21oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJfea3p6g0j+SjmcXoh3Qk+ZAzaqzk90JqxoyKtD7ve/1yxa26C5B14uWkAjka/fJXbxCxJERpmKBadz03Nn5KleFM4LzUSzTGlE3oCLuWShqi9tNF6Dm5sMqADCNlnzRkof7eSGmo9SwM7GQWUq96mfif103M8NZPuYwTg5ItDw0TQUxEsgbIgCtkRswsoUxxm5WwMVWUGdtTyZbgrX55nbSuqp5b9R6uK7W7vI4inME5XIIHN1CDOjSgCQye4Ble4c2ZOi/Ou/OxHC04+c4p/IHz+QOofZIC</latexit>

H2
<latexit sha1_base64="EQzJ3s9SZyx7ZO4QsHYnlag25wU=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZki6LLopssK9gHtUO6kmTY0kxmTTKEM/Q43LhRx68e4829M21lo64HA4Zx7uScnSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2M7+d+e8KU5rF8NNOE+REOJQ85RWMlvxehGVEUWX3Wr/ZLZbfiLkDWiZeTMuRo9EtfvUFM04hJQwVq3fXcxPgZKsOpYLNiL9UsQTrGIetaKjFi2s8WoWfk0ioDEsbKPmnIQv29kWGk9TQK7OQ8pF715uJ/Xjc14a2fcZmkhkm6PBSmgpiYzBsgA64YNWJqCVLFbVZCR6iQGttT0ZbgrX55nbSqFc+teA/X5dpdXkcBzuECrsCDG6hBHRrQBApP8Ayv8OZMnBfn3flYjm44+c4Z/IHz+QOqAZID</latexit><latexit sha1_base64="EQzJ3s9SZyx7ZO4QsHYnlag25wU=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZki6LLopssK9gHtUO6kmTY0kxmTTKEM/Q43LhRx68e4829M21lo64HA4Zx7uScnSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2M7+d+e8KU5rF8NNOE+REOJQ85RWMlvxehGVEUWX3Wr/ZLZbfiLkDWiZeTMuRo9EtfvUFM04hJQwVq3fXcxPgZKsOpYLNiL9UsQTrGIetaKjFi2s8WoWfk0ioDEsbKPmnIQv29kWGk9TQK7OQ8pF715uJ/Xjc14a2fcZmkhkm6PBSmgpiYzBsgA64YNWJqCVLFbVZCR6iQGttT0ZbgrX55nbSqFc+teA/X5dpdXkcBzuECrsCDG6hBHRrQBApP8Ayv8OZMnBfn3flYjm44+c4Z/IHz+QOqAZID</latexit><latexit sha1_base64="EQzJ3s9SZyx7ZO4QsHYnlag25wU=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZki6LLopssK9gHtUO6kmTY0kxmTTKEM/Q43LhRx68e4829M21lo64HA4Zx7uScnSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2M7+d+e8KU5rF8NNOE+REOJQ85RWMlvxehGVEUWX3Wr/ZLZbfiLkDWiZeTMuRo9EtfvUFM04hJQwVq3fXcxPgZKsOpYLNiL9UsQTrGIetaKjFi2s8WoWfk0ioDEsbKPmnIQv29kWGk9TQK7OQ8pF715uJ/Xjc14a2fcZmkhkm6PBSmgpiYzBsgA64YNWJqCVLFbVZCR6iQGttT0ZbgrX55nbSqFc+teA/X5dpdXkcBzuECrsCDG6hBHRrQBApP8Ayv8OZMnBfn3flYjm44+c4Z/IHz+QOqAZID</latexit><latexit sha1_base64="EQzJ3s9SZyx7ZO4QsHYnlag25wU=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZki6LLopssK9gHtUO6kmTY0kxmTTKEM/Q43LhRx68e4829M21lo64HA4Zx7uScnSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2M7+d+e8KU5rF8NNOE+REOJQ85RWMlvxehGVEUWX3Wr/ZLZbfiLkDWiZeTMuRo9EtfvUFM04hJQwVq3fXcxPgZKsOpYLNiL9UsQTrGIetaKjFi2s8WoWfk0ioDEsbKPmnIQv29kWGk9TQK7OQ8pF715uJ/Xjc14a2fcZmkhkm6PBSmgpiYzBsgA64YNWJqCVLFbVZCR6iQGttT0ZbgrX55nbSqFc+teA/X5dpdXkcBzuECrsCDG6hBHRrQBApP8Ayv8OZMnBfn3flYjm44+c4Z/IHz+QOqAZID</latexit>

H2
<latexit sha1_base64="EQzJ3s9SZyx7ZO4QsHYnlag25wU=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZki6LLopssK9gHtUO6kmTY0kxmTTKEM/Q43LhRx68e4829M21lo64HA4Zx7uScnSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2M7+d+e8KU5rF8NNOE+REOJQ85RWMlvxehGVEUWX3Wr/ZLZbfiLkDWiZeTMuRo9EtfvUFM04hJQwVq3fXcxPgZKsOpYLNiL9UsQTrGIetaKjFi2s8WoWfk0ioDEsbKPmnIQv29kWGk9TQK7OQ8pF715uJ/Xjc14a2fcZmkhkm6PBSmgpiYzBsgA64YNWJqCVLFbVZCR6iQGttT0ZbgrX55nbSqFc+teA/X5dpdXkcBzuECrsCDG6hBHRrQBApP8Ayv8OZMnBfn3flYjm44+c4Z/IHz+QOqAZID</latexit><latexit sha1_base64="EQzJ3s9SZyx7ZO4QsHYnlag25wU=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZki6LLopssK9gHtUO6kmTY0kxmTTKEM/Q43LhRx68e4829M21lo64HA4Zx7uScnSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2M7+d+e8KU5rF8NNOE+REOJQ85RWMlvxehGVEUWX3Wr/ZLZbfiLkDWiZeTMuRo9EtfvUFM04hJQwVq3fXcxPgZKsOpYLNiL9UsQTrGIetaKjFi2s8WoWfk0ioDEsbKPmnIQv29kWGk9TQK7OQ8pF715uJ/Xjc14a2fcZmkhkm6PBSmgpiYzBsgA64YNWJqCVLFbVZCR6iQGttT0ZbgrX55nbSqFc+teA/X5dpdXkcBzuECrsCDG6hBHRrQBApP8Ayv8OZMnBfn3flYjm44+c4Z/IHz+QOqAZID</latexit><latexit sha1_base64="EQzJ3s9SZyx7ZO4QsHYnlag25wU=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZki6LLopssK9gHtUO6kmTY0kxmTTKEM/Q43LhRx68e4829M21lo64HA4Zx7uScnSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2M7+d+e8KU5rF8NNOE+REOJQ85RWMlvxehGVEUWX3Wr/ZLZbfiLkDWiZeTMuRo9EtfvUFM04hJQwVq3fXcxPgZKsOpYLNiL9UsQTrGIetaKjFi2s8WoWfk0ioDEsbKPmnIQv29kWGk9TQK7OQ8pF715uJ/Xjc14a2fcZmkhkm6PBSmgpiYzBsgA64YNWJqCVLFbVZCR6iQGttT0ZbgrX55nbSqFc+teA/X5dpdXkcBzuECrsCDG6hBHRrQBApP8Ayv8OZMnBfn3flYjm44+c4Z/IHz+QOqAZID</latexit><latexit sha1_base64="EQzJ3s9SZyx7ZO4QsHYnlag25wU=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZki6LLopssK9gHtUO6kmTY0kxmTTKEM/Q43LhRx68e4829M21lo64HA4Zx7uScnSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2M7+d+e8KU5rF8NNOE+REOJQ85RWMlvxehGVEUWX3Wr/ZLZbfiLkDWiZeTMuRo9EtfvUFM04hJQwVq3fXcxPgZKsOpYLNiL9UsQTrGIetaKjFi2s8WoWfk0ioDEsbKPmnIQv29kWGk9TQK7OQ8pF715uJ/Xjc14a2fcZmkhkm6PBSmgpiYzBsgA64YNWJqCVLFbVZCR6iQGttT0ZbgrX55nbSqFc+teA/X5dpdXkcBzuECrsCDG6hBHRrQBApP8Ayv8OZMnBfn3flYjm44+c4Z/IHz+QOqAZID</latexit>

SeekR
<latexit sha1_base64="jm+KsxqkSAzWDJPsxAVfZBORlOo=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQi6LLoxmV99AFtCJPpbTt0JgkzE6XEfIobF4q49Uvc+TdO2iy09cDA4Zx7uWdOEHOmtON8W6WV1bX1jfJmZWt7Z3fPru63VZRICi0a8Uh2A6KAsxBammkO3VgCEQGHTjC5yv3OA0jFovBeT2PwBBmFbMgo0Uby7WpfED2WIr0DmGR+epv5ds2pOzPgZeIWpIYKNH37qz+IaCIg1JQTpXquE2svJVIzyiGr9BMFMaETMoKeoSERoLx0Fj3Dx0YZ4GEkzQs1nqm/N1IilJqKwEzmQdWil4v/eb1EDy+8lIVxoiGk80PDhGMd4bwHPGASqOZTQwiVzGTFdEwkodq0VTEluItfXibt07rr1N2bs1rjsqijjA7RETpBLjpHDXSNmqiFKHpEz+gVvVlP1ov1bn3MR0tWsXOA/sD6/AHhUJRj</latexit><latexit sha1_base64="jm+KsxqkSAzWDJPsxAVfZBORlOo=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQi6LLoxmV99AFtCJPpbTt0JgkzE6XEfIobF4q49Uvc+TdO2iy09cDA4Zx7uWdOEHOmtON8W6WV1bX1jfJmZWt7Z3fPru63VZRICi0a8Uh2A6KAsxBammkO3VgCEQGHTjC5yv3OA0jFovBeT2PwBBmFbMgo0Uby7WpfED2WIr0DmGR+epv5ds2pOzPgZeIWpIYKNH37qz+IaCIg1JQTpXquE2svJVIzyiGr9BMFMaETMoKeoSERoLx0Fj3Dx0YZ4GEkzQs1nqm/N1IilJqKwEzmQdWil4v/eb1EDy+8lIVxoiGk80PDhGMd4bwHPGASqOZTQwiVzGTFdEwkodq0VTEluItfXibt07rr1N2bs1rjsqijjA7RETpBLjpHDXSNmqiFKHpEz+gVvVlP1ov1bn3MR0tWsXOA/sD6/AHhUJRj</latexit><latexit sha1_base64="jm+KsxqkSAzWDJPsxAVfZBORlOo=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQi6LLoxmV99AFtCJPpbTt0JgkzE6XEfIobF4q49Uvc+TdO2iy09cDA4Zx7uWdOEHOmtON8W6WV1bX1jfJmZWt7Z3fPru63VZRICi0a8Uh2A6KAsxBammkO3VgCEQGHTjC5yv3OA0jFovBeT2PwBBmFbMgo0Uby7WpfED2WIr0DmGR+epv5ds2pOzPgZeIWpIYKNH37qz+IaCIg1JQTpXquE2svJVIzyiGr9BMFMaETMoKeoSERoLx0Fj3Dx0YZ4GEkzQs1nqm/N1IilJqKwEzmQdWil4v/eb1EDy+8lIVxoiGk80PDhGMd4bwHPGASqOZTQwiVzGTFdEwkodq0VTEluItfXibt07rr1N2bs1rjsqijjA7RETpBLjpHDXSNmqiFKHpEz+gVvVlP1ov1bn3MR0tWsXOA/sD6/AHhUJRj</latexit><latexit sha1_base64="jm+KsxqkSAzWDJPsxAVfZBORlOo=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQi6LLoxmV99AFtCJPpbTt0JgkzE6XEfIobF4q49Uvc+TdO2iy09cDA4Zx7uWdOEHOmtON8W6WV1bX1jfJmZWt7Z3fPru63VZRICi0a8Uh2A6KAsxBammkO3VgCEQGHTjC5yv3OA0jFovBeT2PwBBmFbMgo0Uby7WpfED2WIr0DmGR+epv5ds2pOzPgZeIWpIYKNH37qz+IaCIg1JQTpXquE2svJVIzyiGr9BMFMaETMoKeoSERoLx0Fj3Dx0YZ4GEkzQs1nqm/N1IilJqKwEzmQdWil4v/eb1EDy+8lIVxoiGk80PDhGMd4bwHPGASqOZTQwiVzGTFdEwkodq0VTEluItfXibt07rr1N2bs1rjsqijjA7RETpBLjpHDXSNmqiFKHpEz+gVvVlP1ov1bn3MR0tWsXOA/sD6/AHhUJRj</latexit>

R
<latexit sha1_base64="NfFBQKCbADihv37V0PCkDJe5Zns=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8dW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzUuO+XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBrKGM1g==</latexit><latexit sha1_base64="NfFBQKCbADihv37V0PCkDJe5Zns=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8dW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzUuO+XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBrKGM1g==</latexit><latexit sha1_base64="NfFBQKCbADihv37V0PCkDJe5Zns=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8dW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzUuO+XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBrKGM1g==</latexit><latexit sha1_base64="NfFBQKCbADihv37V0PCkDJe5Zns=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8dW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzUuO+XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBrKGM1g==</latexit>

H1
<latexit sha1_base64="b0+pGNZN9Xd+K/ea1cDNYpaOQ50=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy4r2Ae0Q8mkt21oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJfea3p6g0j+SjmcXoh3Qk+ZAzaqzk90JqxoyKtD7ve/1yxa26C5B14uWkAjka/fJXbxCxJERpmKBadz03Nn5KleFM4LzUSzTGlE3oCLuWShqi9tNF6Dm5sMqADCNlnzRkof7eSGmo9SwM7GQWUq96mfif103M8NZPuYwTg5ItDw0TQUxEsgbIgCtkRswsoUxxm5WwMVWUGdtTyZbgrX55nbSuqp5b9R6uK7W7vI4inME5XIIHN1CDOjSgCQye4Ble4c2ZOi/Ou/OxHC04+c4p/IHz+QOofZIC</latexit><latexit sha1_base64="b0+pGNZN9Xd+K/ea1cDNYpaOQ50=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy4r2Ae0Q8mkt21oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJfea3p6g0j+SjmcXoh3Qk+ZAzaqzk90JqxoyKtD7ve/1yxa26C5B14uWkAjka/fJXbxCxJERpmKBadz03Nn5KleFM4LzUSzTGlE3oCLuWShqi9tNF6Dm5sMqADCNlnzRkof7eSGmo9SwM7GQWUq96mfif103M8NZPuYwTg5ItDw0TQUxEsgbIgCtkRswsoUxxm5WwMVWUGdtTyZbgrX55nbSuqp5b9R6uK7W7vI4inME5XIIHN1CDOjSgCQye4Ble4c2ZOi/Ou/OxHC04+c4p/IHz+QOofZIC</latexit><latexit sha1_base64="b0+pGNZN9Xd+K/ea1cDNYpaOQ50=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy4r2Ae0Q8mkt21oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJfea3p6g0j+SjmcXoh3Qk+ZAzaqzk90JqxoyKtD7ve/1yxa26C5B14uWkAjka/fJXbxCxJERpmKBadz03Nn5KleFM4LzUSzTGlE3oCLuWShqi9tNF6Dm5sMqADCNlnzRkof7eSGmo9SwM7GQWUq96mfif103M8NZPuYwTg5ItDw0TQUxEsgbIgCtkRswsoUxxm5WwMVWUGdtTyZbgrX55nbSuqp5b9R6uK7W7vI4inME5XIIHN1CDOjSgCQye4Ble4c2ZOi/Ou/OxHC04+c4p/IHz+QOofZIC</latexit><latexit sha1_base64="b0+pGNZN9Xd+K/ea1cDNYpaOQ50=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy4r2Ae0Q8mkt21oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJfea3p6g0j+SjmcXoh3Qk+ZAzaqzk90JqxoyKtD7ve/1yxa26C5B14uWkAjka/fJXbxCxJERpmKBadz03Nn5KleFM4LzUSzTGlE3oCLuWShqi9tNF6Dm5sMqADCNlnzRkof7eSGmo9SwM7GQWUq96mfif103M8NZPuYwTg5ItDw0TQUxEsgbIgCtkRswsoUxxm5WwMVWUGdtTyZbgrX55nbSuqp5b9R6uK7W7vI4inME5XIIHN1CDOjSgCQye4Ble4c2ZOi/Ou/OxHC04+c4p/IHz+QOofZIC</latexit>

x

<latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit>

O
<latexit sha1_base64="m1zCFXeFmUx6ehG3dT0b77LjCc4=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl0484K9gFtKJPppB06mQkzN0IJ/Qw3LhRx69e482+ctFlo64GBwzn3MueeMBHcoOd9O6W19Y3NrfJ2ZWd3b/+genjUNirVlLWoEkp3Q2KY4JK1kKNg3UQzEoeCdcLJbe53npg2XMlHnCYsiMlI8ohTglbq9WOCY0pEdj8bVGte3ZvDXSV+QWpQoDmofvWHiqYxk0gFMabnewkGGdHIqWCzSj81LCF0QkasZ6kkMTNBNo88c8+sMnQjpe2T6M7V3xsZiY2ZxqGdzCOaZS8X//N6KUbXQcZlkiKTdPFRlAoXlZvf7w65ZhTF1BJCNbdZXTommlC0LVVsCf7yyaukfVH3vbr/cFlr3BR1lOEETuEcfLiCBtxBE1pAQcEzvMKbg86L8+58LEZLTrFzDH/gfP4AhZSRZQ==</latexit><latexit sha1_base64="m1zCFXeFmUx6ehG3dT0b77LjCc4=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl0484K9gFtKJPppB06mQkzN0IJ/Qw3LhRx69e482+ctFlo64GBwzn3MueeMBHcoOd9O6W19Y3NrfJ2ZWd3b/+genjUNirVlLWoEkp3Q2KY4JK1kKNg3UQzEoeCdcLJbe53npg2XMlHnCYsiMlI8ohTglbq9WOCY0pEdj8bVGte3ZvDXSV+QWpQoDmofvWHiqYxk0gFMabnewkGGdHIqWCzSj81LCF0QkasZ6kkMTNBNo88c8+sMnQjpe2T6M7V3xsZiY2ZxqGdzCOaZS8X//N6KUbXQcZlkiKTdPFRlAoXlZvf7w65ZhTF1BJCNbdZXTommlC0LVVsCf7yyaukfVH3vbr/cFlr3BR1lOEETuEcfLiCBtxBE1pAQcEzvMKbg86L8+58LEZLTrFzDH/gfP4AhZSRZQ==</latexit><latexit sha1_base64="m1zCFXeFmUx6ehG3dT0b77LjCc4=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl0484K9gFtKJPppB06mQkzN0IJ/Qw3LhRx69e482+ctFlo64GBwzn3MueeMBHcoOd9O6W19Y3NrfJ2ZWd3b/+genjUNirVlLWoEkp3Q2KY4JK1kKNg3UQzEoeCdcLJbe53npg2XMlHnCYsiMlI8ohTglbq9WOCY0pEdj8bVGte3ZvDXSV+QWpQoDmofvWHiqYxk0gFMabnewkGGdHIqWCzSj81LCF0QkasZ6kkMTNBNo88c8+sMnQjpe2T6M7V3xsZiY2ZxqGdzCOaZS8X//N6KUbXQcZlkiKTdPFRlAoXlZvf7w65ZhTF1BJCNbdZXTommlC0LVVsCf7yyaukfVH3vbr/cFlr3BR1lOEETuEcfLiCBtxBE1pAQcEzvMKbg86L8+58LEZLTrFzDH/gfP4AhZSRZQ==</latexit><latexit sha1_base64="m1zCFXeFmUx6ehG3dT0b77LjCc4=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl0484K9gFtKJPppB06mQkzN0IJ/Qw3LhRx69e482+ctFlo64GBwzn3MueeMBHcoOd9O6W19Y3NrfJ2ZWd3b/+genjUNirVlLWoEkp3Q2KY4JK1kKNg3UQzEoeCdcLJbe53npg2XMlHnCYsiMlI8ohTglbq9WOCY0pEdj8bVGte3ZvDXSV+QWpQoDmofvWHiqYxk0gFMabnewkGGdHIqWCzSj81LCF0QkasZ6kkMTNBNo88c8+sMnQjpe2T6M7V3xsZiY2ZxqGdzCOaZS8X//N6KUbXQcZlkiKTdPFRlAoXlZvf7w65ZhTF1BJCNbdZXTommlC0LVVsCf7yyaukfVH3vbr/cFlr3BR1lOEETuEcfLiCBtxBE1pAQcEzvMKbg86L8+58LEZLTrFzDH/gfP4AhZSRZQ==</latexit>

x

<latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit>

x+ 1
<latexit sha1_base64="jckszGNodYbTek5yKnvtVcD2OjI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QhrLZTtqlm03Y3Ygl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekSleSwfzDhBP6IDyUPOqLHS/dOZ1ytX3Ko7A1kmXk4qkKPeK391+zFLI5SGCap1x3MT42dUGc4ETkrdVGNC2YgOsGOppBFqP5udOiEnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhFd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHplGwI3uLLy6R5XvXcqnd3Uald53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OcF6cd+dj3lpw8plD+APn8we8nY1s</latexit><latexit sha1_base64="jckszGNodYbTek5yKnvtVcD2OjI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QhrLZTtqlm03Y3Ygl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekSleSwfzDhBP6IDyUPOqLHS/dOZ1ytX3Ko7A1kmXk4qkKPeK391+zFLI5SGCap1x3MT42dUGc4ETkrdVGNC2YgOsGOppBFqP5udOiEnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhFd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHplGwI3uLLy6R5XvXcqnd3Uald53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OcF6cd+dj3lpw8plD+APn8we8nY1s</latexit><latexit sha1_base64="jckszGNodYbTek5yKnvtVcD2OjI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QhrLZTtqlm03Y3Ygl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekSleSwfzDhBP6IDyUPOqLHS/dOZ1ytX3Ko7A1kmXk4qkKPeK391+zFLI5SGCap1x3MT42dUGc4ETkrdVGNC2YgOsGOppBFqP5udOiEnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhFd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHplGwI3uLLy6R5XvXcqnd3Uald53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OcF6cd+dj3lpw8plD+APn8we8nY1s</latexit><latexit sha1_base64="jckszGNodYbTek5yKnvtVcD2OjI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QhrLZTtqlm03Y3Ygl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekSleSwfzDhBP6IDyUPOqLHS/dOZ1ytX3Ko7A1kmXk4qkKPeK391+zFLI5SGCap1x3MT42dUGc4ETkrdVGNC2YgOsGOppBFqP5udOiEnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhFd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHplGwI3uLLy6R5XvXcqnd3Uald53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OcF6cd+dj3lpw8plD+APn8we8nY1s</latexit>

p0 = O(x)
<latexit sha1_base64="LdBw3WDQISKP/CMMULr7SqcUVCc=">AAAB/XicbVDLSsNAFL3xWesrPnZuBotQNyURQTdC0Y07K9gHtCFMppN26GQSZiZiDcVfceNCEbf+hzv/xknbhbYeGDiccy/3zAkSzpR2nG9rYXFpeWW1sFZc39jc2rZ3dhsqTiWhdRLzWLYCrChngtY105y2EklxFHDaDAZXud+8p1KxWNzpYUK9CPcECxnB2ki+vZ/4DrpAnQjrPsE8uxmVH459u+RUnDHQPHGnpART1Hz7q9ONSRpRoQnHSrVdJ9FehqVmhNNRsZMqmmAywD3aNlTgiCovG6cfoSOjdFEYS/OERmP190aGI6WGUWAm85Rq1svF/7x2qsNzL2MiSTUVZHIoTDnSMcqrQF0mKdF8aAgmkpmsiPSxxESbwoqmBHf2y/OkcVJxnYp7e1qqXk7rKMABHEIZXDiDKlxDDepA4BGe4RXerCfrxXq3PiajC9Z0Zw/+wPr8AeODlDU=</latexit><latexit sha1_base64="LdBw3WDQISKP/CMMULr7SqcUVCc=">AAAB/XicbVDLSsNAFL3xWesrPnZuBotQNyURQTdC0Y07K9gHtCFMppN26GQSZiZiDcVfceNCEbf+hzv/xknbhbYeGDiccy/3zAkSzpR2nG9rYXFpeWW1sFZc39jc2rZ3dhsqTiWhdRLzWLYCrChngtY105y2EklxFHDaDAZXud+8p1KxWNzpYUK9CPcECxnB2ki+vZ/4DrpAnQjrPsE8uxmVH459u+RUnDHQPHGnpART1Hz7q9ONSRpRoQnHSrVdJ9FehqVmhNNRsZMqmmAywD3aNlTgiCovG6cfoSOjdFEYS/OERmP190aGI6WGUWAm85Rq1svF/7x2qsNzL2MiSTUVZHIoTDnSMcqrQF0mKdF8aAgmkpmsiPSxxESbwoqmBHf2y/OkcVJxnYp7e1qqXk7rKMABHEIZXDiDKlxDDepA4BGe4RXerCfrxXq3PiajC9Z0Zw/+wPr8AeODlDU=</latexit><latexit sha1_base64="LdBw3WDQISKP/CMMULr7SqcUVCc=">AAAB/XicbVDLSsNAFL3xWesrPnZuBotQNyURQTdC0Y07K9gHtCFMppN26GQSZiZiDcVfceNCEbf+hzv/xknbhbYeGDiccy/3zAkSzpR2nG9rYXFpeWW1sFZc39jc2rZ3dhsqTiWhdRLzWLYCrChngtY105y2EklxFHDaDAZXud+8p1KxWNzpYUK9CPcECxnB2ki+vZ/4DrpAnQjrPsE8uxmVH459u+RUnDHQPHGnpART1Hz7q9ONSRpRoQnHSrVdJ9FehqVmhNNRsZMqmmAywD3aNlTgiCovG6cfoSOjdFEYS/OERmP190aGI6WGUWAm85Rq1svF/7x2qsNzL2MiSTUVZHIoTDnSMcqrQF0mKdF8aAgmkpmsiPSxxESbwoqmBHf2y/OkcVJxnYp7e1qqXk7rKMABHEIZXDiDKlxDDepA4BGe4RXerCfrxXq3PiajC9Z0Zw/+wPr8AeODlDU=</latexit><latexit sha1_base64="LdBw3WDQISKP/CMMULr7SqcUVCc=">AAAB/XicbVDLSsNAFL3xWesrPnZuBotQNyURQTdC0Y07K9gHtCFMppN26GQSZiZiDcVfceNCEbf+hzv/xknbhbYeGDiccy/3zAkSzpR2nG9rYXFpeWW1sFZc39jc2rZ3dhsqTiWhdRLzWLYCrChngtY105y2EklxFHDaDAZXud+8p1KxWNzpYUK9CPcECxnB2ki+vZ/4DrpAnQjrPsE8uxmVH459u+RUnDHQPHGnpART1Hz7q9ONSRpRoQnHSrVdJ9FehqVmhNNRsZMqmmAywD3aNlTgiCovG6cfoSOjdFEYS/OERmP190aGI6WGUWAm85Rq1svF/7x2qsNzL2MiSTUVZHIoTDnSMcqrQF0mKdF8aAgmkpmsiPSxxESbwoqmBHf2y/OkcVJxnYp7e1qqXk7rKMABHEIZXDiDKlxDDepA4BGe4RXerCfrxXq3PiajC9Z0Zw/+wPr8AeODlDU=</latexit>

p1 = O(x+ 1)
<latexit sha1_base64="+n1hXFWkvlyH2h0wMIz5B35kHGg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARKkKZiKAboejGnRXsA9phyKSZNjSTGZKMWMYu/BU3LhRx62+482/MtLPQ1gOBwzn3ck+OH3OmtON8W4WFxaXlleJqaW19Y3PL3t5pqiiRhDZIxCPZ9rGinAna0Exz2o4lxaHPacsfXmV+655KxSJxp0cxdUPcFyxgBGsjefZe7CF4Absh1gOCeXozrjwcoyPPLjtVZwI4T1BOyiBH3bO/ur2IJCEVmnCsVAc5sXZTLDUjnI5L3UTRGJMh7tOOoQKHVLnpJP8YHhqlB4NImic0nKi/N1IcKjUKfTOZ5VSzXib+53USHZy7KRNxoqkg00NBwqGOYFYG7DFJieYjQzCRzGSFZIAlJtpUVjIloNkvz5PmSRU5VXR7Wq5d5nUUwT44ABWAwBmogWtQBw1AwCN4Bq/gzXqyXqx362M6WrDynV3wB9bnD8imlKY=</latexit><latexit sha1_base64="+n1hXFWkvlyH2h0wMIz5B35kHGg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARKkKZiKAboejGnRXsA9phyKSZNjSTGZKMWMYu/BU3LhRx62+482/MtLPQ1gOBwzn3ck+OH3OmtON8W4WFxaXlleJqaW19Y3PL3t5pqiiRhDZIxCPZ9rGinAna0Exz2o4lxaHPacsfXmV+655KxSJxp0cxdUPcFyxgBGsjefZe7CF4Absh1gOCeXozrjwcoyPPLjtVZwI4T1BOyiBH3bO/ur2IJCEVmnCsVAc5sXZTLDUjnI5L3UTRGJMh7tOOoQKHVLnpJP8YHhqlB4NImic0nKi/N1IcKjUKfTOZ5VSzXib+53USHZy7KRNxoqkg00NBwqGOYFYG7DFJieYjQzCRzGSFZIAlJtpUVjIloNkvz5PmSRU5VXR7Wq5d5nUUwT44ABWAwBmogWtQBw1AwCN4Bq/gzXqyXqx362M6WrDynV3wB9bnD8imlKY=</latexit><latexit sha1_base64="+n1hXFWkvlyH2h0wMIz5B35kHGg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARKkKZiKAboejGnRXsA9phyKSZNjSTGZKMWMYu/BU3LhRx62+482/MtLPQ1gOBwzn3ck+OH3OmtON8W4WFxaXlleJqaW19Y3PL3t5pqiiRhDZIxCPZ9rGinAna0Exz2o4lxaHPacsfXmV+655KxSJxp0cxdUPcFyxgBGsjefZe7CF4Absh1gOCeXozrjwcoyPPLjtVZwI4T1BOyiBH3bO/ur2IJCEVmnCsVAc5sXZTLDUjnI5L3UTRGJMh7tOOoQKHVLnpJP8YHhqlB4NImic0nKi/N1IcKjUKfTOZ5VSzXib+53USHZy7KRNxoqkg00NBwqGOYFYG7DFJieYjQzCRzGSFZIAlJtpUVjIloNkvz5PmSRU5VXR7Wq5d5nUUwT44ABWAwBmogWtQBw1AwCN4Bq/gzXqyXqx362M6WrDynV3wB9bnD8imlKY=</latexit><latexit sha1_base64="+n1hXFWkvlyH2h0wMIz5B35kHGg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARKkKZiKAboejGnRXsA9phyKSZNjSTGZKMWMYu/BU3LhRx62+482/MtLPQ1gOBwzn3ck+OH3OmtON8W4WFxaXlleJqaW19Y3PL3t5pqiiRhDZIxCPZ9rGinAna0Exz2o4lxaHPacsfXmV+655KxSJxp0cxdUPcFyxgBGsjefZe7CF4Absh1gOCeXozrjwcoyPPLjtVZwI4T1BOyiBH3bO/ur2IJCEVmnCsVAc5sXZTLDUjnI5L3UTRGJMh7tOOoQKHVLnpJP8YHhqlB4NImic0nKi/N1IcKjUKfTOZ5VSzXib+53USHZy7KRNxoqkg00NBwqGOYFYG7DFJieYjQzCRzGSFZIAlJtpUVjIloNkvz5PmSRU5VXR7Wq5d5nUUwT44ABWAwBmogWtQBw1AwCN4Bq/gzXqyXqx362M6WrDynV3wB9bnD8imlKY=</latexit>

Random Oracle
Input:



Static-Memory-Hard Function Definition

• (      ,       ):        computes static table of values via black-magic pebble game
• One-time set-up computation

• queries for values in table provided hash function input
• Many queries over entire period of use

• construction:
• On input      and given oracle access to                where       is the string output 

from 

H1
<latexit sha1_base64="b0+pGNZN9Xd+K/ea1cDNYpaOQ50=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy4r2Ae0Q8mkt21oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJfea3p6g0j+SjmcXoh3Qk+ZAzaqzk90JqxoyKtD7ve/1yxa26C5B14uWkAjka/fJXbxCxJERpmKBadz03Nn5KleFM4LzUSzTGlE3oCLuWShqi9tNF6Dm5sMqADCNlnzRkof7eSGmo9SwM7GQWUq96mfif103M8NZPuYwTg5ItDw0TQUxEsgbIgCtkRswsoUxxm5WwMVWUGdtTyZbgrX55nbSuqp5b9R6uK7W7vI4inME5XIIHN1CDOjSgCQye4Ble4c2ZOi/Ou/OxHC04+c4p/IHz+QOofZIC</latexit><latexit sha1_base64="b0+pGNZN9Xd+K/ea1cDNYpaOQ50=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy4r2Ae0Q8mkt21oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJfea3p6g0j+SjmcXoh3Qk+ZAzaqzk90JqxoyKtD7ve/1yxa26C5B14uWkAjka/fJXbxCxJERpmKBadz03Nn5KleFM4LzUSzTGlE3oCLuWShqi9tNF6Dm5sMqADCNlnzRkof7eSGmo9SwM7GQWUq96mfif103M8NZPuYwTg5ItDw0TQUxEsgbIgCtkRswsoUxxm5WwMVWUGdtTyZbgrX55nbSuqp5b9R6uK7W7vI4inME5XIIHN1CDOjSgCQye4Ble4c2ZOi/Ou/OxHC04+c4p/IHz+QOofZIC</latexit><latexit sha1_base64="b0+pGNZN9Xd+K/ea1cDNYpaOQ50=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy4r2Ae0Q8mkt21oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJfea3p6g0j+SjmcXoh3Qk+ZAzaqzk90JqxoyKtD7ve/1yxa26C5B14uWkAjka/fJXbxCxJERpmKBadz03Nn5KleFM4LzUSzTGlE3oCLuWShqi9tNF6Dm5sMqADCNlnzRkof7eSGmo9SwM7GQWUq96mfif103M8NZPuYwTg5ItDw0TQUxEsgbIgCtkRswsoUxxm5WwMVWUGdtTyZbgrX55nbSuqp5b9R6uK7W7vI4inME5XIIHN1CDOjSgCQye4Ble4c2ZOi/Ou/OxHC04+c4p/IHz+QOofZIC</latexit><latexit sha1_base64="b0+pGNZN9Xd+K/ea1cDNYpaOQ50=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy4r2Ae0Q8mkt21oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJfea3p6g0j+SjmcXoh3Qk+ZAzaqzk90JqxoyKtD7ve/1yxa26C5B14uWkAjka/fJXbxCxJERpmKBadz03Nn5KleFM4LzUSzTGlE3oCLuWShqi9tNF6Dm5sMqADCNlnzRkof7eSGmo9SwM7GQWUq96mfif103M8NZPuYwTg5ItDw0TQUxEsgbIgCtkRswsoUxxm5WwMVWUGdtTyZbgrX55nbSuqp5b9R6uK7W7vI4inME5XIIHN1CDOjSgCQye4Ble4c2ZOi/Ou/OxHC04+c4p/IHz+QOofZIC</latexit>

H2
<latexit sha1_base64="EQzJ3s9SZyx7ZO4QsHYnlag25wU=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZki6LLopssK9gHtUO6kmTY0kxmTTKEM/Q43LhRx68e4829M21lo64HA4Zx7uScnSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2M7+d+e8KU5rF8NNOE+REOJQ85RWMlvxehGVEUWX3Wr/ZLZbfiLkDWiZeTMuRo9EtfvUFM04hJQwVq3fXcxPgZKsOpYLNiL9UsQTrGIetaKjFi2s8WoWfk0ioDEsbKPmnIQv29kWGk9TQK7OQ8pF715uJ/Xjc14a2fcZmkhkm6PBSmgpiYzBsgA64YNWJqCVLFbVZCR6iQGttT0ZbgrX55nbSqFc+teA/X5dpdXkcBzuECrsCDG6hBHRrQBApP8Ayv8OZMnBfn3flYjm44+c4Z/IHz+QOqAZID</latexit><latexit sha1_base64="EQzJ3s9SZyx7ZO4QsHYnlag25wU=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZki6LLopssK9gHtUO6kmTY0kxmTTKEM/Q43LhRx68e4829M21lo64HA4Zx7uScnSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2M7+d+e8KU5rF8NNOE+REOJQ85RWMlvxehGVEUWX3Wr/ZLZbfiLkDWiZeTMuRo9EtfvUFM04hJQwVq3fXcxPgZKsOpYLNiL9UsQTrGIetaKjFi2s8WoWfk0ioDEsbKPmnIQv29kWGk9TQK7OQ8pF715uJ/Xjc14a2fcZmkhkm6PBSmgpiYzBsgA64YNWJqCVLFbVZCR6iQGttT0ZbgrX55nbSqFc+teA/X5dpdXkcBzuECrsCDG6hBHRrQBApP8Ayv8OZMnBfn3flYjm44+c4Z/IHz+QOqAZID</latexit><latexit sha1_base64="EQzJ3s9SZyx7ZO4QsHYnlag25wU=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZki6LLopssK9gHtUO6kmTY0kxmTTKEM/Q43LhRx68e4829M21lo64HA4Zx7uScnSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2M7+d+e8KU5rF8NNOE+REOJQ85RWMlvxehGVEUWX3Wr/ZLZbfiLkDWiZeTMuRo9EtfvUFM04hJQwVq3fXcxPgZKsOpYLNiL9UsQTrGIetaKjFi2s8WoWfk0ioDEsbKPmnIQv29kWGk9TQK7OQ8pF715uJ/Xjc14a2fcZmkhkm6PBSmgpiYzBsgA64YNWJqCVLFbVZCR6iQGttT0ZbgrX55nbSqFc+teA/X5dpdXkcBzuECrsCDG6hBHRrQBApP8Ayv8OZMnBfn3flYjm44+c4Z/IHz+QOqAZID</latexit><latexit sha1_base64="EQzJ3s9SZyx7ZO4QsHYnlag25wU=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZki6LLopssK9gHtUO6kmTY0kxmTTKEM/Q43LhRx68e4829M21lo64HA4Zx7uScnSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2M7+d+e8KU5rF8NNOE+REOJQ85RWMlvxehGVEUWX3Wr/ZLZbfiLkDWiZeTMuRo9EtfvUFM04hJQwVq3fXcxPgZKsOpYLNiL9UsQTrGIetaKjFi2s8WoWfk0ioDEsbKPmnIQv29kWGk9TQK7OQ8pF715uJ/Xjc14a2fcZmkhkm6PBSmgpiYzBsgA64YNWJqCVLFbVZCR6iQGttT0ZbgrX55nbSqFc+teA/X5dpdXkcBzuECrsCDG6hBHRrQBApP8Ayv8OZMnBfn3flYjm44+c4Z/IHz+QOqAZID</latexit>

H1
<latexit sha1_base64="b0+pGNZN9Xd+K/ea1cDNYpaOQ50=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy4r2Ae0Q8mkt21oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJfea3p6g0j+SjmcXoh3Qk+ZAzaqzk90JqxoyKtD7ve/1yxa26C5B14uWkAjka/fJXbxCxJERpmKBadz03Nn5KleFM4LzUSzTGlE3oCLuWShqi9tNF6Dm5sMqADCNlnzRkof7eSGmo9SwM7GQWUq96mfif103M8NZPuYwTg5ItDw0TQUxEsgbIgCtkRswsoUxxm5WwMVWUGdtTyZbgrX55nbSuqp5b9R6uK7W7vI4inME5XIIHN1CDOjSgCQye4Ble4c2ZOi/Ou/OxHC04+c4p/IHz+QOofZIC</latexit><latexit sha1_base64="b0+pGNZN9Xd+K/ea1cDNYpaOQ50=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy4r2Ae0Q8mkt21oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJfea3p6g0j+SjmcXoh3Qk+ZAzaqzk90JqxoyKtD7ve/1yxa26C5B14uWkAjka/fJXbxCxJERpmKBadz03Nn5KleFM4LzUSzTGlE3oCLuWShqi9tNF6Dm5sMqADCNlnzRkof7eSGmo9SwM7GQWUq96mfif103M8NZPuYwTg5ItDw0TQUxEsgbIgCtkRswsoUxxm5WwMVWUGdtTyZbgrX55nbSuqp5b9R6uK7W7vI4inME5XIIHN1CDOjSgCQye4Ble4c2ZOi/Ou/OxHC04+c4p/IHz+QOofZIC</latexit><latexit sha1_base64="b0+pGNZN9Xd+K/ea1cDNYpaOQ50=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy4r2Ae0Q8mkt21oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJfea3p6g0j+SjmcXoh3Qk+ZAzaqzk90JqxoyKtD7ve/1yxa26C5B14uWkAjka/fJXbxCxJERpmKBadz03Nn5KleFM4LzUSzTGlE3oCLuWShqi9tNF6Dm5sMqADCNlnzRkof7eSGmo9SwM7GQWUq96mfif103M8NZPuYwTg5ItDw0TQUxEsgbIgCtkRswsoUxxm5WwMVWUGdtTyZbgrX55nbSuqp5b9R6uK7W7vI4inME5XIIHN1CDOjSgCQye4Ble4c2ZOi/Ou/OxHC04+c4p/IHz+QOofZIC</latexit><latexit sha1_base64="b0+pGNZN9Xd+K/ea1cDNYpaOQ50=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy4r2Ae0Q8mkt21oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJfea3p6g0j+SjmcXoh3Qk+ZAzaqzk90JqxoyKtD7ve/1yxa26C5B14uWkAjka/fJXbxCxJERpmKBadz03Nn5KleFM4LzUSzTGlE3oCLuWShqi9tNF6Dm5sMqADCNlnzRkof7eSGmo9SwM7GQWUq96mfif103M8NZPuYwTg5ItDw0TQUxEsgbIgCtkRswsoUxxm5WwMVWUGdtTyZbgrX55nbSuqp5b9R6uK7W7vI4inME5XIIHN1CDOjSgCQye4Ble4c2ZOi/Ou/OxHC04+c4p/IHz+QOofZIC</latexit>

H2
<latexit sha1_base64="EQzJ3s9SZyx7ZO4QsHYnlag25wU=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZki6LLopssK9gHtUO6kmTY0kxmTTKEM/Q43LhRx68e4829M21lo64HA4Zx7uScnSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2M7+d+e8KU5rF8NNOE+REOJQ85RWMlvxehGVEUWX3Wr/ZLZbfiLkDWiZeTMuRo9EtfvUFM04hJQwVq3fXcxPgZKsOpYLNiL9UsQTrGIetaKjFi2s8WoWfk0ioDEsbKPmnIQv29kWGk9TQK7OQ8pF715uJ/Xjc14a2fcZmkhkm6PBSmgpiYzBsgA64YNWJqCVLFbVZCR6iQGttT0ZbgrX55nbSqFc+teA/X5dpdXkcBzuECrsCDG6hBHRrQBApP8Ayv8OZMnBfn3flYjm44+c4Z/IHz+QOqAZID</latexit><latexit sha1_base64="EQzJ3s9SZyx7ZO4QsHYnlag25wU=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZki6LLopssK9gHtUO6kmTY0kxmTTKEM/Q43LhRx68e4829M21lo64HA4Zx7uScnSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2M7+d+e8KU5rF8NNOE+REOJQ85RWMlvxehGVEUWX3Wr/ZLZbfiLkDWiZeTMuRo9EtfvUFM04hJQwVq3fXcxPgZKsOpYLNiL9UsQTrGIetaKjFi2s8WoWfk0ioDEsbKPmnIQv29kWGk9TQK7OQ8pF715uJ/Xjc14a2fcZmkhkm6PBSmgpiYzBsgA64YNWJqCVLFbVZCR6iQGttT0ZbgrX55nbSqFc+teA/X5dpdXkcBzuECrsCDG6hBHRrQBApP8Ayv8OZMnBfn3flYjm44+c4Z/IHz+QOqAZID</latexit><latexit sha1_base64="EQzJ3s9SZyx7ZO4QsHYnlag25wU=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZki6LLopssK9gHtUO6kmTY0kxmTTKEM/Q43LhRx68e4829M21lo64HA4Zx7uScnSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2M7+d+e8KU5rF8NNOE+REOJQ85RWMlvxehGVEUWX3Wr/ZLZbfiLkDWiZeTMuRo9EtfvUFM04hJQwVq3fXcxPgZKsOpYLNiL9UsQTrGIetaKjFi2s8WoWfk0ioDEsbKPmnIQv29kWGk9TQK7OQ8pF715uJ/Xjc14a2fcZmkhkm6PBSmgpiYzBsgA64YNWJqCVLFbVZCR6iQGttT0ZbgrX55nbSqFc+teA/X5dpdXkcBzuECrsCDG6hBHRrQBApP8Ayv8OZMnBfn3flYjm44+c4Z/IHz+QOqAZID</latexit><latexit sha1_base64="EQzJ3s9SZyx7ZO4QsHYnlag25wU=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZki6LLopssK9gHtUO6kmTY0kxmTTKEM/Q43LhRx68e4829M21lo64HA4Zx7uScnSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2M7+d+e8KU5rF8NNOE+REOJQ85RWMlvxehGVEUWX3Wr/ZLZbfiLkDWiZeTMuRo9EtfvUFM04hJQwVq3fXcxPgZKsOpYLNiL9UsQTrGIetaKjFi2s8WoWfk0ioDEsbKPmnIQv29kWGk9TQK7OQ8pF715uJ/Xjc14a2fcZmkhkm6PBSmgpiYzBsgA64YNWJqCVLFbVZCR6iQGttT0ZbgrX55nbSqFc+teA/X5dpdXkcBzuECrsCDG6hBHRrQBApP8Ayv8OZMnBfn3flYjm44+c4Z/IHz+QOqAZID</latexit>

H2
<latexit sha1_base64="EQzJ3s9SZyx7ZO4QsHYnlag25wU=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZki6LLopssK9gHtUO6kmTY0kxmTTKEM/Q43LhRx68e4829M21lo64HA4Zx7uScnSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2M7+d+e8KU5rF8NNOE+REOJQ85RWMlvxehGVEUWX3Wr/ZLZbfiLkDWiZeTMuRo9EtfvUFM04hJQwVq3fXcxPgZKsOpYLNiL9UsQTrGIetaKjFi2s8WoWfk0ioDEsbKPmnIQv29kWGk9TQK7OQ8pF715uJ/Xjc14a2fcZmkhkm6PBSmgpiYzBsgA64YNWJqCVLFbVZCR6iQGttT0ZbgrX55nbSqFc+teA/X5dpdXkcBzuECrsCDG6hBHRrQBApP8Ayv8OZMnBfn3flYjm44+c4Z/IHz+QOqAZID</latexit><latexit sha1_base64="EQzJ3s9SZyx7ZO4QsHYnlag25wU=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZki6LLopssK9gHtUO6kmTY0kxmTTKEM/Q43LhRx68e4829M21lo64HA4Zx7uScnSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2M7+d+e8KU5rF8NNOE+REOJQ85RWMlvxehGVEUWX3Wr/ZLZbfiLkDWiZeTMuRo9EtfvUFM04hJQwVq3fXcxPgZKsOpYLNiL9UsQTrGIetaKjFi2s8WoWfk0ioDEsbKPmnIQv29kWGk9TQK7OQ8pF715uJ/Xjc14a2fcZmkhkm6PBSmgpiYzBsgA64YNWJqCVLFbVZCR6iQGttT0ZbgrX55nbSqFc+teA/X5dpdXkcBzuECrsCDG6hBHRrQBApP8Ayv8OZMnBfn3flYjm44+c4Z/IHz+QOqAZID</latexit><latexit sha1_base64="EQzJ3s9SZyx7ZO4QsHYnlag25wU=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZki6LLopssK9gHtUO6kmTY0kxmTTKEM/Q43LhRx68e4829M21lo64HA4Zx7uScnSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2M7+d+e8KU5rF8NNOE+REOJQ85RWMlvxehGVEUWX3Wr/ZLZbfiLkDWiZeTMuRo9EtfvUFM04hJQwVq3fXcxPgZKsOpYLNiL9UsQTrGIetaKjFi2s8WoWfk0ioDEsbKPmnIQv29kWGk9TQK7OQ8pF715uJ/Xjc14a2fcZmkhkm6PBSmgpiYzBsgA64YNWJqCVLFbVZCR6iQGttT0ZbgrX55nbSqFc+teA/X5dpdXkcBzuECrsCDG6hBHRrQBApP8Ayv8OZMnBfn3flYjm44+c4Z/IHz+QOqAZID</latexit><latexit sha1_base64="EQzJ3s9SZyx7ZO4QsHYnlag25wU=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZki6LLopssK9gHtUO6kmTY0kxmTTKEM/Q43LhRx68e4829M21lo64HA4Zx7uScnSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2M7+d+e8KU5rF8NNOE+REOJQ85RWMlvxehGVEUWX3Wr/ZLZbfiLkDWiZeTMuRo9EtfvUFM04hJQwVq3fXcxPgZKsOpYLNiL9UsQTrGIetaKjFi2s8WoWfk0ioDEsbKPmnIQv29kWGk9TQK7OQ8pF715uJ/Xjc14a2fcZmkhkm6PBSmgpiYzBsgA64YNWJqCVLFbVZCR6iQGttT0ZbgrX55nbSqFc+teA/X5dpdXkcBzuECrsCDG6hBHRrQBApP8Ayv8OZMnBfn3flYjm44+c4Z/IHz+QOqAZID</latexit>

SeekR
<latexit sha1_base64="jm+KsxqkSAzWDJPsxAVfZBORlOo=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQi6LLoxmV99AFtCJPpbTt0JgkzE6XEfIobF4q49Uvc+TdO2iy09cDA4Zx7uWdOEHOmtON8W6WV1bX1jfJmZWt7Z3fPru63VZRICi0a8Uh2A6KAsxBammkO3VgCEQGHTjC5yv3OA0jFovBeT2PwBBmFbMgo0Uby7WpfED2WIr0DmGR+epv5ds2pOzPgZeIWpIYKNH37qz+IaCIg1JQTpXquE2svJVIzyiGr9BMFMaETMoKeoSERoLx0Fj3Dx0YZ4GEkzQs1nqm/N1IilJqKwEzmQdWil4v/eb1EDy+8lIVxoiGk80PDhGMd4bwHPGASqOZTQwiVzGTFdEwkodq0VTEluItfXibt07rr1N2bs1rjsqijjA7RETpBLjpHDXSNmqiFKHpEz+gVvVlP1ov1bn3MR0tWsXOA/sD6/AHhUJRj</latexit><latexit sha1_base64="jm+KsxqkSAzWDJPsxAVfZBORlOo=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQi6LLoxmV99AFtCJPpbTt0JgkzE6XEfIobF4q49Uvc+TdO2iy09cDA4Zx7uWdOEHOmtON8W6WV1bX1jfJmZWt7Z3fPru63VZRICi0a8Uh2A6KAsxBammkO3VgCEQGHTjC5yv3OA0jFovBeT2PwBBmFbMgo0Uby7WpfED2WIr0DmGR+epv5ds2pOzPgZeIWpIYKNH37qz+IaCIg1JQTpXquE2svJVIzyiGr9BMFMaETMoKeoSERoLx0Fj3Dx0YZ4GEkzQs1nqm/N1IilJqKwEzmQdWil4v/eb1EDy+8lIVxoiGk80PDhGMd4bwHPGASqOZTQwiVzGTFdEwkodq0VTEluItfXibt07rr1N2bs1rjsqijjA7RETpBLjpHDXSNmqiFKHpEz+gVvVlP1ov1bn3MR0tWsXOA/sD6/AHhUJRj</latexit><latexit sha1_base64="jm+KsxqkSAzWDJPsxAVfZBORlOo=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQi6LLoxmV99AFtCJPpbTt0JgkzE6XEfIobF4q49Uvc+TdO2iy09cDA4Zx7uWdOEHOmtON8W6WV1bX1jfJmZWt7Z3fPru63VZRICi0a8Uh2A6KAsxBammkO3VgCEQGHTjC5yv3OA0jFovBeT2PwBBmFbMgo0Uby7WpfED2WIr0DmGR+epv5ds2pOzPgZeIWpIYKNH37qz+IaCIg1JQTpXquE2svJVIzyiGr9BMFMaETMoKeoSERoLx0Fj3Dx0YZ4GEkzQs1nqm/N1IilJqKwEzmQdWil4v/eb1EDy+8lIVxoiGk80PDhGMd4bwHPGASqOZTQwiVzGTFdEwkodq0VTEluItfXibt07rr1N2bs1rjsqijjA7RETpBLjpHDXSNmqiFKHpEz+gVvVlP1ov1bn3MR0tWsXOA/sD6/AHhUJRj</latexit><latexit sha1_base64="jm+KsxqkSAzWDJPsxAVfZBORlOo=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQi6LLoxmV99AFtCJPpbTt0JgkzE6XEfIobF4q49Uvc+TdO2iy09cDA4Zx7uWdOEHOmtON8W6WV1bX1jfJmZWt7Z3fPru63VZRICi0a8Uh2A6KAsxBammkO3VgCEQGHTjC5yv3OA0jFovBeT2PwBBmFbMgo0Uby7WpfED2WIr0DmGR+epv5ds2pOzPgZeIWpIYKNH37qz+IaCIg1JQTpXquE2svJVIzyiGr9BMFMaETMoKeoSERoLx0Fj3Dx0YZ4GEkzQs1nqm/N1IilJqKwEzmQdWil4v/eb1EDy+8lIVxoiGk80PDhGMd4bwHPGASqOZTQwiVzGTFdEwkodq0VTEluItfXibt07rr1N2bs1rjsqijjA7RETpBLjpHDXSNmqiFKHpEz+gVvVlP1ov1bn3MR0tWsXOA/sD6/AHhUJRj</latexit>

R
<latexit sha1_base64="NfFBQKCbADihv37V0PCkDJe5Zns=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8dW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzUuO+XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBrKGM1g==</latexit><latexit sha1_base64="NfFBQKCbADihv37V0PCkDJe5Zns=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8dW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzUuO+XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBrKGM1g==</latexit><latexit sha1_base64="NfFBQKCbADihv37V0PCkDJe5Zns=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8dW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzUuO+XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBrKGM1g==</latexit><latexit sha1_base64="NfFBQKCbADihv37V0PCkDJe5Zns=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8dW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzUuO+XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBrKGM1g==</latexit>

H1
<latexit sha1_base64="b0+pGNZN9Xd+K/ea1cDNYpaOQ50=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy4r2Ae0Q8mkt21oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJfea3p6g0j+SjmcXoh3Qk+ZAzaqzk90JqxoyKtD7ve/1yxa26C5B14uWkAjka/fJXbxCxJERpmKBadz03Nn5KleFM4LzUSzTGlE3oCLuWShqi9tNF6Dm5sMqADCNlnzRkof7eSGmo9SwM7GQWUq96mfif103M8NZPuYwTg5ItDw0TQUxEsgbIgCtkRswsoUxxm5WwMVWUGdtTyZbgrX55nbSuqp5b9R6uK7W7vI4inME5XIIHN1CDOjSgCQye4Ble4c2ZOi/Ou/OxHC04+c4p/IHz+QOofZIC</latexit><latexit sha1_base64="b0+pGNZN9Xd+K/ea1cDNYpaOQ50=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy4r2Ae0Q8mkt21oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJfea3p6g0j+SjmcXoh3Qk+ZAzaqzk90JqxoyKtD7ve/1yxa26C5B14uWkAjka/fJXbxCxJERpmKBadz03Nn5KleFM4LzUSzTGlE3oCLuWShqi9tNF6Dm5sMqADCNlnzRkof7eSGmo9SwM7GQWUq96mfif103M8NZPuYwTg5ItDw0TQUxEsgbIgCtkRswsoUxxm5WwMVWUGdtTyZbgrX55nbSuqp5b9R6uK7W7vI4inME5XIIHN1CDOjSgCQye4Ble4c2ZOi/Ou/OxHC04+c4p/IHz+QOofZIC</latexit><latexit sha1_base64="b0+pGNZN9Xd+K/ea1cDNYpaOQ50=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy4r2Ae0Q8mkt21oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJfea3p6g0j+SjmcXoh3Qk+ZAzaqzk90JqxoyKtD7ve/1yxa26C5B14uWkAjka/fJXbxCxJERpmKBadz03Nn5KleFM4LzUSzTGlE3oCLuWShqi9tNF6Dm5sMqADCNlnzRkof7eSGmo9SwM7GQWUq96mfif103M8NZPuYwTg5ItDw0TQUxEsgbIgCtkRswsoUxxm5WwMVWUGdtTyZbgrX55nbSuqp5b9R6uK7W7vI4inME5XIIHN1CDOjSgCQye4Ble4c2ZOi/Ou/OxHC04+c4p/IHz+QOofZIC</latexit><latexit sha1_base64="b0+pGNZN9Xd+K/ea1cDNYpaOQ50=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy4r2Ae0Q8mkt21oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJfea3p6g0j+SjmcXoh3Qk+ZAzaqzk90JqxoyKtD7ve/1yxa26C5B14uWkAjka/fJXbxCxJERpmKBadz03Nn5KleFM4LzUSzTGlE3oCLuWShqi9tNF6Dm5sMqADCNlnzRkof7eSGmo9SwM7GQWUq96mfif103M8NZPuYwTg5ItDw0TQUxEsgbIgCtkRswsoUxxm5WwMVWUGdtTyZbgrX55nbSuqp5b9R6uK7W7vI4inME5XIIHN1CDOjSgCQye4Ble4c2ZOi/Ou/OxHC04+c4p/IHz+QOofZIC</latexit>

x

<latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit>

O
<latexit sha1_base64="m1zCFXeFmUx6ehG3dT0b77LjCc4=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl0484K9gFtKJPppB06mQkzN0IJ/Qw3LhRx69e482+ctFlo64GBwzn3MueeMBHcoOd9O6W19Y3NrfJ2ZWd3b/+genjUNirVlLWoEkp3Q2KY4JK1kKNg3UQzEoeCdcLJbe53npg2XMlHnCYsiMlI8ohTglbq9WOCY0pEdj8bVGte3ZvDXSV+QWpQoDmofvWHiqYxk0gFMabnewkGGdHIqWCzSj81LCF0QkasZ6kkMTNBNo88c8+sMnQjpe2T6M7V3xsZiY2ZxqGdzCOaZS8X//N6KUbXQcZlkiKTdPFRlAoXlZvf7w65ZhTF1BJCNbdZXTommlC0LVVsCf7yyaukfVH3vbr/cFlr3BR1lOEETuEcfLiCBtxBE1pAQcEzvMKbg86L8+58LEZLTrFzDH/gfP4AhZSRZQ==</latexit><latexit sha1_base64="m1zCFXeFmUx6ehG3dT0b77LjCc4=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl0484K9gFtKJPppB06mQkzN0IJ/Qw3LhRx69e482+ctFlo64GBwzn3MueeMBHcoOd9O6W19Y3NrfJ2ZWd3b/+genjUNirVlLWoEkp3Q2KY4JK1kKNg3UQzEoeCdcLJbe53npg2XMlHnCYsiMlI8ohTglbq9WOCY0pEdj8bVGte3ZvDXSV+QWpQoDmofvWHiqYxk0gFMabnewkGGdHIqWCzSj81LCF0QkasZ6kkMTNBNo88c8+sMnQjpe2T6M7V3xsZiY2ZxqGdzCOaZS8X//N6KUbXQcZlkiKTdPFRlAoXlZvf7w65ZhTF1BJCNbdZXTommlC0LVVsCf7yyaukfVH3vbr/cFlr3BR1lOEETuEcfLiCBtxBE1pAQcEzvMKbg86L8+58LEZLTrFzDH/gfP4AhZSRZQ==</latexit><latexit sha1_base64="m1zCFXeFmUx6ehG3dT0b77LjCc4=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl0484K9gFtKJPppB06mQkzN0IJ/Qw3LhRx69e482+ctFlo64GBwzn3MueeMBHcoOd9O6W19Y3NrfJ2ZWd3b/+genjUNirVlLWoEkp3Q2KY4JK1kKNg3UQzEoeCdcLJbe53npg2XMlHnCYsiMlI8ohTglbq9WOCY0pEdj8bVGte3ZvDXSV+QWpQoDmofvWHiqYxk0gFMabnewkGGdHIqWCzSj81LCF0QkasZ6kkMTNBNo88c8+sMnQjpe2T6M7V3xsZiY2ZxqGdzCOaZS8X//N6KUbXQcZlkiKTdPFRlAoXlZvf7w65ZhTF1BJCNbdZXTommlC0LVVsCf7yyaukfVH3vbr/cFlr3BR1lOEETuEcfLiCBtxBE1pAQcEzvMKbg86L8+58LEZLTrFzDH/gfP4AhZSRZQ==</latexit><latexit sha1_base64="m1zCFXeFmUx6ehG3dT0b77LjCc4=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl0484K9gFtKJPppB06mQkzN0IJ/Qw3LhRx69e482+ctFlo64GBwzn3MueeMBHcoOd9O6W19Y3NrfJ2ZWd3b/+genjUNirVlLWoEkp3Q2KY4JK1kKNg3UQzEoeCdcLJbe53npg2XMlHnCYsiMlI8ohTglbq9WOCY0pEdj8bVGte3ZvDXSV+QWpQoDmofvWHiqYxk0gFMabnewkGGdHIqWCzSj81LCF0QkasZ6kkMTNBNo88c8+sMnQjpe2T6M7V3xsZiY2ZxqGdzCOaZS8X//N6KUbXQcZlkiKTdPFRlAoXlZvf7w65ZhTF1BJCNbdZXTommlC0LVVsCf7yyaukfVH3vbr/cFlr3BR1lOEETuEcfLiCBtxBE1pAQcEzvMKbg86L8+58LEZLTrFzDH/gfP4AhZSRZQ==</latexit>

x

<latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit>

x+ 1
<latexit sha1_base64="jckszGNodYbTek5yKnvtVcD2OjI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QhrLZTtqlm03Y3Ygl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekSleSwfzDhBP6IDyUPOqLHS/dOZ1ytX3Ko7A1kmXk4qkKPeK391+zFLI5SGCap1x3MT42dUGc4ETkrdVGNC2YgOsGOppBFqP5udOiEnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhFd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHplGwI3uLLy6R5XvXcqnd3Uald53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OcF6cd+dj3lpw8plD+APn8we8nY1s</latexit><latexit sha1_base64="jckszGNodYbTek5yKnvtVcD2OjI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QhrLZTtqlm03Y3Ygl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekSleSwfzDhBP6IDyUPOqLHS/dOZ1ytX3Ko7A1kmXk4qkKPeK391+zFLI5SGCap1x3MT42dUGc4ETkrdVGNC2YgOsGOppBFqP5udOiEnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhFd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHplGwI3uLLy6R5XvXcqnd3Uald53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OcF6cd+dj3lpw8plD+APn8we8nY1s</latexit><latexit sha1_base64="jckszGNodYbTek5yKnvtVcD2OjI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QhrLZTtqlm03Y3Ygl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekSleSwfzDhBP6IDyUPOqLHS/dOZ1ytX3Ko7A1kmXk4qkKPeK391+zFLI5SGCap1x3MT42dUGc4ETkrdVGNC2YgOsGOppBFqP5udOiEnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhFd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHplGwI3uLLy6R5XvXcqnd3Uald53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OcF6cd+dj3lpw8plD+APn8we8nY1s</latexit><latexit sha1_base64="jckszGNodYbTek5yKnvtVcD2OjI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QhrLZTtqlm03Y3Ygl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekSleSwfzDhBP6IDyUPOqLHS/dOZ1ytX3Ko7A1kmXk4qkKPeK391+zFLI5SGCap1x3MT42dUGc4ETkrdVGNC2YgOsGOppBFqP5udOiEnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhFd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHplGwI3uLLy6R5XvXcqnd3Uald53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OcF6cd+dj3lpw8plD+APn8we8nY1s</latexit>

p0 = O(x)
<latexit sha1_base64="LdBw3WDQISKP/CMMULr7SqcUVCc=">AAAB/XicbVDLSsNAFL3xWesrPnZuBotQNyURQTdC0Y07K9gHtCFMppN26GQSZiZiDcVfceNCEbf+hzv/xknbhbYeGDiccy/3zAkSzpR2nG9rYXFpeWW1sFZc39jc2rZ3dhsqTiWhdRLzWLYCrChngtY105y2EklxFHDaDAZXud+8p1KxWNzpYUK9CPcECxnB2ki+vZ/4DrpAnQjrPsE8uxmVH459u+RUnDHQPHGnpART1Hz7q9ONSRpRoQnHSrVdJ9FehqVmhNNRsZMqmmAywD3aNlTgiCovG6cfoSOjdFEYS/OERmP190aGI6WGUWAm85Rq1svF/7x2qsNzL2MiSTUVZHIoTDnSMcqrQF0mKdF8aAgmkpmsiPSxxESbwoqmBHf2y/OkcVJxnYp7e1qqXk7rKMABHEIZXDiDKlxDDepA4BGe4RXerCfrxXq3PiajC9Z0Zw/+wPr8AeODlDU=</latexit><latexit sha1_base64="LdBw3WDQISKP/CMMULr7SqcUVCc=">AAAB/XicbVDLSsNAFL3xWesrPnZuBotQNyURQTdC0Y07K9gHtCFMppN26GQSZiZiDcVfceNCEbf+hzv/xknbhbYeGDiccy/3zAkSzpR2nG9rYXFpeWW1sFZc39jc2rZ3dhsqTiWhdRLzWLYCrChngtY105y2EklxFHDaDAZXud+8p1KxWNzpYUK9CPcECxnB2ki+vZ/4DrpAnQjrPsE8uxmVH459u+RUnDHQPHGnpART1Hz7q9ONSRpRoQnHSrVdJ9FehqVmhNNRsZMqmmAywD3aNlTgiCovG6cfoSOjdFEYS/OERmP190aGI6WGUWAm85Rq1svF/7x2qsNzL2MiSTUVZHIoTDnSMcqrQF0mKdF8aAgmkpmsiPSxxESbwoqmBHf2y/OkcVJxnYp7e1qqXk7rKMABHEIZXDiDKlxDDepA4BGe4RXerCfrxXq3PiajC9Z0Zw/+wPr8AeODlDU=</latexit><latexit sha1_base64="LdBw3WDQISKP/CMMULr7SqcUVCc=">AAAB/XicbVDLSsNAFL3xWesrPnZuBotQNyURQTdC0Y07K9gHtCFMppN26GQSZiZiDcVfceNCEbf+hzv/xknbhbYeGDiccy/3zAkSzpR2nG9rYXFpeWW1sFZc39jc2rZ3dhsqTiWhdRLzWLYCrChngtY105y2EklxFHDaDAZXud+8p1KxWNzpYUK9CPcECxnB2ki+vZ/4DrpAnQjrPsE8uxmVH459u+RUnDHQPHGnpART1Hz7q9ONSRpRoQnHSrVdJ9FehqVmhNNRsZMqmmAywD3aNlTgiCovG6cfoSOjdFEYS/OERmP190aGI6WGUWAm85Rq1svF/7x2qsNzL2MiSTUVZHIoTDnSMcqrQF0mKdF8aAgmkpmsiPSxxESbwoqmBHf2y/OkcVJxnYp7e1qqXk7rKMABHEIZXDiDKlxDDepA4BGe4RXerCfrxXq3PiajC9Z0Zw/+wPr8AeODlDU=</latexit><latexit sha1_base64="LdBw3WDQISKP/CMMULr7SqcUVCc=">AAAB/XicbVDLSsNAFL3xWesrPnZuBotQNyURQTdC0Y07K9gHtCFMppN26GQSZiZiDcVfceNCEbf+hzv/xknbhbYeGDiccy/3zAkSzpR2nG9rYXFpeWW1sFZc39jc2rZ3dhsqTiWhdRLzWLYCrChngtY105y2EklxFHDaDAZXud+8p1KxWNzpYUK9CPcECxnB2ki+vZ/4DrpAnQjrPsE8uxmVH459u+RUnDHQPHGnpART1Hz7q9ONSRpRoQnHSrVdJ9FehqVmhNNRsZMqmmAywD3aNlTgiCovG6cfoSOjdFEYS/OERmP190aGI6WGUWAm85Rq1svF/7x2qsNzL2MiSTUVZHIoTDnSMcqrQF0mKdF8aAgmkpmsiPSxxESbwoqmBHf2y/OkcVJxnYp7e1qqXk7rKMABHEIZXDiDKlxDDepA4BGe4RXerCfrxXq3PiajC9Z0Zw/+wPr8AeODlDU=</latexit>

p1 = O(x+ 1)
<latexit sha1_base64="+n1hXFWkvlyH2h0wMIz5B35kHGg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARKkKZiKAboejGnRXsA9phyKSZNjSTGZKMWMYu/BU3LhRx62+482/MtLPQ1gOBwzn3ck+OH3OmtON8W4WFxaXlleJqaW19Y3PL3t5pqiiRhDZIxCPZ9rGinAna0Exz2o4lxaHPacsfXmV+655KxSJxp0cxdUPcFyxgBGsjefZe7CF4Absh1gOCeXozrjwcoyPPLjtVZwI4T1BOyiBH3bO/ur2IJCEVmnCsVAc5sXZTLDUjnI5L3UTRGJMh7tOOoQKHVLnpJP8YHhqlB4NImic0nKi/N1IcKjUKfTOZ5VSzXib+53USHZy7KRNxoqkg00NBwqGOYFYG7DFJieYjQzCRzGSFZIAlJtpUVjIloNkvz5PmSRU5VXR7Wq5d5nUUwT44ABWAwBmogWtQBw1AwCN4Bq/gzXqyXqx362M6WrDynV3wB9bnD8imlKY=</latexit><latexit sha1_base64="+n1hXFWkvlyH2h0wMIz5B35kHGg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARKkKZiKAboejGnRXsA9phyKSZNjSTGZKMWMYu/BU3LhRx62+482/MtLPQ1gOBwzn3ck+OH3OmtON8W4WFxaXlleJqaW19Y3PL3t5pqiiRhDZIxCPZ9rGinAna0Exz2o4lxaHPacsfXmV+655KxSJxp0cxdUPcFyxgBGsjefZe7CF4Absh1gOCeXozrjwcoyPPLjtVZwI4T1BOyiBH3bO/ur2IJCEVmnCsVAc5sXZTLDUjnI5L3UTRGJMh7tOOoQKHVLnpJP8YHhqlB4NImic0nKi/N1IcKjUKfTOZ5VSzXib+53USHZy7KRNxoqkg00NBwqGOYFYG7DFJieYjQzCRzGSFZIAlJtpUVjIloNkvz5PmSRU5VXR7Wq5d5nUUwT44ABWAwBmogWtQBw1AwCN4Bq/gzXqyXqx362M6WrDynV3wB9bnD8imlKY=</latexit><latexit sha1_base64="+n1hXFWkvlyH2h0wMIz5B35kHGg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARKkKZiKAboejGnRXsA9phyKSZNjSTGZKMWMYu/BU3LhRx62+482/MtLPQ1gOBwzn3ck+OH3OmtON8W4WFxaXlleJqaW19Y3PL3t5pqiiRhDZIxCPZ9rGinAna0Exz2o4lxaHPacsfXmV+655KxSJxp0cxdUPcFyxgBGsjefZe7CF4Absh1gOCeXozrjwcoyPPLjtVZwI4T1BOyiBH3bO/ur2IJCEVmnCsVAc5sXZTLDUjnI5L3UTRGJMh7tOOoQKHVLnpJP8YHhqlB4NImic0nKi/N1IcKjUKfTOZ5VSzXib+53USHZy7KRNxoqkg00NBwqGOYFYG7DFJieYjQzCRzGSFZIAlJtpUVjIloNkvz5PmSRU5VXR7Wq5d5nUUwT44ABWAwBmogWtQBw1AwCN4Bq/gzXqyXqx362M6WrDynV3wB9bnD8imlKY=</latexit><latexit sha1_base64="+n1hXFWkvlyH2h0wMIz5B35kHGg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARKkKZiKAboejGnRXsA9phyKSZNjSTGZKMWMYu/BU3LhRx62+482/MtLPQ1gOBwzn3ck+OH3OmtON8W4WFxaXlleJqaW19Y3PL3t5pqiiRhDZIxCPZ9rGinAna0Exz2o4lxaHPacsfXmV+655KxSJxp0cxdUPcFyxgBGsjefZe7CF4Absh1gOCeXozrjwcoyPPLjtVZwI4T1BOyiBH3bO/ur2IJCEVmnCsVAc5sXZTLDUjnI5L3UTRGJMh7tOOoQKHVLnpJP8YHhqlB4NImic0nKi/N1IcKjUKfTOZ5VSzXib+53USHZy7KRNxoqkg00NBwqGOYFYG7DFJieYjQzCRzGSFZIAlJtpUVjIloNkvz5PmSRU5VXR7Wq5d5nUUwT44ABWAwBmogWtQBw1AwCN4Bq/gzXqyXqx362M6WrDynV3wB9bnD8imlKY=</latexit>

Random Oracle R

◆ 2 [|R|]
<latexit sha1_base64="ywjCIMuckBb7XkX5jVGHoYLj7no=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoigh6LXjxWsR+QhLLZbtqlm03YnQg17S/x4kERr/4Ub/4bt20O2vpg4PHeDDPzwlRwDY7zbZXW1jc2t8rblZ3dvf2qfXDY1kmmKGvRRCSqGxLNBJesBRwE66aKkTgUrBOObmZ+55EpzRP5AOOUBTEZSB5xSsBIPbvq8wQI9rnE3uR+EvTsmlN35sCrxC1IDRVo9uwvv5/QLGYSqCBae66TQpATBZwKNq34mWYpoSMyYJ6hksRMB/n88Ck+NUofR4kyJQHP1d8TOYm1Hseh6YwJDPWyNxP/87wMoqsg5zLNgEm6WBRlAkOCZyngPleMghgbQqji5lZMh0QRCiarignBXX55lbTP665Td+8uao3rIo4yOkYn6Ay56BI10C1qohaiKEPP6BW9WU/Wi/VufSxaS1Yxc4T+wPr8ASdDkr8=</latexit><latexit sha1_base64="ywjCIMuckBb7XkX5jVGHoYLj7no=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoigh6LXjxWsR+QhLLZbtqlm03YnQg17S/x4kERr/4Ub/4bt20O2vpg4PHeDDPzwlRwDY7zbZXW1jc2t8rblZ3dvf2qfXDY1kmmKGvRRCSqGxLNBJesBRwE66aKkTgUrBOObmZ+55EpzRP5AOOUBTEZSB5xSsBIPbvq8wQI9rnE3uR+EvTsmlN35sCrxC1IDRVo9uwvv5/QLGYSqCBae66TQpATBZwKNq34mWYpoSMyYJ6hksRMB/n88Ck+NUofR4kyJQHP1d8TOYm1Hseh6YwJDPWyNxP/87wMoqsg5zLNgEm6WBRlAkOCZyngPleMghgbQqji5lZMh0QRCiarignBXX55lbTP665Td+8uao3rIo4yOkYn6Ay56BI10C1qohaiKEPP6BW9WU/Wi/VufSxaS1Yxc4T+wPr8ASdDkr8=</latexit><latexit sha1_base64="ywjCIMuckBb7XkX5jVGHoYLj7no=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoigh6LXjxWsR+QhLLZbtqlm03YnQg17S/x4kERr/4Ub/4bt20O2vpg4PHeDDPzwlRwDY7zbZXW1jc2t8rblZ3dvf2qfXDY1kmmKGvRRCSqGxLNBJesBRwE66aKkTgUrBOObmZ+55EpzRP5AOOUBTEZSB5xSsBIPbvq8wQI9rnE3uR+EvTsmlN35sCrxC1IDRVo9uwvv5/QLGYSqCBae66TQpATBZwKNq34mWYpoSMyYJ6hksRMB/n88Ck+NUofR4kyJQHP1d8TOYm1Hseh6YwJDPWyNxP/87wMoqsg5zLNgEm6WBRlAkOCZyngPleMghgbQqji5lZMh0QRCiarignBXX55lbTP665Td+8uao3rIo4yOkYn6Ay56BI10C1qohaiKEPP6BW9WU/Wi/VufSxaS1Yxc4T+wPr8ASdDkr8=</latexit><latexit sha1_base64="ywjCIMuckBb7XkX5jVGHoYLj7no=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoigh6LXjxWsR+QhLLZbtqlm03YnQg17S/x4kERr/4Ub/4bt20O2vpg4PHeDDPzwlRwDY7zbZXW1jc2t8rblZ3dvf2qfXDY1kmmKGvRRCSqGxLNBJesBRwE66aKkTgUrBOObmZ+55EpzRP5AOOUBTEZSB5xSsBIPbvq8wQI9rnE3uR+EvTsmlN35sCrxC1IDRVo9uwvv5/QLGYSqCBae66TQpATBZwKNq34mWYpoSMyYJ6hksRMB/n88Ck+NUofR4kyJQHP1d8TOYm1Hseh6YwJDPWyNxP/87wMoqsg5zLNgEm6WBRlAkOCZyngPleMghgbQqji5lZMh0QRCiarignBXX55lbTP665Td+8uao3rIo4yOkYn6Ay56BI10C1qohaiKEPP6BW9WU/Wi/VufSxaS1Yxc4T+wPr8ASdDkr8=</latexit>

Input:
y0 = SeekR(◆)

<latexit sha1_base64="q6vZ61ABu/cMlDz73popJq+6Ieg=">AAACBHicbVDLSsNAFJ3UV62vqstuBotYNyURQTdC0Y3L+ugDmlIm05t26EwSZiZCCF248VfcuFDErR/hzr9x2mahrQcuHM65l3vv8SLOlLbtbyu3tLyyupZfL2xsbm3vFHf3miqMJYUGDXko2x5RwFkADc00h3YkgQiPQ8sbXU381gNIxcLgXicRdAUZBMxnlGgj9Yql5AhfYFcQPZQivQMYjXu3FZeFmhz3imW7ak+BF4mTkTLKUO8Vv9x+SGMBgaacKNVx7Eh3UyI1oxzGBTdWEBE6IgPoGBoQAaqbTp8Y40Oj9LEfSlOBxlP190RKhFKJ8Ezn5Fo1703E/7xOrP3zbsqCKNYQ0NkiP+ZYh3iSCO4zCVTzxBBCJTO3YjokklBtciuYEJz5lxdJ86Tq2FXn5rRcu8ziyKMSOkAV5KAzVEPXqI4aiKJH9Ixe0Zv1ZL1Y79bHrDVnZTP76A+szx9d8pdG</latexit><latexit sha1_base64="q6vZ61ABu/cMlDz73popJq+6Ieg=">AAACBHicbVDLSsNAFJ3UV62vqstuBotYNyURQTdC0Y3L+ugDmlIm05t26EwSZiZCCF248VfcuFDErR/hzr9x2mahrQcuHM65l3vv8SLOlLbtbyu3tLyyupZfL2xsbm3vFHf3miqMJYUGDXko2x5RwFkADc00h3YkgQiPQ8sbXU381gNIxcLgXicRdAUZBMxnlGgj9Yql5AhfYFcQPZQivQMYjXu3FZeFmhz3imW7ak+BF4mTkTLKUO8Vv9x+SGMBgaacKNVx7Eh3UyI1oxzGBTdWEBE6IgPoGBoQAaqbTp8Y40Oj9LEfSlOBxlP190RKhFKJ8Ezn5Fo1703E/7xOrP3zbsqCKNYQ0NkiP+ZYh3iSCO4zCVTzxBBCJTO3YjokklBtciuYEJz5lxdJ86Tq2FXn5rRcu8ziyKMSOkAV5KAzVEPXqI4aiKJH9Ixe0Zv1ZL1Y79bHrDVnZTP76A+szx9d8pdG</latexit><latexit sha1_base64="q6vZ61ABu/cMlDz73popJq+6Ieg=">AAACBHicbVDLSsNAFJ3UV62vqstuBotYNyURQTdC0Y3L+ugDmlIm05t26EwSZiZCCF248VfcuFDErR/hzr9x2mahrQcuHM65l3vv8SLOlLbtbyu3tLyyupZfL2xsbm3vFHf3miqMJYUGDXko2x5RwFkADc00h3YkgQiPQ8sbXU381gNIxcLgXicRdAUZBMxnlGgj9Yql5AhfYFcQPZQivQMYjXu3FZeFmhz3imW7ak+BF4mTkTLKUO8Vv9x+SGMBgaacKNVx7Eh3UyI1oxzGBTdWEBE6IgPoGBoQAaqbTp8Y40Oj9LEfSlOBxlP190RKhFKJ8Ezn5Fo1703E/7xOrP3zbsqCKNYQ0NkiP+ZYh3iSCO4zCVTzxBBCJTO3YjokklBtciuYEJz5lxdJ86Tq2FXn5rRcu8ziyKMSOkAV5KAzVEPXqI4aiKJH9Ixe0Zv1ZL1Y79bHrDVnZTP76A+szx9d8pdG</latexit><latexit sha1_base64="q6vZ61ABu/cMlDz73popJq+6Ieg=">AAACBHicbVDLSsNAFJ3UV62vqstuBotYNyURQTdC0Y3L+ugDmlIm05t26EwSZiZCCF248VfcuFDErR/hzr9x2mahrQcuHM65l3vv8SLOlLbtbyu3tLyyupZfL2xsbm3vFHf3miqMJYUGDXko2x5RwFkADc00h3YkgQiPQ8sbXU381gNIxcLgXicRdAUZBMxnlGgj9Yql5AhfYFcQPZQivQMYjXu3FZeFmhz3imW7ak+BF4mTkTLKUO8Vv9x+SGMBgaacKNVx7Eh3UyI1oxzGBTdWEBE6IgPoGBoQAaqbTp8Y40Oj9LEfSlOBxlP190RKhFKJ8Ezn5Fo1703E/7xOrP3zbsqCKNYQ0NkiP+ZYh3iSCO4zCVTzxBBCJTO3YjokklBtciuYEJz5lxdJ86Tq2FXn5rRcu8ziyKMSOkAV5KAzVEPXqI4aiKJH9Ixe0Zv1ZL1Y79bHrDVnZTP76A+szx9d8pdG</latexit>

y0 � p1
<latexit sha1_base64="A0av830fSs3O64inJX02RqlZX8g=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbRU9kVQY9FLx4r2A9o15JNs21oNglJVilL/4cXD4p49b9489+YtnvQ1gcDj/dmmJkXKc6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqaa0AaRXOp2hA3lTNCGZZbTttIUJxGnrWh0M/Vbj1QbJsW9HSsaJnggWMwItk56GJ+irlQ8NUj1AtQrV/yqPwNaJkFOKpCj3it/dfuSpAkVlnBsTCfwlQ0zrC0jnE5K3dRQhckID2jHUYETasJsdvUEnTilj2KpXQmLZurviQwnxoyTyHUm2A7NojcV//M6qY2vwowJlVoqyHxRnHJkJZpGgPpMU2L52BFMNHO3IjLEGhPrgiq5EILFl5dJ87wa+NXg7qJSu87jKMIRHMMZBHAJNbiFOjSAgIZneIU378l78d69j3lrwctnDuEPvM8fGNSRlQ==</latexit><latexit sha1_base64="A0av830fSs3O64inJX02RqlZX8g=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbRU9kVQY9FLx4r2A9o15JNs21oNglJVilL/4cXD4p49b9489+YtnvQ1gcDj/dmmJkXKc6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqaa0AaRXOp2hA3lTNCGZZbTttIUJxGnrWh0M/Vbj1QbJsW9HSsaJnggWMwItk56GJ+irlQ8NUj1AtQrV/yqPwNaJkFOKpCj3it/dfuSpAkVlnBsTCfwlQ0zrC0jnE5K3dRQhckID2jHUYETasJsdvUEnTilj2KpXQmLZurviQwnxoyTyHUm2A7NojcV//M6qY2vwowJlVoqyHxRnHJkJZpGgPpMU2L52BFMNHO3IjLEGhPrgiq5EILFl5dJ87wa+NXg7qJSu87jKMIRHMMZBHAJNbiFOjSAgIZneIU378l78d69j3lrwctnDuEPvM8fGNSRlQ==</latexit><latexit sha1_base64="A0av830fSs3O64inJX02RqlZX8g=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbRU9kVQY9FLx4r2A9o15JNs21oNglJVilL/4cXD4p49b9489+YtnvQ1gcDj/dmmJkXKc6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqaa0AaRXOp2hA3lTNCGZZbTttIUJxGnrWh0M/Vbj1QbJsW9HSsaJnggWMwItk56GJ+irlQ8NUj1AtQrV/yqPwNaJkFOKpCj3it/dfuSpAkVlnBsTCfwlQ0zrC0jnE5K3dRQhckID2jHUYETasJsdvUEnTilj2KpXQmLZurviQwnxoyTyHUm2A7NojcV//M6qY2vwowJlVoqyHxRnHJkJZpGgPpMU2L52BFMNHO3IjLEGhPrgiq5EILFl5dJ87wa+NXg7qJSu87jKMIRHMMZBHAJNbiFOjSAgIZneIU378l78d69j3lrwctnDuEPvM8fGNSRlQ==</latexit><latexit sha1_base64="A0av830fSs3O64inJX02RqlZX8g=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbRU9kVQY9FLx4r2A9o15JNs21oNglJVilL/4cXD4p49b9489+YtnvQ1gcDj/dmmJkXKc6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqaa0AaRXOp2hA3lTNCGZZbTttIUJxGnrWh0M/Vbj1QbJsW9HSsaJnggWMwItk56GJ+irlQ8NUj1AtQrV/yqPwNaJkFOKpCj3it/dfuSpAkVlnBsTCfwlQ0zrC0jnE5K3dRQhckID2jHUYETasJsdvUEnTilj2KpXQmLZurviQwnxoyTyHUm2A7NojcV//M6qY2vwowJlVoqyHxRnHJkJZpGgPpMU2L52BFMNHO3IjLEGhPrgiq5EILFl5dJ87wa+NXg7qJSu87jKMIRHMMZBHAJNbiFOjSAgIZneIU378l78d69j3lrwctnDuEPvM8fGNSRlQ==</latexit>

Output:



Candidate Constructions of 

• Any graph with one target node doesn’t work
• Need at least enough target nodes so that R is reasonably large
• Simple construction cylinder graph we implemented (n = N^2)

H1
<latexit sha1_base64="b0+pGNZN9Xd+K/ea1cDNYpaOQ50=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy4r2Ae0Q8mkt21oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJfea3p6g0j+SjmcXoh3Qk+ZAzaqzk90JqxoyKtD7ve/1yxa26C5B14uWkAjka/fJXbxCxJERpmKBadz03Nn5KleFM4LzUSzTGlE3oCLuWShqi9tNF6Dm5sMqADCNlnzRkof7eSGmo9SwM7GQWUq96mfif103M8NZPuYwTg5ItDw0TQUxEsgbIgCtkRswsoUxxm5WwMVWUGdtTyZbgrX55nbSuqp5b9R6uK7W7vI4inME5XIIHN1CDOjSgCQye4Ble4c2ZOi/Ou/OxHC04+c4p/IHz+QOofZIC</latexit><latexit sha1_base64="b0+pGNZN9Xd+K/ea1cDNYpaOQ50=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy4r2Ae0Q8mkt21oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJfea3p6g0j+SjmcXoh3Qk+ZAzaqzk90JqxoyKtD7ve/1yxa26C5B14uWkAjka/fJXbxCxJERpmKBadz03Nn5KleFM4LzUSzTGlE3oCLuWShqi9tNF6Dm5sMqADCNlnzRkof7eSGmo9SwM7GQWUq96mfif103M8NZPuYwTg5ItDw0TQUxEsgbIgCtkRswsoUxxm5WwMVWUGdtTyZbgrX55nbSuqp5b9R6uK7W7vI4inME5XIIHN1CDOjSgCQye4Ble4c2ZOi/Ou/OxHC04+c4p/IHz+QOofZIC</latexit><latexit sha1_base64="b0+pGNZN9Xd+K/ea1cDNYpaOQ50=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy4r2Ae0Q8mkt21oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJfea3p6g0j+SjmcXoh3Qk+ZAzaqzk90JqxoyKtD7ve/1yxa26C5B14uWkAjka/fJXbxCxJERpmKBadz03Nn5KleFM4LzUSzTGlE3oCLuWShqi9tNF6Dm5sMqADCNlnzRkof7eSGmo9SwM7GQWUq96mfif103M8NZPuYwTg5ItDw0TQUxEsgbIgCtkRswsoUxxm5WwMVWUGdtTyZbgrX55nbSuqp5b9R6uK7W7vI4inME5XIIHN1CDOjSgCQye4Ble4c2ZOi/Ou/OxHC04+c4p/IHz+QOofZIC</latexit><latexit sha1_base64="b0+pGNZN9Xd+K/ea1cDNYpaOQ50=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuimy4r2Ae0Q8mkt21oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIBZcG9f9dgobm1vbO8Xd0t7+weFR+fikpaNEMWyySESqE1CNgktsGm4EdmKFNAwEtoPJfea3p6g0j+SjmcXoh3Qk+ZAzaqzk90JqxoyKtD7ve/1yxa26C5B14uWkAjka/fJXbxCxJERpmKBadz03Nn5KleFM4LzUSzTGlE3oCLuWShqi9tNF6Dm5sMqADCNlnzRkof7eSGmo9SwM7GQWUq96mfif103M8NZPuYwTg5ItDw0TQUxEsgbIgCtkRswsoUxxm5WwMVWUGdtTyZbgrX55nbSuqp5b9R6uK7W7vI4inME5XIIHN1CDOjSgCQye4Ble4c2ZOi/Ou/OxHC04+c4p/IHz+QOofZIC</latexit>

|R| = N

2N



Our Constructions & Security Guarantees

• Cylinder Graph SHF: For                                                 where      is the number of 
nodes in the graph,     is the security parameter, and                 , an adversary 
attempting to query                       non-trivially more hashes than she stored must 
incur at least      dynamic memory usage for at least               steps.

n
<latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit>


<latexit sha1_base64="qAsUf/1IAlAQB3I2YF1C2veiXKU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJfROJsmY2dlhZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrUoIb6/vfXmFtfWNzq7hd2tnd2z8oHx41TZJqyho0EYluR2iY4JI1LLeCtZVmGEeCtaLx7cxvPTFteCIf7ESxMMah5ANO0Tqp2R2jUtgrV/yqPwdZJUFOKpCj3it/dfsJTWMmLRVoTCfwlQ0z1JZTwaalbmqYQjrGIes4KjFmJszm107JmVP6ZJBoV9KSufp7IsPYmEkcuc4Y7cgsezPxP6+T2sF1mHGpUsskXSwapILYhMxeJ32uGbVi4ghSzd2thI5QI7UuoJILIVh+eZU0L6qBXw3uLyu1mzyOIpzAKZxDAFdQgzuoQwMoPMIzvMKbl3gv3rv3sWgtePnMMfyB9/kDliyPHw==</latexit><latexit sha1_base64="qAsUf/1IAlAQB3I2YF1C2veiXKU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJfROJsmY2dlhZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrUoIb6/vfXmFtfWNzq7hd2tnd2z8oHx41TZJqyho0EYluR2iY4JI1LLeCtZVmGEeCtaLx7cxvPTFteCIf7ESxMMah5ANO0Tqp2R2jUtgrV/yqPwdZJUFOKpCj3it/dfsJTWMmLRVoTCfwlQ0z1JZTwaalbmqYQjrGIes4KjFmJszm107JmVP6ZJBoV9KSufp7IsPYmEkcuc4Y7cgsezPxP6+T2sF1mHGpUsskXSwapILYhMxeJ32uGbVi4ghSzd2thI5QI7UuoJILIVh+eZU0L6qBXw3uLyu1mzyOIpzAKZxDAFdQgzuoQwMoPMIzvMKbl3gv3rv3sWgtePnMMfyB9/kDliyPHw==</latexit><latexit sha1_base64="qAsUf/1IAlAQB3I2YF1C2veiXKU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJfROJsmY2dlhZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrUoIb6/vfXmFtfWNzq7hd2tnd2z8oHx41TZJqyho0EYluR2iY4JI1LLeCtZVmGEeCtaLx7cxvPTFteCIf7ESxMMah5ANO0Tqp2R2jUtgrV/yqPwdZJUFOKpCj3it/dfsJTWMmLRVoTCfwlQ0z1JZTwaalbmqYQjrGIes4KjFmJszm107JmVP6ZJBoV9KSufp7IsPYmEkcuc4Y7cgsezPxP6+T2sF1mHGpUsskXSwapILYhMxeJ32uGbVi4ghSzd2thI5QI7UuoJILIVh+eZU0L6qBXw3uLyu1mzyOIpzAKZxDAFdQgzuoQwMoPMIzvMKbl3gv3rv3sWgtePnMMfyB9/kDliyPHw==</latexit><latexit sha1_base64="qAsUf/1IAlAQB3I2YF1C2veiXKU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJfROJsmY2dlhZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrUoIb6/vfXmFtfWNzq7hd2tnd2z8oHx41TZJqyho0EYluR2iY4JI1LLeCtZVmGEeCtaLx7cxvPTFteCIf7ESxMMah5ANO0Tqp2R2jUtgrV/yqPwdZJUFOKpCj3it/dfsJTWMmLRVoTCfwlQ0z1JZTwaalbmqYQjrGIes4KjFmJszm107JmVP6ZJBoV9KSufp7IsPYmEkcuc4Y7cgsezPxP6+T2sF1mHGpUsskXSwapILYhMxeJ32uGbVi4ghSzd2thI5QI7UuoJILIVh+eZU0L6qBXw3uLyu1mzyOIpzAKZxDAFdQgzuoQwMoPMIzvMKbl3gv3rv3sWgtePnMMfyB9/kDliyPHw==</latexit>

⇠ 2 !(1)
<latexit sha1_base64="DiocwWpaplxm4gnY1yZ2ecQzkgY=">AAAB+nicbVBNSwMxEM36WevXVo9egkWol7Irgh6LXjxWsB/QXUo2nbahSXZJsmpZ+1O8eFDEq7/Em//GtN2Dtj4YeLw3w8y8KOFMG8/7dlZW19Y3Ngtbxe2d3b19t3TQ1HGqKDRozGPVjogGziQ0DDMc2okCIiIOrWh0PfVb96A0i+WdGScQCjKQrM8oMVbquqXgkeGASRzEAgak4p923bJX9WbAy8TPSRnlqHfdr6AX01SANJQTrTu+l5gwI8owymFSDFINCaEjMoCOpZII0GE2O32CT6zSw/1Y2ZIGz9TfExkRWo9FZDsFMUO96E3F/7xOavqXYcZkkhqQdL6on3JsYjzNAfeYAmr42BJCFbO3YjokilBj0yraEPzFl5dJ86zqe1X/9rxcu8rjKKAjdIwqyEcXqIZuUB01EEUP6Bm9ojfnyXlx3p2PeeuKk88coj9wPn8AoRKS7A==</latexit><latexit sha1_base64="DiocwWpaplxm4gnY1yZ2ecQzkgY=">AAAB+nicbVBNSwMxEM36WevXVo9egkWol7Irgh6LXjxWsB/QXUo2nbahSXZJsmpZ+1O8eFDEq7/Em//GtN2Dtj4YeLw3w8y8KOFMG8/7dlZW19Y3Ngtbxe2d3b19t3TQ1HGqKDRozGPVjogGziQ0DDMc2okCIiIOrWh0PfVb96A0i+WdGScQCjKQrM8oMVbquqXgkeGASRzEAgak4p923bJX9WbAy8TPSRnlqHfdr6AX01SANJQTrTu+l5gwI8owymFSDFINCaEjMoCOpZII0GE2O32CT6zSw/1Y2ZIGz9TfExkRWo9FZDsFMUO96E3F/7xOavqXYcZkkhqQdL6on3JsYjzNAfeYAmr42BJCFbO3YjokilBj0yraEPzFl5dJ86zqe1X/9rxcu8rjKKAjdIwqyEcXqIZuUB01EEUP6Bm9ojfnyXlx3p2PeeuKk88coj9wPn8AoRKS7A==</latexit><latexit sha1_base64="DiocwWpaplxm4gnY1yZ2ecQzkgY=">AAAB+nicbVBNSwMxEM36WevXVo9egkWol7Irgh6LXjxWsB/QXUo2nbahSXZJsmpZ+1O8eFDEq7/Em//GtN2Dtj4YeLw3w8y8KOFMG8/7dlZW19Y3Ngtbxe2d3b19t3TQ1HGqKDRozGPVjogGziQ0DDMc2okCIiIOrWh0PfVb96A0i+WdGScQCjKQrM8oMVbquqXgkeGASRzEAgak4p923bJX9WbAy8TPSRnlqHfdr6AX01SANJQTrTu+l5gwI8owymFSDFINCaEjMoCOpZII0GE2O32CT6zSw/1Y2ZIGz9TfExkRWo9FZDsFMUO96E3F/7xOavqXYcZkkhqQdL6on3JsYjzNAfeYAmr42BJCFbO3YjokilBj0yraEPzFl5dJ86zqe1X/9rxcu8rjKKAjdIwqyEcXqIZuUB01EEUP6Bm9ojfnyXlx3p2PeeuKk88coj9wPn8AoRKS7A==</latexit><latexit sha1_base64="DiocwWpaplxm4gnY1yZ2ecQzkgY=">AAAB+nicbVBNSwMxEM36WevXVo9egkWol7Irgh6LXjxWsB/QXUo2nbahSXZJsmpZ+1O8eFDEq7/Em//GtN2Dtj4YeLw3w8y8KOFMG8/7dlZW19Y3Ngtbxe2d3b19t3TQ1HGqKDRozGPVjogGziQ0DDMc2okCIiIOrWh0PfVb96A0i+WdGScQCjKQrM8oMVbquqXgkeGASRzEAgak4p923bJX9WbAy8TPSRnlqHfdr6AX01SANJQTrTu+l5gwI8owymFSDFINCaEjMoCOpZII0GE2O32CT6zSw/1Y2ZIGz9TfExkRWo9FZDsFMUO96E3F/7xOavqXYcZkkhqQdL6on3JsYjzNAfeYAmr42BJCFbO3YjokilBj0yraEPzFl5dJ86zqe1X/9rxcu8rjKKAjdIwqyEcXqIZuUB01EEUP6Bm9ojfnyXlx3p2PeeuKk88coj9wPn8AoRKS7A==</latexit>

⇤
<latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit>

⇥(
p
n)

<latexit sha1_base64="Nft+CNQ5A3xDKF9YwXhqkBKy3yY=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BItQLyURQY9FLx4r9AuaUDbbbbt0s4m7k0IJ/SdePCji1X/izX/jts1BWx8MPN6bYWZemAiu0XW/rcLG5tb2TnG3tLd/cHhkH5+0dJwqypo0FrHqhEQzwSVrIkfBOoliJAoFa4fj+7nfnjCleSwbOE1YEJGh5ANOCRqpZ9t+Y8SQVHz9pDCTs8ueXXar7gLOOvFyUoYc9Z795fdjmkZMIhVE667nJhhkRCGngs1KfqpZQuiYDFnXUEkipoNscfnMuTBK3xnEypREZ6H+nshIpPU0Ck1nRHCkV725+J/XTXFwG2RcJikySZeLBqlwMHbmMTh9rhhFMTWEUMXNrQ4dEUUomrBKJgRv9eV10rqqem7Ve7wu1+7yOIpwBudQAQ9uoAYPUIcmUJjAM7zCm5VZL9a79bFsLVj5zCn8gfX5A1/4k3o=</latexit><latexit sha1_base64="Nft+CNQ5A3xDKF9YwXhqkBKy3yY=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BItQLyURQY9FLx4r9AuaUDbbbbt0s4m7k0IJ/SdePCji1X/izX/jts1BWx8MPN6bYWZemAiu0XW/rcLG5tb2TnG3tLd/cHhkH5+0dJwqypo0FrHqhEQzwSVrIkfBOoliJAoFa4fj+7nfnjCleSwbOE1YEJGh5ANOCRqpZ9t+Y8SQVHz9pDCTs8ueXXar7gLOOvFyUoYc9Z795fdjmkZMIhVE667nJhhkRCGngs1KfqpZQuiYDFnXUEkipoNscfnMuTBK3xnEypREZ6H+nshIpPU0Ck1nRHCkV725+J/XTXFwG2RcJikySZeLBqlwMHbmMTh9rhhFMTWEUMXNrQ4dEUUomrBKJgRv9eV10rqqem7Ve7wu1+7yOIpwBudQAQ9uoAYPUIcmUJjAM7zCm5VZL9a79bFsLVj5zCn8gfX5A1/4k3o=</latexit><latexit sha1_base64="Nft+CNQ5A3xDKF9YwXhqkBKy3yY=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BItQLyURQY9FLx4r9AuaUDbbbbt0s4m7k0IJ/SdePCji1X/izX/jts1BWx8MPN6bYWZemAiu0XW/rcLG5tb2TnG3tLd/cHhkH5+0dJwqypo0FrHqhEQzwSVrIkfBOoliJAoFa4fj+7nfnjCleSwbOE1YEJGh5ANOCRqpZ9t+Y8SQVHz9pDCTs8ueXXar7gLOOvFyUoYc9Z795fdjmkZMIhVE667nJhhkRCGngs1KfqpZQuiYDFnXUEkipoNscfnMuTBK3xnEypREZ6H+nshIpPU0Ck1nRHCkV725+J/XTXFwG2RcJikySZeLBqlwMHbmMTh9rhhFMTWEUMXNrQ4dEUUomrBKJgRv9eV10rqqem7Ve7wu1+7yOIpwBudQAQ9uoAYPUIcmUJjAM7zCm5VZL9a79bFsLVj5zCn8gfX5A1/4k3o=</latexit><latexit sha1_base64="Nft+CNQ5A3xDKF9YwXhqkBKy3yY=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BItQLyURQY9FLx4r9AuaUDbbbbt0s4m7k0IJ/SdePCji1X/izX/jts1BWx8MPN6bYWZemAiu0XW/rcLG5tb2TnG3tLd/cHhkH5+0dJwqypo0FrHqhEQzwSVrIkfBOoliJAoFa4fj+7nfnjCleSwbOE1YEJGh5ANOCRqpZ9t+Y8SQVHz9pDCTs8ueXXar7gLOOvFyUoYc9Z795fdjmkZMIhVE667nJhhkRCGngs1KfqpZQuiYDFnXUEkipoNscfnMuTBK3xnEypREZ6H+nshIpPU0Ck1nRHCkV725+J/XTXFwG2RcJikySZeLBqlwMHbmMTh9rhhFMTWEUMXNrQ4dEUUomrBKJgRv9eV10rqqem7Ve7wu1+7yOIpwBudQAQ9uoAYPUIcmUJjAM7zCm5VZL9a79bFsLVj5zCn8gfX5A1/4k3o=</latexit>

Q = !(S)
<latexit sha1_base64="eMLz5xKamH8SSYz63yxdc5CCGDM=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRahXsquCHoRil48tmg/oF1LNs22oUl2SbJKWfo/vHhQxKv/xZv/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKmjRBHaIBGPVDvAmnImacMww2k7VhSLgNNWMLqZ+q1HqjSL5L0Zx9QXeCBZyAg2VnqooyvUjQQd4PLdKeoVS27FnQEtEy8jJchQ6xW/uv2IJIJKQzjWuuO5sfFTrAwjnE4K3UTTGJMRHtCOpRILqv10dvUEnVilj8JI2ZIGzdTfEykWWo9FYDsFNkO96E3F/7xOYsJLP2UyTgyVZL4oTDgyEZpGgPpMUWL42BJMFLO3IjLEChNjgyrYELzFl5dJ86ziuRWvfl6qXmdx5OEIjqEMHlxAFW6hBg0goOAZXuHNeXJenHfnY96ac7KZQ/gD5/MHLbSQ/Q==</latexit><latexit sha1_base64="eMLz5xKamH8SSYz63yxdc5CCGDM=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRahXsquCHoRil48tmg/oF1LNs22oUl2SbJKWfo/vHhQxKv/xZv/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKmjRBHaIBGPVDvAmnImacMww2k7VhSLgNNWMLqZ+q1HqjSL5L0Zx9QXeCBZyAg2VnqooyvUjQQd4PLdKeoVS27FnQEtEy8jJchQ6xW/uv2IJIJKQzjWuuO5sfFTrAwjnE4K3UTTGJMRHtCOpRILqv10dvUEnVilj8JI2ZIGzdTfEykWWo9FYDsFNkO96E3F/7xOYsJLP2UyTgyVZL4oTDgyEZpGgPpMUWL42BJMFLO3IjLEChNjgyrYELzFl5dJ86ziuRWvfl6qXmdx5OEIjqEMHlxAFW6hBg0goOAZXuHNeXJenHfnY96ac7KZQ/gD5/MHLbSQ/Q==</latexit><latexit sha1_base64="eMLz5xKamH8SSYz63yxdc5CCGDM=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRahXsquCHoRil48tmg/oF1LNs22oUl2SbJKWfo/vHhQxKv/xZv/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKmjRBHaIBGPVDvAmnImacMww2k7VhSLgNNWMLqZ+q1HqjSL5L0Zx9QXeCBZyAg2VnqooyvUjQQd4PLdKeoVS27FnQEtEy8jJchQ6xW/uv2IJIJKQzjWuuO5sfFTrAwjnE4K3UTTGJMRHtCOpRILqv10dvUEnVilj8JI2ZIGzdTfEykWWo9FYDsFNkO96E3F/7xOYsJLP2UyTgyVZL4oTDgyEZpGgPpMUWL42BJMFLO3IjLEChNjgyrYELzFl5dJ86ziuRWvfl6qXmdx5OEIjqEMHlxAFW6hBg0goOAZXuHNeXJenHfnY96ac7KZQ/gD5/MHLbSQ/Q==</latexit><latexit sha1_base64="eMLz5xKamH8SSYz63yxdc5CCGDM=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRahXsquCHoRil48tmg/oF1LNs22oUl2SbJKWfo/vHhQxKv/xZv/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKmjRBHaIBGPVDvAmnImacMww2k7VhSLgNNWMLqZ+q1HqjSL5L0Zx9QXeCBZyAg2VnqooyvUjQQd4PLdKeoVS27FnQEtEy8jJchQ6xW/uv2IJIJKQzjWuuO5sfFTrAwjnE4K3UTTGJMRHtCOpRILqv10dvUEnVilj8JI2ZIGzdTfEykWWo9FYDsFNkO96E3F/7xOYsJLP2UyTgyVZL4oTDgyEZpGgPpMUWL42BJMFLO3IjLEChNjgyrYELzFl5dJ86ziuRWvfl6qXmdx5OEIjqEMHlxAFW6hBg0goOAZXuHNeXJenHfnY96ac7KZQ/gD5/MHLbSQ/Q==</latexit>

⇤ 2 ⇥

�p
n/� ⇠ log()

�
<latexit sha1_base64="i8pcbOm1m6SQiiTJqtGZ9wQDBzA="></latexit><latexit sha1_base64="i8pcbOm1m6SQiiTJqtGZ9wQDBzA="></latexit><latexit sha1_base64="i8pcbOm1m6SQiiTJqtGZ9wQDBzA="></latexit><latexit sha1_base64="i8pcbOm1m6SQiiTJqtGZ9wQDBzA="></latexit>



Our Constructions & Security Guarantees

• Cylinder Graph SHF: For                                                 where      is the number of 
nodes in the graph,     is the security parameter, and                 , an adversary 
attempting to query                       non-trivially more hashes than she stored must 
incur at least      dynamic memory usage for at least               steps.

n
<latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit>


<latexit sha1_base64="qAsUf/1IAlAQB3I2YF1C2veiXKU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJfROJsmY2dlhZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrUoIb6/vfXmFtfWNzq7hd2tnd2z8oHx41TZJqyho0EYluR2iY4JI1LLeCtZVmGEeCtaLx7cxvPTFteCIf7ESxMMah5ANO0Tqp2R2jUtgrV/yqPwdZJUFOKpCj3it/dfsJTWMmLRVoTCfwlQ0z1JZTwaalbmqYQjrGIes4KjFmJszm107JmVP6ZJBoV9KSufp7IsPYmEkcuc4Y7cgsezPxP6+T2sF1mHGpUsskXSwapILYhMxeJ32uGbVi4ghSzd2thI5QI7UuoJILIVh+eZU0L6qBXw3uLyu1mzyOIpzAKZxDAFdQgzuoQwMoPMIzvMKbl3gv3rv3sWgtePnMMfyB9/kDliyPHw==</latexit><latexit sha1_base64="qAsUf/1IAlAQB3I2YF1C2veiXKU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJfROJsmY2dlhZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrUoIb6/vfXmFtfWNzq7hd2tnd2z8oHx41TZJqyho0EYluR2iY4JI1LLeCtZVmGEeCtaLx7cxvPTFteCIf7ESxMMah5ANO0Tqp2R2jUtgrV/yqPwdZJUFOKpCj3it/dfsJTWMmLRVoTCfwlQ0z1JZTwaalbmqYQjrGIes4KjFmJszm107JmVP6ZJBoV9KSufp7IsPYmEkcuc4Y7cgsezPxP6+T2sF1mHGpUsskXSwapILYhMxeJ32uGbVi4ghSzd2thI5QI7UuoJILIVh+eZU0L6qBXw3uLyu1mzyOIpzAKZxDAFdQgzuoQwMoPMIzvMKbl3gv3rv3sWgtePnMMfyB9/kDliyPHw==</latexit><latexit sha1_base64="qAsUf/1IAlAQB3I2YF1C2veiXKU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJfROJsmY2dlhZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrUoIb6/vfXmFtfWNzq7hd2tnd2z8oHx41TZJqyho0EYluR2iY4JI1LLeCtZVmGEeCtaLx7cxvPTFteCIf7ESxMMah5ANO0Tqp2R2jUtgrV/yqPwdZJUFOKpCj3it/dfsJTWMmLRVoTCfwlQ0z1JZTwaalbmqYQjrGIes4KjFmJszm107JmVP6ZJBoV9KSufp7IsPYmEkcuc4Y7cgsezPxP6+T2sF1mHGpUsskXSwapILYhMxeJ32uGbVi4ghSzd2thI5QI7UuoJILIVh+eZU0L6qBXw3uLyu1mzyOIpzAKZxDAFdQgzuoQwMoPMIzvMKbl3gv3rv3sWgtePnMMfyB9/kDliyPHw==</latexit><latexit sha1_base64="qAsUf/1IAlAQB3I2YF1C2veiXKU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJfROJsmY2dlhZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrUoIb6/vfXmFtfWNzq7hd2tnd2z8oHx41TZJqyho0EYluR2iY4JI1LLeCtZVmGEeCtaLx7cxvPTFteCIf7ESxMMah5ANO0Tqp2R2jUtgrV/yqPwdZJUFOKpCj3it/dfsJTWMmLRVoTCfwlQ0z1JZTwaalbmqYQjrGIes4KjFmJszm107JmVP6ZJBoV9KSufp7IsPYmEkcuc4Y7cgsezPxP6+T2sF1mHGpUsskXSwapILYhMxeJ32uGbVi4ghSzd2thI5QI7UuoJILIVh+eZU0L6qBXw3uLyu1mzyOIpzAKZxDAFdQgzuoQwMoPMIzvMKbl3gv3rv3sWgtePnMMfyB9/kDliyPHw==</latexit>

⇠ 2 !(1)
<latexit sha1_base64="DiocwWpaplxm4gnY1yZ2ecQzkgY=">AAAB+nicbVBNSwMxEM36WevXVo9egkWol7Irgh6LXjxWsB/QXUo2nbahSXZJsmpZ+1O8eFDEq7/Em//GtN2Dtj4YeLw3w8y8KOFMG8/7dlZW19Y3Ngtbxe2d3b19t3TQ1HGqKDRozGPVjogGziQ0DDMc2okCIiIOrWh0PfVb96A0i+WdGScQCjKQrM8oMVbquqXgkeGASRzEAgak4p923bJX9WbAy8TPSRnlqHfdr6AX01SANJQTrTu+l5gwI8owymFSDFINCaEjMoCOpZII0GE2O32CT6zSw/1Y2ZIGz9TfExkRWo9FZDsFMUO96E3F/7xOavqXYcZkkhqQdL6on3JsYjzNAfeYAmr42BJCFbO3YjokilBj0yraEPzFl5dJ86zqe1X/9rxcu8rjKKAjdIwqyEcXqIZuUB01EEUP6Bm9ojfnyXlx3p2PeeuKk88coj9wPn8AoRKS7A==</latexit><latexit sha1_base64="DiocwWpaplxm4gnY1yZ2ecQzkgY=">AAAB+nicbVBNSwMxEM36WevXVo9egkWol7Irgh6LXjxWsB/QXUo2nbahSXZJsmpZ+1O8eFDEq7/Em//GtN2Dtj4YeLw3w8y8KOFMG8/7dlZW19Y3Ngtbxe2d3b19t3TQ1HGqKDRozGPVjogGziQ0DDMc2okCIiIOrWh0PfVb96A0i+WdGScQCjKQrM8oMVbquqXgkeGASRzEAgak4p923bJX9WbAy8TPSRnlqHfdr6AX01SANJQTrTu+l5gwI8owymFSDFINCaEjMoCOpZII0GE2O32CT6zSw/1Y2ZIGz9TfExkRWo9FZDsFMUO96E3F/7xOavqXYcZkkhqQdL6on3JsYjzNAfeYAmr42BJCFbO3YjokilBj0yraEPzFl5dJ86zqe1X/9rxcu8rjKKAjdIwqyEcXqIZuUB01EEUP6Bm9ojfnyXlx3p2PeeuKk88coj9wPn8AoRKS7A==</latexit><latexit sha1_base64="DiocwWpaplxm4gnY1yZ2ecQzkgY=">AAAB+nicbVBNSwMxEM36WevXVo9egkWol7Irgh6LXjxWsB/QXUo2nbahSXZJsmpZ+1O8eFDEq7/Em//GtN2Dtj4YeLw3w8y8KOFMG8/7dlZW19Y3Ngtbxe2d3b19t3TQ1HGqKDRozGPVjogGziQ0DDMc2okCIiIOrWh0PfVb96A0i+WdGScQCjKQrM8oMVbquqXgkeGASRzEAgak4p923bJX9WbAy8TPSRnlqHfdr6AX01SANJQTrTu+l5gwI8owymFSDFINCaEjMoCOpZII0GE2O32CT6zSw/1Y2ZIGz9TfExkRWo9FZDsFMUO96E3F/7xOavqXYcZkkhqQdL6on3JsYjzNAfeYAmr42BJCFbO3YjokilBj0yraEPzFl5dJ86zqe1X/9rxcu8rjKKAjdIwqyEcXqIZuUB01EEUP6Bm9ojfnyXlx3p2PeeuKk88coj9wPn8AoRKS7A==</latexit><latexit sha1_base64="DiocwWpaplxm4gnY1yZ2ecQzkgY=">AAAB+nicbVBNSwMxEM36WevXVo9egkWol7Irgh6LXjxWsB/QXUo2nbahSXZJsmpZ+1O8eFDEq7/Em//GtN2Dtj4YeLw3w8y8KOFMG8/7dlZW19Y3Ngtbxe2d3b19t3TQ1HGqKDRozGPVjogGziQ0DDMc2okCIiIOrWh0PfVb96A0i+WdGScQCjKQrM8oMVbquqXgkeGASRzEAgak4p923bJX9WbAy8TPSRnlqHfdr6AX01SANJQTrTu+l5gwI8owymFSDFINCaEjMoCOpZII0GE2O32CT6zSw/1Y2ZIGz9TfExkRWo9FZDsFMUO96E3F/7xOavqXYcZkkhqQdL6on3JsYjzNAfeYAmr42BJCFbO3YjokilBj0yraEPzFl5dJ86zqe1X/9rxcu8rjKKAjdIwqyEcXqIZuUB01EEUP6Bm9ojfnyXlx3p2PeeuKk88coj9wPn8AoRKS7A==</latexit>

⇤
<latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit>

⇥(
p
n)

<latexit sha1_base64="Nft+CNQ5A3xDKF9YwXhqkBKy3yY=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BItQLyURQY9FLx4r9AuaUDbbbbt0s4m7k0IJ/SdePCji1X/izX/jts1BWx8MPN6bYWZemAiu0XW/rcLG5tb2TnG3tLd/cHhkH5+0dJwqypo0FrHqhEQzwSVrIkfBOoliJAoFa4fj+7nfnjCleSwbOE1YEJGh5ANOCRqpZ9t+Y8SQVHz9pDCTs8ueXXar7gLOOvFyUoYc9Z795fdjmkZMIhVE667nJhhkRCGngs1KfqpZQuiYDFnXUEkipoNscfnMuTBK3xnEypREZ6H+nshIpPU0Ck1nRHCkV725+J/XTXFwG2RcJikySZeLBqlwMHbmMTh9rhhFMTWEUMXNrQ4dEUUomrBKJgRv9eV10rqqem7Ve7wu1+7yOIpwBudQAQ9uoAYPUIcmUJjAM7zCm5VZL9a79bFsLVj5zCn8gfX5A1/4k3o=</latexit><latexit sha1_base64="Nft+CNQ5A3xDKF9YwXhqkBKy3yY=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BItQLyURQY9FLx4r9AuaUDbbbbt0s4m7k0IJ/SdePCji1X/izX/jts1BWx8MPN6bYWZemAiu0XW/rcLG5tb2TnG3tLd/cHhkH5+0dJwqypo0FrHqhEQzwSVrIkfBOoliJAoFa4fj+7nfnjCleSwbOE1YEJGh5ANOCRqpZ9t+Y8SQVHz9pDCTs8ueXXar7gLOOvFyUoYc9Z795fdjmkZMIhVE667nJhhkRCGngs1KfqpZQuiYDFnXUEkipoNscfnMuTBK3xnEypREZ6H+nshIpPU0Ck1nRHCkV725+J/XTXFwG2RcJikySZeLBqlwMHbmMTh9rhhFMTWEUMXNrQ4dEUUomrBKJgRv9eV10rqqem7Ve7wu1+7yOIpwBudQAQ9uoAYPUIcmUJjAM7zCm5VZL9a79bFsLVj5zCn8gfX5A1/4k3o=</latexit><latexit sha1_base64="Nft+CNQ5A3xDKF9YwXhqkBKy3yY=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BItQLyURQY9FLx4r9AuaUDbbbbt0s4m7k0IJ/SdePCji1X/izX/jts1BWx8MPN6bYWZemAiu0XW/rcLG5tb2TnG3tLd/cHhkH5+0dJwqypo0FrHqhEQzwSVrIkfBOoliJAoFa4fj+7nfnjCleSwbOE1YEJGh5ANOCRqpZ9t+Y8SQVHz9pDCTs8ueXXar7gLOOvFyUoYc9Z795fdjmkZMIhVE667nJhhkRCGngs1KfqpZQuiYDFnXUEkipoNscfnMuTBK3xnEypREZ6H+nshIpPU0Ck1nRHCkV725+J/XTXFwG2RcJikySZeLBqlwMHbmMTh9rhhFMTWEUMXNrQ4dEUUomrBKJgRv9eV10rqqem7Ve7wu1+7yOIpwBudQAQ9uoAYPUIcmUJjAM7zCm5VZL9a79bFsLVj5zCn8gfX5A1/4k3o=</latexit><latexit sha1_base64="Nft+CNQ5A3xDKF9YwXhqkBKy3yY=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BItQLyURQY9FLx4r9AuaUDbbbbt0s4m7k0IJ/SdePCji1X/izX/jts1BWx8MPN6bYWZemAiu0XW/rcLG5tb2TnG3tLd/cHhkH5+0dJwqypo0FrHqhEQzwSVrIkfBOoliJAoFa4fj+7nfnjCleSwbOE1YEJGh5ANOCRqpZ9t+Y8SQVHz9pDCTs8ueXXar7gLOOvFyUoYc9Z795fdjmkZMIhVE667nJhhkRCGngs1KfqpZQuiYDFnXUEkipoNscfnMuTBK3xnEypREZ6H+nshIpPU0Ck1nRHCkV725+J/XTXFwG2RcJikySZeLBqlwMHbmMTh9rhhFMTWEUMXNrQ4dEUUomrBKJgRv9eV10rqqem7Ve7wu1+7yOIpwBudQAQ9uoAYPUIcmUJjAM7zCm5VZL9a79bFsLVj5zCn8gfX5A1/4k3o=</latexit>

Q = !(S)
<latexit sha1_base64="eMLz5xKamH8SSYz63yxdc5CCGDM=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRahXsquCHoRil48tmg/oF1LNs22oUl2SbJKWfo/vHhQxKv/xZv/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKmjRBHaIBGPVDvAmnImacMww2k7VhSLgNNWMLqZ+q1HqjSL5L0Zx9QXeCBZyAg2VnqooyvUjQQd4PLdKeoVS27FnQEtEy8jJchQ6xW/uv2IJIJKQzjWuuO5sfFTrAwjnE4K3UTTGJMRHtCOpRILqv10dvUEnVilj8JI2ZIGzdTfEykWWo9FYDsFNkO96E3F/7xOYsJLP2UyTgyVZL4oTDgyEZpGgPpMUWL42BJMFLO3IjLEChNjgyrYELzFl5dJ86ziuRWvfl6qXmdx5OEIjqEMHlxAFW6hBg0goOAZXuHNeXJenHfnY96ac7KZQ/gD5/MHLbSQ/Q==</latexit><latexit sha1_base64="eMLz5xKamH8SSYz63yxdc5CCGDM=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRahXsquCHoRil48tmg/oF1LNs22oUl2SbJKWfo/vHhQxKv/xZv/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKmjRBHaIBGPVDvAmnImacMww2k7VhSLgNNWMLqZ+q1HqjSL5L0Zx9QXeCBZyAg2VnqooyvUjQQd4PLdKeoVS27FnQEtEy8jJchQ6xW/uv2IJIJKQzjWuuO5sfFTrAwjnE4K3UTTGJMRHtCOpRILqv10dvUEnVilj8JI2ZIGzdTfEykWWo9FYDsFNkO96E3F/7xOYsJLP2UyTgyVZL4oTDgyEZpGgPpMUWL42BJMFLO3IjLEChNjgyrYELzFl5dJ86ziuRWvfl6qXmdx5OEIjqEMHlxAFW6hBg0goOAZXuHNeXJenHfnY96ac7KZQ/gD5/MHLbSQ/Q==</latexit><latexit sha1_base64="eMLz5xKamH8SSYz63yxdc5CCGDM=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRahXsquCHoRil48tmg/oF1LNs22oUl2SbJKWfo/vHhQxKv/xZv/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKmjRBHaIBGPVDvAmnImacMww2k7VhSLgNNWMLqZ+q1HqjSL5L0Zx9QXeCBZyAg2VnqooyvUjQQd4PLdKeoVS27FnQEtEy8jJchQ6xW/uv2IJIJKQzjWuuO5sfFTrAwjnE4K3UTTGJMRHtCOpRILqv10dvUEnVilj8JI2ZIGzdTfEykWWo9FYDsFNkO96E3F/7xOYsJLP2UyTgyVZL4oTDgyEZpGgPpMUWL42BJMFLO3IjLEChNjgyrYELzFl5dJ86ziuRWvfl6qXmdx5OEIjqEMHlxAFW6hBg0goOAZXuHNeXJenHfnY96ac7KZQ/gD5/MHLbSQ/Q==</latexit><latexit sha1_base64="eMLz5xKamH8SSYz63yxdc5CCGDM=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRahXsquCHoRil48tmg/oF1LNs22oUl2SbJKWfo/vHhQxKv/xZv/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKmjRBHaIBGPVDvAmnImacMww2k7VhSLgNNWMLqZ+q1HqjSL5L0Zx9QXeCBZyAg2VnqooyvUjQQd4PLdKeoVS27FnQEtEy8jJchQ6xW/uv2IJIJKQzjWuuO5sfFTrAwjnE4K3UTTGJMRHtCOpRILqv10dvUEnVilj8JI2ZIGzdTfEykWWo9FYDsFNkO96E3F/7xOYsJLP2UyTgyVZL4oTDgyEZpGgPpMUWL42BJMFLO3IjLEChNjgyrYELzFl5dJ86ziuRWvfl6qXmdx5OEIjqEMHlxAFW6hBg0goOAZXuHNeXJenHfnY96ac7KZQ/gD5/MHLbSQ/Q==</latexit>

Best possible for 
layered graph 
constructions!

⇤ 2 ⇥

�p
n/� ⇠ log()

�
<latexit sha1_base64="i8pcbOm1m6SQiiTJqtGZ9wQDBzA="></latexit><latexit sha1_base64="i8pcbOm1m6SQiiTJqtGZ9wQDBzA="></latexit><latexit sha1_base64="i8pcbOm1m6SQiiTJqtGZ9wQDBzA="></latexit><latexit sha1_base64="i8pcbOm1m6SQiiTJqtGZ9wQDBzA="></latexit>



Our Constructions & Security Guarantees

• Cylinder Graph SHF: For                                                 where      is the number of 
nodes in the graph,     is the security parameter, and                 , an adversary 
attempting to query                       non-trivially more hashes than she stored must 
incur at least      dynamic memory usage for at least               steps.

• “Shortcut-Free” SHF: For                                                 where definitions as above, 
an adversary attempting to query non-trivially more hashes than she stored must 
incur at least      dynamic memory usage for at least             steps.

n
<latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit>


<latexit sha1_base64="qAsUf/1IAlAQB3I2YF1C2veiXKU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJfROJsmY2dlhZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrUoIb6/vfXmFtfWNzq7hd2tnd2z8oHx41TZJqyho0EYluR2iY4JI1LLeCtZVmGEeCtaLx7cxvPTFteCIf7ESxMMah5ANO0Tqp2R2jUtgrV/yqPwdZJUFOKpCj3it/dfsJTWMmLRVoTCfwlQ0z1JZTwaalbmqYQjrGIes4KjFmJszm107JmVP6ZJBoV9KSufp7IsPYmEkcuc4Y7cgsezPxP6+T2sF1mHGpUsskXSwapILYhMxeJ32uGbVi4ghSzd2thI5QI7UuoJILIVh+eZU0L6qBXw3uLyu1mzyOIpzAKZxDAFdQgzuoQwMoPMIzvMKbl3gv3rv3sWgtePnMMfyB9/kDliyPHw==</latexit><latexit sha1_base64="qAsUf/1IAlAQB3I2YF1C2veiXKU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJfROJsmY2dlhZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrUoIb6/vfXmFtfWNzq7hd2tnd2z8oHx41TZJqyho0EYluR2iY4JI1LLeCtZVmGEeCtaLx7cxvPTFteCIf7ESxMMah5ANO0Tqp2R2jUtgrV/yqPwdZJUFOKpCj3it/dfsJTWMmLRVoTCfwlQ0z1JZTwaalbmqYQjrGIes4KjFmJszm107JmVP6ZJBoV9KSufp7IsPYmEkcuc4Y7cgsezPxP6+T2sF1mHGpUsskXSwapILYhMxeJ32uGbVi4ghSzd2thI5QI7UuoJILIVh+eZU0L6qBXw3uLyu1mzyOIpzAKZxDAFdQgzuoQwMoPMIzvMKbl3gv3rv3sWgtePnMMfyB9/kDliyPHw==</latexit><latexit sha1_base64="qAsUf/1IAlAQB3I2YF1C2veiXKU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJfROJsmY2dlhZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrUoIb6/vfXmFtfWNzq7hd2tnd2z8oHx41TZJqyho0EYluR2iY4JI1LLeCtZVmGEeCtaLx7cxvPTFteCIf7ESxMMah5ANO0Tqp2R2jUtgrV/yqPwdZJUFOKpCj3it/dfsJTWMmLRVoTCfwlQ0z1JZTwaalbmqYQjrGIes4KjFmJszm107JmVP6ZJBoV9KSufp7IsPYmEkcuc4Y7cgsezPxP6+T2sF1mHGpUsskXSwapILYhMxeJ32uGbVi4ghSzd2thI5QI7UuoJILIVh+eZU0L6qBXw3uLyu1mzyOIpzAKZxDAFdQgzuoQwMoPMIzvMKbl3gv3rv3sWgtePnMMfyB9/kDliyPHw==</latexit><latexit sha1_base64="qAsUf/1IAlAQB3I2YF1C2veiXKU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJfROJsmY2dlhZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrUoIb6/vfXmFtfWNzq7hd2tnd2z8oHx41TZJqyho0EYluR2iY4JI1LLeCtZVmGEeCtaLx7cxvPTFteCIf7ESxMMah5ANO0Tqp2R2jUtgrV/yqPwdZJUFOKpCj3it/dfsJTWMmLRVoTCfwlQ0z1JZTwaalbmqYQjrGIes4KjFmJszm107JmVP6ZJBoV9KSufp7IsPYmEkcuc4Y7cgsezPxP6+T2sF1mHGpUsskXSwapILYhMxeJ32uGbVi4ghSzd2thI5QI7UuoJILIVh+eZU0L6qBXw3uLyu1mzyOIpzAKZxDAFdQgzuoQwMoPMIzvMKbl3gv3rv3sWgtePnMMfyB9/kDliyPHw==</latexit>

⇠ 2 !(1)
<latexit sha1_base64="DiocwWpaplxm4gnY1yZ2ecQzkgY=">AAAB+nicbVBNSwMxEM36WevXVo9egkWol7Irgh6LXjxWsB/QXUo2nbahSXZJsmpZ+1O8eFDEq7/Em//GtN2Dtj4YeLw3w8y8KOFMG8/7dlZW19Y3Ngtbxe2d3b19t3TQ1HGqKDRozGPVjogGziQ0DDMc2okCIiIOrWh0PfVb96A0i+WdGScQCjKQrM8oMVbquqXgkeGASRzEAgak4p923bJX9WbAy8TPSRnlqHfdr6AX01SANJQTrTu+l5gwI8owymFSDFINCaEjMoCOpZII0GE2O32CT6zSw/1Y2ZIGz9TfExkRWo9FZDsFMUO96E3F/7xOavqXYcZkkhqQdL6on3JsYjzNAfeYAmr42BJCFbO3YjokilBj0yraEPzFl5dJ86zqe1X/9rxcu8rjKKAjdIwqyEcXqIZuUB01EEUP6Bm9ojfnyXlx3p2PeeuKk88coj9wPn8AoRKS7A==</latexit><latexit sha1_base64="DiocwWpaplxm4gnY1yZ2ecQzkgY=">AAAB+nicbVBNSwMxEM36WevXVo9egkWol7Irgh6LXjxWsB/QXUo2nbahSXZJsmpZ+1O8eFDEq7/Em//GtN2Dtj4YeLw3w8y8KOFMG8/7dlZW19Y3Ngtbxe2d3b19t3TQ1HGqKDRozGPVjogGziQ0DDMc2okCIiIOrWh0PfVb96A0i+WdGScQCjKQrM8oMVbquqXgkeGASRzEAgak4p923bJX9WbAy8TPSRnlqHfdr6AX01SANJQTrTu+l5gwI8owymFSDFINCaEjMoCOpZII0GE2O32CT6zSw/1Y2ZIGz9TfExkRWo9FZDsFMUO96E3F/7xOavqXYcZkkhqQdL6on3JsYjzNAfeYAmr42BJCFbO3YjokilBj0yraEPzFl5dJ86zqe1X/9rxcu8rjKKAjdIwqyEcXqIZuUB01EEUP6Bm9ojfnyXlx3p2PeeuKk88coj9wPn8AoRKS7A==</latexit><latexit sha1_base64="DiocwWpaplxm4gnY1yZ2ecQzkgY=">AAAB+nicbVBNSwMxEM36WevXVo9egkWol7Irgh6LXjxWsB/QXUo2nbahSXZJsmpZ+1O8eFDEq7/Em//GtN2Dtj4YeLw3w8y8KOFMG8/7dlZW19Y3Ngtbxe2d3b19t3TQ1HGqKDRozGPVjogGziQ0DDMc2okCIiIOrWh0PfVb96A0i+WdGScQCjKQrM8oMVbquqXgkeGASRzEAgak4p923bJX9WbAy8TPSRnlqHfdr6AX01SANJQTrTu+l5gwI8owymFSDFINCaEjMoCOpZII0GE2O32CT6zSw/1Y2ZIGz9TfExkRWo9FZDsFMUO96E3F/7xOavqXYcZkkhqQdL6on3JsYjzNAfeYAmr42BJCFbO3YjokilBj0yraEPzFl5dJ86zqe1X/9rxcu8rjKKAjdIwqyEcXqIZuUB01EEUP6Bm9ojfnyXlx3p2PeeuKk88coj9wPn8AoRKS7A==</latexit><latexit sha1_base64="DiocwWpaplxm4gnY1yZ2ecQzkgY=">AAAB+nicbVBNSwMxEM36WevXVo9egkWol7Irgh6LXjxWsB/QXUo2nbahSXZJsmpZ+1O8eFDEq7/Em//GtN2Dtj4YeLw3w8y8KOFMG8/7dlZW19Y3Ngtbxe2d3b19t3TQ1HGqKDRozGPVjogGziQ0DDMc2okCIiIOrWh0PfVb96A0i+WdGScQCjKQrM8oMVbquqXgkeGASRzEAgak4p923bJX9WbAy8TPSRnlqHfdr6AX01SANJQTrTu+l5gwI8owymFSDFINCaEjMoCOpZII0GE2O32CT6zSw/1Y2ZIGz9TfExkRWo9FZDsFMUO96E3F/7xOavqXYcZkkhqQdL6on3JsYjzNAfeYAmr42BJCFbO3YjokilBj0yraEPzFl5dJ86zqe1X/9rxcu8rjKKAjdIwqyEcXqIZuUB01EEUP6Bm9ojfnyXlx3p2PeeuKk88coj9wPn8AoRKS7A==</latexit>

⇤
<latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit>

⇥(
p
n)

<latexit sha1_base64="Nft+CNQ5A3xDKF9YwXhqkBKy3yY=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BItQLyURQY9FLx4r9AuaUDbbbbt0s4m7k0IJ/SdePCji1X/izX/jts1BWx8MPN6bYWZemAiu0XW/rcLG5tb2TnG3tLd/cHhkH5+0dJwqypo0FrHqhEQzwSVrIkfBOoliJAoFa4fj+7nfnjCleSwbOE1YEJGh5ANOCRqpZ9t+Y8SQVHz9pDCTs8ueXXar7gLOOvFyUoYc9Z795fdjmkZMIhVE667nJhhkRCGngs1KfqpZQuiYDFnXUEkipoNscfnMuTBK3xnEypREZ6H+nshIpPU0Ck1nRHCkV725+J/XTXFwG2RcJikySZeLBqlwMHbmMTh9rhhFMTWEUMXNrQ4dEUUomrBKJgRv9eV10rqqem7Ve7wu1+7yOIpwBudQAQ9uoAYPUIcmUJjAM7zCm5VZL9a79bFsLVj5zCn8gfX5A1/4k3o=</latexit><latexit sha1_base64="Nft+CNQ5A3xDKF9YwXhqkBKy3yY=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BItQLyURQY9FLx4r9AuaUDbbbbt0s4m7k0IJ/SdePCji1X/izX/jts1BWx8MPN6bYWZemAiu0XW/rcLG5tb2TnG3tLd/cHhkH5+0dJwqypo0FrHqhEQzwSVrIkfBOoliJAoFa4fj+7nfnjCleSwbOE1YEJGh5ANOCRqpZ9t+Y8SQVHz9pDCTs8ueXXar7gLOOvFyUoYc9Z795fdjmkZMIhVE667nJhhkRCGngs1KfqpZQuiYDFnXUEkipoNscfnMuTBK3xnEypREZ6H+nshIpPU0Ck1nRHCkV725+J/XTXFwG2RcJikySZeLBqlwMHbmMTh9rhhFMTWEUMXNrQ4dEUUomrBKJgRv9eV10rqqem7Ve7wu1+7yOIpwBudQAQ9uoAYPUIcmUJjAM7zCm5VZL9a79bFsLVj5zCn8gfX5A1/4k3o=</latexit><latexit sha1_base64="Nft+CNQ5A3xDKF9YwXhqkBKy3yY=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BItQLyURQY9FLx4r9AuaUDbbbbt0s4m7k0IJ/SdePCji1X/izX/jts1BWx8MPN6bYWZemAiu0XW/rcLG5tb2TnG3tLd/cHhkH5+0dJwqypo0FrHqhEQzwSVrIkfBOoliJAoFa4fj+7nfnjCleSwbOE1YEJGh5ANOCRqpZ9t+Y8SQVHz9pDCTs8ueXXar7gLOOvFyUoYc9Z795fdjmkZMIhVE667nJhhkRCGngs1KfqpZQuiYDFnXUEkipoNscfnMuTBK3xnEypREZ6H+nshIpPU0Ck1nRHCkV725+J/XTXFwG2RcJikySZeLBqlwMHbmMTh9rhhFMTWEUMXNrQ4dEUUomrBKJgRv9eV10rqqem7Ve7wu1+7yOIpwBudQAQ9uoAYPUIcmUJjAM7zCm5VZL9a79bFsLVj5zCn8gfX5A1/4k3o=</latexit><latexit sha1_base64="Nft+CNQ5A3xDKF9YwXhqkBKy3yY=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BItQLyURQY9FLx4r9AuaUDbbbbt0s4m7k0IJ/SdePCji1X/izX/jts1BWx8MPN6bYWZemAiu0XW/rcLG5tb2TnG3tLd/cHhkH5+0dJwqypo0FrHqhEQzwSVrIkfBOoliJAoFa4fj+7nfnjCleSwbOE1YEJGh5ANOCRqpZ9t+Y8SQVHz9pDCTs8ueXXar7gLOOvFyUoYc9Z795fdjmkZMIhVE667nJhhkRCGngs1KfqpZQuiYDFnXUEkipoNscfnMuTBK3xnEypREZ6H+nshIpPU0Ck1nRHCkV725+J/XTXFwG2RcJikySZeLBqlwMHbmMTh9rhhFMTWEUMXNrQ4dEUUomrBKJgRv9eV10rqqem7Ve7wu1+7yOIpwBudQAQ9uoAYPUIcmUJjAM7zCm5VZL9a79bFsLVj5zCn8gfX5A1/4k3o=</latexit>

Q = !(S)
<latexit sha1_base64="eMLz5xKamH8SSYz63yxdc5CCGDM=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRahXsquCHoRil48tmg/oF1LNs22oUl2SbJKWfo/vHhQxKv/xZv/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKmjRBHaIBGPVDvAmnImacMww2k7VhSLgNNWMLqZ+q1HqjSL5L0Zx9QXeCBZyAg2VnqooyvUjQQd4PLdKeoVS27FnQEtEy8jJchQ6xW/uv2IJIJKQzjWuuO5sfFTrAwjnE4K3UTTGJMRHtCOpRILqv10dvUEnVilj8JI2ZIGzdTfEykWWo9FYDsFNkO96E3F/7xOYsJLP2UyTgyVZL4oTDgyEZpGgPpMUWL42BJMFLO3IjLEChNjgyrYELzFl5dJ86ziuRWvfl6qXmdx5OEIjqEMHlxAFW6hBg0goOAZXuHNeXJenHfnY96ac7KZQ/gD5/MHLbSQ/Q==</latexit><latexit sha1_base64="eMLz5xKamH8SSYz63yxdc5CCGDM=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRahXsquCHoRil48tmg/oF1LNs22oUl2SbJKWfo/vHhQxKv/xZv/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKmjRBHaIBGPVDvAmnImacMww2k7VhSLgNNWMLqZ+q1HqjSL5L0Zx9QXeCBZyAg2VnqooyvUjQQd4PLdKeoVS27FnQEtEy8jJchQ6xW/uv2IJIJKQzjWuuO5sfFTrAwjnE4K3UTTGJMRHtCOpRILqv10dvUEnVilj8JI2ZIGzdTfEykWWo9FYDsFNkO96E3F/7xOYsJLP2UyTgyVZL4oTDgyEZpGgPpMUWL42BJMFLO3IjLEChNjgyrYELzFl5dJ86ziuRWvfl6qXmdx5OEIjqEMHlxAFW6hBg0goOAZXuHNeXJenHfnY96ac7KZQ/gD5/MHLbSQ/Q==</latexit><latexit sha1_base64="eMLz5xKamH8SSYz63yxdc5CCGDM=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRahXsquCHoRil48tmg/oF1LNs22oUl2SbJKWfo/vHhQxKv/xZv/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKmjRBHaIBGPVDvAmnImacMww2k7VhSLgNNWMLqZ+q1HqjSL5L0Zx9QXeCBZyAg2VnqooyvUjQQd4PLdKeoVS27FnQEtEy8jJchQ6xW/uv2IJIJKQzjWuuO5sfFTrAwjnE4K3UTTGJMRHtCOpRILqv10dvUEnVilj8JI2ZIGzdTfEykWWo9FYDsFNkO96E3F/7xOYsJLP2UyTgyVZL4oTDgyEZpGgPpMUWL42BJMFLO3IjLEChNjgyrYELzFl5dJ86ziuRWvfl6qXmdx5OEIjqEMHlxAFW6hBg0goOAZXuHNeXJenHfnY96ac7KZQ/gD5/MHLbSQ/Q==</latexit><latexit sha1_base64="eMLz5xKamH8SSYz63yxdc5CCGDM=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRahXsquCHoRil48tmg/oF1LNs22oUl2SbJKWfo/vHhQxKv/xZv/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKmjRBHaIBGPVDvAmnImacMww2k7VhSLgNNWMLqZ+q1HqjSL5L0Zx9QXeCBZyAg2VnqooyvUjQQd4PLdKeoVS27FnQEtEy8jJchQ6xW/uv2IJIJKQzjWuuO5sfFTrAwjnE4K3UTTGJMRHtCOpRILqv10dvUEnVilj8JI2ZIGzdTfEykWWo9FYDsFNkO96E3F/7xOYsJLP2UyTgyVZL4oTDgyEZpGgPpMUWL42BJMFLO3IjLEChNjgyrYELzFl5dJ86ziuRWvfl6qXmdx5OEIjqEMHlxAFW6hBg0goOAZXuHNeXJenHfnY96ac7KZQ/gD5/MHLbSQ/Q==</latexit>

⇤
<latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit>

⇥(n)
<latexit sha1_base64="H5AFp6hfUUlqWiFCPL8Qlz588wo=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GPRi8cK/ZI2lM120y7dbMLuRCihv8KLB0W8+nO8+W/ctjlo64OBx3szzMwLEikMuu63s7a+sbm1Xdgp7u7tHxyWjo5bJk41400Wy1h3Amq4FIo3UaDknURzGgWSt4Px3cxvP3FtRKwaOEm4H9GhEqFgFK302GuMONKKuuiXym7VnYOsEi8nZchR75e+eoOYpRFXyCQ1puu5CfoZ1SiY5NNiLzU8oWxMh7xrqaIRN342P3hKzq0yIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuGNnwmVpMgVWywKU0kwJrPvyUBozlBOLKFMC3srYSOqKUObUdGG4C2/vEpal1XPrXoPV+XabR5HAU7hDCrgwTXU4B7q0AQGETzDK7w52nlx3p2PReuak8+cwB84nz8LFY/l</latexit><latexit sha1_base64="H5AFp6hfUUlqWiFCPL8Qlz588wo=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GPRi8cK/ZI2lM120y7dbMLuRCihv8KLB0W8+nO8+W/ctjlo64OBx3szzMwLEikMuu63s7a+sbm1Xdgp7u7tHxyWjo5bJk41400Wy1h3Amq4FIo3UaDknURzGgWSt4Px3cxvP3FtRKwaOEm4H9GhEqFgFK302GuMONKKuuiXym7VnYOsEi8nZchR75e+eoOYpRFXyCQ1puu5CfoZ1SiY5NNiLzU8oWxMh7xrqaIRN342P3hKzq0yIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuGNnwmVpMgVWywKU0kwJrPvyUBozlBOLKFMC3srYSOqKUObUdGG4C2/vEpal1XPrXoPV+XabR5HAU7hDCrgwTXU4B7q0AQGETzDK7w52nlx3p2PReuak8+cwB84nz8LFY/l</latexit><latexit sha1_base64="H5AFp6hfUUlqWiFCPL8Qlz588wo=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GPRi8cK/ZI2lM120y7dbMLuRCihv8KLB0W8+nO8+W/ctjlo64OBx3szzMwLEikMuu63s7a+sbm1Xdgp7u7tHxyWjo5bJk41400Wy1h3Amq4FIo3UaDknURzGgWSt4Px3cxvP3FtRKwaOEm4H9GhEqFgFK302GuMONKKuuiXym7VnYOsEi8nZchR75e+eoOYpRFXyCQ1puu5CfoZ1SiY5NNiLzU8oWxMh7xrqaIRN342P3hKzq0yIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuGNnwmVpMgVWywKU0kwJrPvyUBozlBOLKFMC3srYSOqKUObUdGG4C2/vEpal1XPrXoPV+XabR5HAU7hDCrgwTXU4B7q0AQGETzDK7w52nlx3p2PReuak8+cwB84nz8LFY/l</latexit><latexit sha1_base64="H5AFp6hfUUlqWiFCPL8Qlz588wo=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSLUS0lE0GPRi8cK/ZI2lM120y7dbMLuRCihv8KLB0W8+nO8+W/ctjlo64OBx3szzMwLEikMuu63s7a+sbm1Xdgp7u7tHxyWjo5bJk41400Wy1h3Amq4FIo3UaDknURzGgWSt4Px3cxvP3FtRKwaOEm4H9GhEqFgFK302GuMONKKuuiXym7VnYOsEi8nZchR75e+eoOYpRFXyCQ1puu5CfoZ1SiY5NNiLzU8oWxMh7xrqaIRN342P3hKzq0yIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuGNnwmVpMgVWywKU0kwJrPvyUBozlBOLKFMC3srYSOqKUObUdGG4C2/vEpal1XPrXoPV+XabR5HAU7hDCrgwTXU4B7q0AQGETzDK7w52nlx3p2PReuak8+cwB84nz8LFY/l</latexit>

Best possible for 
layered graph 
constructions!

⇤ 2 ⇥

�p
n/� ⇠ log()

�
<latexit sha1_base64="i8pcbOm1m6SQiiTJqtGZ9wQDBzA="></latexit><latexit sha1_base64="i8pcbOm1m6SQiiTJqtGZ9wQDBzA="></latexit><latexit sha1_base64="i8pcbOm1m6SQiiTJqtGZ9wQDBzA="></latexit><latexit sha1_base64="i8pcbOm1m6SQiiTJqtGZ9wQDBzA="></latexit>

⇤ 2 ⇥

�p
n/� ⇠ log()

�
<latexit sha1_base64="i8pcbOm1m6SQiiTJqtGZ9wQDBzA="></latexit><latexit sha1_base64="i8pcbOm1m6SQiiTJqtGZ9wQDBzA="></latexit><latexit sha1_base64="i8pcbOm1m6SQiiTJqtGZ9wQDBzA="></latexit><latexit sha1_base64="i8pcbOm1m6SQiiTJqtGZ9wQDBzA="></latexit>



Dynamic-SHFs: Best of Both Worlds

• Combine with MHFs [AS15, AB16, AB17, ABP17, RD16] from previous works via 
simple concatenation scheme
• Benefits:  
• Inherits both the properties of SHFs and MHFs
• Dynamic memory requirement upon input from MHF
• Adversaries incur large static memory requirement from SHF



Open Questions

• SHFs: 
• Can we improve the security guarantee to have a smaller loss from the 

security parameter?
• Can we have better space guarantees for SHFs in general graphs?

• CC-alpha (from paper)
• Does there exist an example where CC-alpha differs between linear and 

quadratic trade-off?
• Optimal CC construction (from paper)
• Can our optimal sequential construction be modified to obtain optimal 

bounds in the parallel case?



Talk Outline

• Static-Memory-Hard Functions
• Definition
• Preliminaries for our constructions
• Graph pebbling & parallel random oracle model (PROM)

• New pebbling game useful for our constructions: black-magic pebble game
• Functions defined by DAGs

• Constructions
• CC-alpha

(new complexity measure capturing non-linear space/time tradeoffs)
• Optimal-CC construction in sequential setting (up to polylog factors)



CC↵
<latexit sha1_base64="G2jZO7iheOtopHtCOXqBO7lzVrU=">AAAB8nicbVBNS8NAEN34WetX1aOXYBE8lUQEPRZ78VjBfkAay2S7aZdudsPuRCihP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUsENet63s7a+sbm1Xdop7+7tHxxWjo7bRmWashZVQuluBIYJLlkLOQrWTTWDJBKsE40bM7/zxLThSj7gJGVhAkPJY04BrRQ0Go95D0Q6gmm/UvVq3hzuKvELUiUFmv3KV2+gaJYwiVSAMYHvpRjmoJFTwablXmZYCnQMQxZYKiFhJsznJ0/dc6sM3FhpWxLdufp7IofEmEkS2c4EcGSWvZn4nxdkGN+EOZdphkzSxaI4Ey4qd/a/O+CaURQTS4Bqbm916Qg0ULQplW0I/vLLq6R9WfO9mn9/Va3fFnGUyCk5IxfEJ9ekTu5Ik7QIJYo8k1fy5qDz4rw7H4vWNaeYOSF/4Hz+ACOPkSY=</latexit><latexit sha1_base64="G2jZO7iheOtopHtCOXqBO7lzVrU=">AAAB8nicbVBNS8NAEN34WetX1aOXYBE8lUQEPRZ78VjBfkAay2S7aZdudsPuRCihP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUsENet63s7a+sbm1Xdop7+7tHxxWjo7bRmWashZVQuluBIYJLlkLOQrWTTWDJBKsE40bM7/zxLThSj7gJGVhAkPJY04BrRQ0Go95D0Q6gmm/UvVq3hzuKvELUiUFmv3KV2+gaJYwiVSAMYHvpRjmoJFTwablXmZYCnQMQxZYKiFhJsznJ0/dc6sM3FhpWxLdufp7IofEmEkS2c4EcGSWvZn4nxdkGN+EOZdphkzSxaI4Ey4qd/a/O+CaURQTS4Bqbm916Qg0ULQplW0I/vLLq6R9WfO9mn9/Va3fFnGUyCk5IxfEJ9ekTu5Ik7QIJYo8k1fy5qDz4rw7H4vWNaeYOSF/4Hz+ACOPkSY=</latexit><latexit sha1_base64="G2jZO7iheOtopHtCOXqBO7lzVrU=">AAAB8nicbVBNS8NAEN34WetX1aOXYBE8lUQEPRZ78VjBfkAay2S7aZdudsPuRCihP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUsENet63s7a+sbm1Xdop7+7tHxxWjo7bRmWashZVQuluBIYJLlkLOQrWTTWDJBKsE40bM7/zxLThSj7gJGVhAkPJY04BrRQ0Go95D0Q6gmm/UvVq3hzuKvELUiUFmv3KV2+gaJYwiVSAMYHvpRjmoJFTwablXmZYCnQMQxZYKiFhJsznJ0/dc6sM3FhpWxLdufp7IofEmEkS2c4EcGSWvZn4nxdkGN+EOZdphkzSxaI4Ey4qd/a/O+CaURQTS4Bqbm916Qg0ULQplW0I/vLLq6R9WfO9mn9/Va3fFnGUyCk5IxfEJ9ekTu5Ik7QIJYo8k1fy5qDz4rw7H4vWNaeYOSF/4Hz+ACOPkSY=</latexit><latexit sha1_base64="G2jZO7iheOtopHtCOXqBO7lzVrU=">AAAB8nicbVBNS8NAEN34WetX1aOXYBE8lUQEPRZ78VjBfkAay2S7aZdudsPuRCihP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUsENet63s7a+sbm1Xdop7+7tHxxWjo7bRmWashZVQuluBIYJLlkLOQrWTTWDJBKsE40bM7/zxLThSj7gJGVhAkPJY04BrRQ0Go95D0Q6gmm/UvVq3hzuKvELUiUFmv3KV2+gaJYwiVSAMYHvpRjmoJFTwablXmZYCnQMQxZYKiFhJsznJ0/dc6sM3FhpWxLdufp7IofEmEkS2c4EcGSWvZn4nxdkGN+EOZdphkzSxaI4Ey4qd/a/O+CaURQTS4Bqbm916Qg0ULQplW0I/vLLq6R9WfO9mn9/Va3fFnGUyCk5IxfEJ9ekTu5Ik7QIJYo8k1fy5qDz4rw7H4vWNaeYOSF/4Hz+ACOPkSY=</latexit>

• Goal: Another complexity measure for non-linear space-time cost tradeoffs
• Based on the cumulative complexity measure [AS15]
• Definition: Given a graph                     , the                   is                                             G = (V,E)

<latexit sha1_base64="0jRVrUJ1V4b0EG6kVgJeSnpiTRY=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRahgpRdEfQiFEX0WMF+QLuUbJptQ7PJmmSFsvRPePGgiFf/jjf/jWm7B219MPB4b4aZeUHMmTau++3klpZXVtfy64WNza3tneLuXkPLRBFaJ5JL1QqwppwJWjfMcNqKFcVRwGkzGF5P/OYTVZpJ8WBGMfUj3BcsZAQbK7VuL8uNE3Rz3C2W3Io7BVokXkZKkKHWLX51epIkERWGcKx123Nj46dYGUY4HRc6iaYxJkPcp21LBY6o9tPpvWN0ZJUeCqWyJQyaqr8nUhxpPYoC2xlhM9Dz3kT8z2snJrzwUybixFBBZovChCMj0eR51GOKEsNHlmCimL0VkQFWmBgbUcGG4M2/vEgapxXPrXj3Z6XqVRZHHg7gEMrgwTlU4Q5qUAcCHJ7hFd6cR+fFeXc+Zq05J5vZhz9wPn8A2mSOhg==</latexit><latexit sha1_base64="0jRVrUJ1V4b0EG6kVgJeSnpiTRY=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRahgpRdEfQiFEX0WMF+QLuUbJptQ7PJmmSFsvRPePGgiFf/jjf/jWm7B219MPB4b4aZeUHMmTau++3klpZXVtfy64WNza3tneLuXkPLRBFaJ5JL1QqwppwJWjfMcNqKFcVRwGkzGF5P/OYTVZpJ8WBGMfUj3BcsZAQbK7VuL8uNE3Rz3C2W3Io7BVokXkZKkKHWLX51epIkERWGcKx123Nj46dYGUY4HRc6iaYxJkPcp21LBY6o9tPpvWN0ZJUeCqWyJQyaqr8nUhxpPYoC2xlhM9Dz3kT8z2snJrzwUybixFBBZovChCMj0eR51GOKEsNHlmCimL0VkQFWmBgbUcGG4M2/vEgapxXPrXj3Z6XqVRZHHg7gEMrgwTlU4Q5qUAcCHJ7hFd6cR+fFeXc+Zq05J5vZhz9wPn8A2mSOhg==</latexit><latexit sha1_base64="0jRVrUJ1V4b0EG6kVgJeSnpiTRY=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRahgpRdEfQiFEX0WMF+QLuUbJptQ7PJmmSFsvRPePGgiFf/jjf/jWm7B219MPB4b4aZeUHMmTau++3klpZXVtfy64WNza3tneLuXkPLRBFaJ5JL1QqwppwJWjfMcNqKFcVRwGkzGF5P/OYTVZpJ8WBGMfUj3BcsZAQbK7VuL8uNE3Rz3C2W3Io7BVokXkZKkKHWLX51epIkERWGcKx123Nj46dYGUY4HRc6iaYxJkPcp21LBY6o9tPpvWN0ZJUeCqWyJQyaqr8nUhxpPYoC2xlhM9Dz3kT8z2snJrzwUybixFBBZovChCMj0eR51GOKEsNHlmCimL0VkQFWmBgbUcGG4M2/vEgapxXPrXj3Z6XqVRZHHg7gEMrgwTlU4Q5qUAcCHJ7hFd6cR+fFeXc+Zq05J5vZhz9wPn8A2mSOhg==</latexit><latexit sha1_base64="0jRVrUJ1V4b0EG6kVgJeSnpiTRY=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRahgpRdEfQiFEX0WMF+QLuUbJptQ7PJmmSFsvRPePGgiFf/jjf/jWm7B219MPB4b4aZeUHMmTau++3klpZXVtfy64WNza3tneLuXkPLRBFaJ5JL1QqwppwJWjfMcNqKFcVRwGkzGF5P/OYTVZpJ8WBGMfUj3BcsZAQbK7VuL8uNE3Rz3C2W3Io7BVokXkZKkKHWLX51epIkERWGcKx123Nj46dYGUY4HRc6iaYxJkPcp21LBY6o9tPpvWN0ZJUeCqWyJQyaqr8nUhxpPYoC2xlhM9Dz3kT8z2snJrzwUybixFBBZovChCMj0eR51GOKEsNHlmCimL0VkQFWmBgbUcGG4M2/vEgapxXPrXj3Z6XqVRZHHg7gEMrgwTlU4Q5qUAcCHJ7hFd6cR+fFeXc+Zq05J5vZhz9wPn8A2mSOhg==</latexit>

CC↵(G)
<latexit sha1_base64="1wyJy6HNUBUQYtkuT05P/PJjN1I=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BItQLyURQY/FHvRYwX5Am5bJdtMu3WzC7kYpof/DiwdFvPpfvPlv3LY5aOuDgcd7M8zM82POlHacbyu3tr6xuZXfLuzs7u0fFA+PmipKJKENEvFItn1UlDNBG5ppTtuxpBj6nLb8cW3mtx6pVCwSD3oSUy/EoWABI6iN1KvVemkXeTzCafn2vF8sORVnDnuVuBkpQYZ6v/jVHUQkCanQhKNSHdeJtZei1IxwOi10E0VjJGMc0o6hAkOqvHR+9dQ+M8rADiJpSmh7rv6eSDFUahL6pjNEPVLL3kz8z+skOrj2UibiRFNBFouChNs6smcR2AMmKdF8YggSycytNhmhRKJNUAUTgrv88ippXlRcp+LeX5aqN1kceTiBUyiDC1dQhTuoQwMISHiGV3iznqwX6936WLTmrGzmGP7A+vwBhj2R3A==</latexit><latexit sha1_base64="1wyJy6HNUBUQYtkuT05P/PJjN1I=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BItQLyURQY/FHvRYwX5Am5bJdtMu3WzC7kYpof/DiwdFvPpfvPlv3LY5aOuDgcd7M8zM82POlHacbyu3tr6xuZXfLuzs7u0fFA+PmipKJKENEvFItn1UlDNBG5ppTtuxpBj6nLb8cW3mtx6pVCwSD3oSUy/EoWABI6iN1KvVemkXeTzCafn2vF8sORVnDnuVuBkpQYZ6v/jVHUQkCanQhKNSHdeJtZei1IxwOi10E0VjJGMc0o6hAkOqvHR+9dQ+M8rADiJpSmh7rv6eSDFUahL6pjNEPVLL3kz8z+skOrj2UibiRFNBFouChNs6smcR2AMmKdF8YggSycytNhmhRKJNUAUTgrv88ippXlRcp+LeX5aqN1kceTiBUyiDC1dQhTuoQwMISHiGV3iznqwX6936WLTmrGzmGP7A+vwBhj2R3A==</latexit><latexit sha1_base64="1wyJy6HNUBUQYtkuT05P/PJjN1I=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BItQLyURQY/FHvRYwX5Am5bJdtMu3WzC7kYpof/DiwdFvPpfvPlv3LY5aOuDgcd7M8zM82POlHacbyu3tr6xuZXfLuzs7u0fFA+PmipKJKENEvFItn1UlDNBG5ppTtuxpBj6nLb8cW3mtx6pVCwSD3oSUy/EoWABI6iN1KvVemkXeTzCafn2vF8sORVnDnuVuBkpQYZ6v/jVHUQkCanQhKNSHdeJtZei1IxwOi10E0VjJGMc0o6hAkOqvHR+9dQ+M8rADiJpSmh7rv6eSDFUahL6pjNEPVLL3kz8z+skOrj2UibiRFNBFouChNs6smcR2AMmKdF8YggSycytNhmhRKJNUAUTgrv88ippXlRcp+LeX5aqN1kceTiBUyiDC1dQhTuoQwMISHiGV3iznqwX6936WLTmrGzmGP7A+vwBhj2R3A==</latexit><latexit sha1_base64="1wyJy6HNUBUQYtkuT05P/PJjN1I=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BItQLyURQY/FHvRYwX5Am5bJdtMu3WzC7kYpof/DiwdFvPpfvPlv3LY5aOuDgcd7M8zM82POlHacbyu3tr6xuZXfLuzs7u0fFA+PmipKJKENEvFItn1UlDNBG5ppTtuxpBj6nLb8cW3mtx6pVCwSD3oSUy/EoWABI6iN1KvVemkXeTzCafn2vF8sORVnDnuVuBkpQYZ6v/jVHUQkCanQhKNSHdeJtZei1IxwOi10E0VjJGMc0o6hAkOqvHR+9dQ+M8rADiJpSmh7rv6eSDFUahL6pjNEPVLL3kz8z+skOrj2UibiRFNBFouChNs6smcR2AMmKdF8YggSycytNhmhRKJNUAUTgrv88ippXlRcp+LeX5aqN1kceTiBUyiDC1dQhTuoQwMISHiGV3iznqwX6936WLTmrGzmGP7A+vwBhj2R3A==</latexit>

min
P2P

 
X

Pi2P
|Pi|↵

!

<latexit sha1_base64="PyUKbGRne9r2TT3g4Bk1cHoLAEc="></latexit><latexit sha1_base64="PyUKbGRne9r2TT3g4Bk1cHoLAEc="></latexit><latexit sha1_base64="PyUKbGRne9r2TT3g4Bk1cHoLAEc="></latexit><latexit sha1_base64="PyUKbGRne9r2TT3g4Bk1cHoLAEc="></latexit>



CC↵
<latexit sha1_base64="G2jZO7iheOtopHtCOXqBO7lzVrU=">AAAB8nicbVBNS8NAEN34WetX1aOXYBE8lUQEPRZ78VjBfkAay2S7aZdudsPuRCihP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUsENet63s7a+sbm1Xdop7+7tHxxWjo7bRmWashZVQuluBIYJLlkLOQrWTTWDJBKsE40bM7/zxLThSj7gJGVhAkPJY04BrRQ0Go95D0Q6gmm/UvVq3hzuKvELUiUFmv3KV2+gaJYwiVSAMYHvpRjmoJFTwablXmZYCnQMQxZYKiFhJsznJ0/dc6sM3FhpWxLdufp7IofEmEkS2c4EcGSWvZn4nxdkGN+EOZdphkzSxaI4Ey4qd/a/O+CaURQTS4Bqbm916Qg0ULQplW0I/vLLq6R9WfO9mn9/Va3fFnGUyCk5IxfEJ9ekTu5Ik7QIJYo8k1fy5qDz4rw7H4vWNaeYOSF/4Hz+ACOPkSY=</latexit><latexit sha1_base64="G2jZO7iheOtopHtCOXqBO7lzVrU=">AAAB8nicbVBNS8NAEN34WetX1aOXYBE8lUQEPRZ78VjBfkAay2S7aZdudsPuRCihP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUsENet63s7a+sbm1Xdop7+7tHxxWjo7bRmWashZVQuluBIYJLlkLOQrWTTWDJBKsE40bM7/zxLThSj7gJGVhAkPJY04BrRQ0Go95D0Q6gmm/UvVq3hzuKvELUiUFmv3KV2+gaJYwiVSAMYHvpRjmoJFTwablXmZYCnQMQxZYKiFhJsznJ0/dc6sM3FhpWxLdufp7IofEmEkS2c4EcGSWvZn4nxdkGN+EOZdphkzSxaI4Ey4qd/a/O+CaURQTS4Bqbm916Qg0ULQplW0I/vLLq6R9WfO9mn9/Va3fFnGUyCk5IxfEJ9ekTu5Ik7QIJYo8k1fy5qDz4rw7H4vWNaeYOSF/4Hz+ACOPkSY=</latexit><latexit sha1_base64="G2jZO7iheOtopHtCOXqBO7lzVrU=">AAAB8nicbVBNS8NAEN34WetX1aOXYBE8lUQEPRZ78VjBfkAay2S7aZdudsPuRCihP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUsENet63s7a+sbm1Xdop7+7tHxxWjo7bRmWashZVQuluBIYJLlkLOQrWTTWDJBKsE40bM7/zxLThSj7gJGVhAkPJY04BrRQ0Go95D0Q6gmm/UvVq3hzuKvELUiUFmv3KV2+gaJYwiVSAMYHvpRjmoJFTwablXmZYCnQMQxZYKiFhJsznJ0/dc6sM3FhpWxLdufp7IofEmEkS2c4EcGSWvZn4nxdkGN+EOZdphkzSxaI4Ey4qd/a/O+CaURQTS4Bqbm916Qg0ULQplW0I/vLLq6R9WfO9mn9/Va3fFnGUyCk5IxfEJ9ekTu5Ik7QIJYo8k1fy5qDz4rw7H4vWNaeYOSF/4Hz+ACOPkSY=</latexit><latexit sha1_base64="G2jZO7iheOtopHtCOXqBO7lzVrU=">AAAB8nicbVBNS8NAEN34WetX1aOXYBE8lUQEPRZ78VjBfkAay2S7aZdudsPuRCihP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUsENet63s7a+sbm1Xdop7+7tHxxWjo7bRmWashZVQuluBIYJLlkLOQrWTTWDJBKsE40bM7/zxLThSj7gJGVhAkPJY04BrRQ0Go95D0Q6gmm/UvVq3hzuKvELUiUFmv3KV2+gaJYwiVSAMYHvpRjmoJFTwablXmZYCnQMQxZYKiFhJsznJ0/dc6sM3FhpWxLdufp7IofEmEkS2c4EcGSWvZn4nxdkGN+EOZdphkzSxaI4Ey4qd/a/O+CaURQTS4Bqbm916Qg0ULQplW0I/vLLq6R9WfO9mn9/Va3fFnGUyCk5IxfEJ9ekTu5Ik7QIJYo8k1fy5qDz4rw7H4vWNaeYOSF/4Hz+ACOPkSY=</latexit>

• Goal: Another complexity measure for non-linear space-time cost tradeoffs
• Based on the cumulative complexity measure [AS15]
• Definition: Given a graph                     , the                   is                                             G = (V,E)

<latexit sha1_base64="0jRVrUJ1V4b0EG6kVgJeSnpiTRY=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRahgpRdEfQiFEX0WMF+QLuUbJptQ7PJmmSFsvRPePGgiFf/jjf/jWm7B219MPB4b4aZeUHMmTau++3klpZXVtfy64WNza3tneLuXkPLRBFaJ5JL1QqwppwJWjfMcNqKFcVRwGkzGF5P/OYTVZpJ8WBGMfUj3BcsZAQbK7VuL8uNE3Rz3C2W3Io7BVokXkZKkKHWLX51epIkERWGcKx123Nj46dYGUY4HRc6iaYxJkPcp21LBY6o9tPpvWN0ZJUeCqWyJQyaqr8nUhxpPYoC2xlhM9Dz3kT8z2snJrzwUybixFBBZovChCMj0eR51GOKEsNHlmCimL0VkQFWmBgbUcGG4M2/vEgapxXPrXj3Z6XqVRZHHg7gEMrgwTlU4Q5qUAcCHJ7hFd6cR+fFeXc+Zq05J5vZhz9wPn8A2mSOhg==</latexit><latexit sha1_base64="0jRVrUJ1V4b0EG6kVgJeSnpiTRY=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRahgpRdEfQiFEX0WMF+QLuUbJptQ7PJmmSFsvRPePGgiFf/jjf/jWm7B219MPB4b4aZeUHMmTau++3klpZXVtfy64WNza3tneLuXkPLRBFaJ5JL1QqwppwJWjfMcNqKFcVRwGkzGF5P/OYTVZpJ8WBGMfUj3BcsZAQbK7VuL8uNE3Rz3C2W3Io7BVokXkZKkKHWLX51epIkERWGcKx123Nj46dYGUY4HRc6iaYxJkPcp21LBY6o9tPpvWN0ZJUeCqWyJQyaqr8nUhxpPYoC2xlhM9Dz3kT8z2snJrzwUybixFBBZovChCMj0eR51GOKEsNHlmCimL0VkQFWmBgbUcGG4M2/vEgapxXPrXj3Z6XqVRZHHg7gEMrgwTlU4Q5qUAcCHJ7hFd6cR+fFeXc+Zq05J5vZhz9wPn8A2mSOhg==</latexit><latexit sha1_base64="0jRVrUJ1V4b0EG6kVgJeSnpiTRY=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRahgpRdEfQiFEX0WMF+QLuUbJptQ7PJmmSFsvRPePGgiFf/jjf/jWm7B219MPB4b4aZeUHMmTau++3klpZXVtfy64WNza3tneLuXkPLRBFaJ5JL1QqwppwJWjfMcNqKFcVRwGkzGF5P/OYTVZpJ8WBGMfUj3BcsZAQbK7VuL8uNE3Rz3C2W3Io7BVokXkZKkKHWLX51epIkERWGcKx123Nj46dYGUY4HRc6iaYxJkPcp21LBY6o9tPpvWN0ZJUeCqWyJQyaqr8nUhxpPYoC2xlhM9Dz3kT8z2snJrzwUybixFBBZovChCMj0eR51GOKEsNHlmCimL0VkQFWmBgbUcGG4M2/vEgapxXPrXj3Z6XqVRZHHg7gEMrgwTlU4Q5qUAcCHJ7hFd6cR+fFeXc+Zq05J5vZhz9wPn8A2mSOhg==</latexit><latexit sha1_base64="0jRVrUJ1V4b0EG6kVgJeSnpiTRY=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRahgpRdEfQiFEX0WMF+QLuUbJptQ7PJmmSFsvRPePGgiFf/jjf/jWm7B219MPB4b4aZeUHMmTau++3klpZXVtfy64WNza3tneLuXkPLRBFaJ5JL1QqwppwJWjfMcNqKFcVRwGkzGF5P/OYTVZpJ8WBGMfUj3BcsZAQbK7VuL8uNE3Rz3C2W3Io7BVokXkZKkKHWLX51epIkERWGcKx123Nj46dYGUY4HRc6iaYxJkPcp21LBY6o9tPpvWN0ZJUeCqWyJQyaqr8nUhxpPYoC2xlhM9Dz3kT8z2snJrzwUybixFBBZovChCMj0eR51GOKEsNHlmCimL0VkQFWmBgbUcGG4M2/vEgapxXPrXj3Z6XqVRZHHg7gEMrgwTlU4Q5qUAcCHJ7hFd6cR+fFeXc+Zq05J5vZhz9wPn8A2mSOhg==</latexit>

CC↵(G)
<latexit sha1_base64="1wyJy6HNUBUQYtkuT05P/PJjN1I=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BItQLyURQY/FHvRYwX5Am5bJdtMu3WzC7kYpof/DiwdFvPpfvPlv3LY5aOuDgcd7M8zM82POlHacbyu3tr6xuZXfLuzs7u0fFA+PmipKJKENEvFItn1UlDNBG5ppTtuxpBj6nLb8cW3mtx6pVCwSD3oSUy/EoWABI6iN1KvVemkXeTzCafn2vF8sORVnDnuVuBkpQYZ6v/jVHUQkCanQhKNSHdeJtZei1IxwOi10E0VjJGMc0o6hAkOqvHR+9dQ+M8rADiJpSmh7rv6eSDFUahL6pjNEPVLL3kz8z+skOrj2UibiRFNBFouChNs6smcR2AMmKdF8YggSycytNhmhRKJNUAUTgrv88ippXlRcp+LeX5aqN1kceTiBUyiDC1dQhTuoQwMISHiGV3iznqwX6936WLTmrGzmGP7A+vwBhj2R3A==</latexit><latexit sha1_base64="1wyJy6HNUBUQYtkuT05P/PJjN1I=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BItQLyURQY/FHvRYwX5Am5bJdtMu3WzC7kYpof/DiwdFvPpfvPlv3LY5aOuDgcd7M8zM82POlHacbyu3tr6xuZXfLuzs7u0fFA+PmipKJKENEvFItn1UlDNBG5ppTtuxpBj6nLb8cW3mtx6pVCwSD3oSUy/EoWABI6iN1KvVemkXeTzCafn2vF8sORVnDnuVuBkpQYZ6v/jVHUQkCanQhKNSHdeJtZei1IxwOi10E0VjJGMc0o6hAkOqvHR+9dQ+M8rADiJpSmh7rv6eSDFUahL6pjNEPVLL3kz8z+skOrj2UibiRFNBFouChNs6smcR2AMmKdF8YggSycytNhmhRKJNUAUTgrv88ippXlRcp+LeX5aqN1kceTiBUyiDC1dQhTuoQwMISHiGV3iznqwX6936WLTmrGzmGP7A+vwBhj2R3A==</latexit><latexit sha1_base64="1wyJy6HNUBUQYtkuT05P/PJjN1I=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BItQLyURQY/FHvRYwX5Am5bJdtMu3WzC7kYpof/DiwdFvPpfvPlv3LY5aOuDgcd7M8zM82POlHacbyu3tr6xuZXfLuzs7u0fFA+PmipKJKENEvFItn1UlDNBG5ppTtuxpBj6nLb8cW3mtx6pVCwSD3oSUy/EoWABI6iN1KvVemkXeTzCafn2vF8sORVnDnuVuBkpQYZ6v/jVHUQkCanQhKNSHdeJtZei1IxwOi10E0VjJGMc0o6hAkOqvHR+9dQ+M8rADiJpSmh7rv6eSDFUahL6pjNEPVLL3kz8z+skOrj2UibiRFNBFouChNs6smcR2AMmKdF8YggSycytNhmhRKJNUAUTgrv88ippXlRcp+LeX5aqN1kceTiBUyiDC1dQhTuoQwMISHiGV3iznqwX6936WLTmrGzmGP7A+vwBhj2R3A==</latexit><latexit sha1_base64="1wyJy6HNUBUQYtkuT05P/PJjN1I=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BItQLyURQY/FHvRYwX5Am5bJdtMu3WzC7kYpof/DiwdFvPpfvPlv3LY5aOuDgcd7M8zM82POlHacbyu3tr6xuZXfLuzs7u0fFA+PmipKJKENEvFItn1UlDNBG5ppTtuxpBj6nLb8cW3mtx6pVCwSD3oSUy/EoWABI6iN1KvVemkXeTzCafn2vF8sORVnDnuVuBkpQYZ6v/jVHUQkCanQhKNSHdeJtZei1IxwOi10E0VjJGMc0o6hAkOqvHR+9dQ+M8rADiJpSmh7rv6eSDFUahL6pjNEPVLL3kz8z+skOrj2UibiRFNBFouChNs6smcR2AMmKdF8YggSycytNhmhRKJNUAUTgrv88ippXlRcp+LeX5aqN1kceTiBUyiDC1dQhTuoQwMISHiGV3iznqwX6936WLTmrGzmGP7A+vwBhj2R3A==</latexit>

min
P2P

 
X

Pi2P
|Pi|↵

!

<latexit sha1_base64="PyUKbGRne9r2TT3g4Bk1cHoLAEc="></latexit><latexit sha1_base64="PyUKbGRne9r2TT3g4Bk1cHoLAEc="></latexit><latexit sha1_base64="PyUKbGRne9r2TT3g4Bk1cHoLAEc="></latexit><latexit sha1_base64="PyUKbGRne9r2TT3g4Bk1cHoLAEc="></latexit>

Main Theorem: There exist graphs for which an adversary 
facing a linear space-time trade-off would employ a different 
pebbling strategy from one facing a cubic trade-off. 



Talk Outline

• Static-Memory-Hard Functions
• Definition
• Preliminaries for our constructions
• Graph pebbling & parallel random oracle model (PROM)

• New pebbling game useful for our constructions: black-magic pebble game
• Functions defined by DAGs

• Constructions
• CC-alpha

(new complexity measure capturing non-linear space/time tradeoffs)
• Optimal-CC construction in sequential setting (up to polylog factors)



Optimal CC Construction for Sequential Case

• Asymptotically tight sequential lower bound for
• Using stacked superconcentrator construction of [LT82] (with slight modification) 
• Gives CC of 
• Meets upper bound [AB16, ABP17] up to polylog factors

↵ = 1
<latexit sha1_base64="MW5w2L5Y0wIs1mbmen/rHvyAHbE=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqBeh6MVjBfuBbSiT7aZdutmE3Y1QQv+FFw+KePXfePPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKsqaNBax6gSomeCSNQ03gnUSxTAKBGsH49uZ335iSvNYPphJwvwIh5KHnKKx0mMPRTJCck28frniVt05yCrxclKBHI1++as3iGkaMWmoQK27npsYP0NlOBVsWuqlmiVIxzhkXUslRkz72fziKTmzyoCEsbIlDZmrvycyjLSeRIHtjNCM9LI3E//zuqkJr/yMyyQ1TNLFojAVxMRk9j4ZcMWoERNLkCpubyV0hAqpsSGVbAje8surpHVR9dyqd39Zqd/kcRThBE7hHDyoQR3uoAFNoCDhGV7hzdHOi/PufCxaC04+cwx/4Hz+ADGdj+4=</latexit><latexit sha1_base64="MW5w2L5Y0wIs1mbmen/rHvyAHbE=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqBeh6MVjBfuBbSiT7aZdutmE3Y1QQv+FFw+KePXfePPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKsqaNBax6gSomeCSNQ03gnUSxTAKBGsH49uZ335iSvNYPphJwvwIh5KHnKKx0mMPRTJCck28frniVt05yCrxclKBHI1++as3iGkaMWmoQK27npsYP0NlOBVsWuqlmiVIxzhkXUslRkz72fziKTmzyoCEsbIlDZmrvycyjLSeRIHtjNCM9LI3E//zuqkJr/yMyyQ1TNLFojAVxMRk9j4ZcMWoERNLkCpubyV0hAqpsSGVbAje8surpHVR9dyqd39Zqd/kcRThBE7hHDyoQR3uoAFNoCDhGV7hzdHOi/PufCxaC04+cwx/4Hz+ADGdj+4=</latexit><latexit sha1_base64="MW5w2L5Y0wIs1mbmen/rHvyAHbE=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqBeh6MVjBfuBbSiT7aZdutmE3Y1QQv+FFw+KePXfePPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKsqaNBax6gSomeCSNQ03gnUSxTAKBGsH49uZ335iSvNYPphJwvwIh5KHnKKx0mMPRTJCck28frniVt05yCrxclKBHI1++as3iGkaMWmoQK27npsYP0NlOBVsWuqlmiVIxzhkXUslRkz72fziKTmzyoCEsbIlDZmrvycyjLSeRIHtjNCM9LI3E//zuqkJr/yMyyQ1TNLFojAVxMRk9j4ZcMWoERNLkCpubyV0hAqpsSGVbAje8surpHVR9dyqd39Zqd/kcRThBE7hHDyoQR3uoAFNoCDhGV7hzdHOi/PufCxaC04+cwx/4Hz+ADGdj+4=</latexit><latexit sha1_base64="MW5w2L5Y0wIs1mbmen/rHvyAHbE=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqBeh6MVjBfuBbSiT7aZdutmE3Y1QQv+FFw+KePXfePPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKsqaNBax6gSomeCSNQ03gnUSxTAKBGsH49uZ335iSvNYPphJwvwIh5KHnKKx0mMPRTJCck28frniVt05yCrxclKBHI1++as3iGkaMWmoQK27npsYP0NlOBVsWuqlmiVIxzhkXUslRkz72fziKTmzyoCEsbIlDZmrvycyjLSeRIHtjNCM9LI3E//zuqkJr/yMyyQ1TNLFojAVxMRk9j4ZcMWoERNLkCpubyV0hAqpsSGVbAje8surpHVR9dyqd39Zqd/kcRThBE7hHDyoQR3uoAFNoCDhGV7hzdHOi/PufCxaC04+cwx/4Hz+ADGdj+4=</latexit>

⇥

✓
n2

log log n

log n

◆

<latexit sha1_base64="zXaNrWd7+eBYv+nU8yNnKbhlNOs=">AAACHHicbZDNSsNAFIUn9a/Wv6pLN8Ei1E1JqqDLohuXCrYWmlom05t26GQSZm6EEvIgbnwVNy4UceNC8G2ctkHUemGGj3PuZeYePxZco+N8WoWFxaXlleJqaW19Y3OrvL3T0lGiGDRZJCLV9qkGwSU0kaOAdqyAhr6AG390PvFv7kBpHslrHMfQDelA8oAzikbqlY+86yEg9QQEWPUCRVkqb+ueiAbp9JJZln2Tp/hgiIe9csWpOdOy58HNoULyuuyV371+xJIQJDJBte64TozdlCrkTEBW8hINMWUjOoCOQUlD0N10ulxmHxilbweRMkeiPVV/TqQ01Hoc+qYzpDjUf72J+J/XSTA47aZcxgmCZLOHgkTYGNmTpOw+V8BQjA1Qprj5q82G1CSEJs+SCcH9u/I8tOo116m5V8eVxlkeR5HskX1SJS45IQ1yQS5JkzByTx7JM3mxHqwn69V6m7UWrHxml/wq6+MLNYujUQ==</latexit><latexit sha1_base64="zXaNrWd7+eBYv+nU8yNnKbhlNOs=">AAACHHicbZDNSsNAFIUn9a/Wv6pLN8Ei1E1JqqDLohuXCrYWmlom05t26GQSZm6EEvIgbnwVNy4UceNC8G2ctkHUemGGj3PuZeYePxZco+N8WoWFxaXlleJqaW19Y3OrvL3T0lGiGDRZJCLV9qkGwSU0kaOAdqyAhr6AG390PvFv7kBpHslrHMfQDelA8oAzikbqlY+86yEg9QQEWPUCRVkqb+ueiAbp9JJZln2Tp/hgiIe9csWpOdOy58HNoULyuuyV371+xJIQJDJBte64TozdlCrkTEBW8hINMWUjOoCOQUlD0N10ulxmHxilbweRMkeiPVV/TqQ01Hoc+qYzpDjUf72J+J/XSTA47aZcxgmCZLOHgkTYGNmTpOw+V8BQjA1Qprj5q82G1CSEJs+SCcH9u/I8tOo116m5V8eVxlkeR5HskX1SJS45IQ1yQS5JkzByTx7JM3mxHqwn69V6m7UWrHxml/wq6+MLNYujUQ==</latexit><latexit sha1_base64="zXaNrWd7+eBYv+nU8yNnKbhlNOs=">AAACHHicbZDNSsNAFIUn9a/Wv6pLN8Ei1E1JqqDLohuXCrYWmlom05t26GQSZm6EEvIgbnwVNy4UceNC8G2ctkHUemGGj3PuZeYePxZco+N8WoWFxaXlleJqaW19Y3OrvL3T0lGiGDRZJCLV9qkGwSU0kaOAdqyAhr6AG390PvFv7kBpHslrHMfQDelA8oAzikbqlY+86yEg9QQEWPUCRVkqb+ueiAbp9JJZln2Tp/hgiIe9csWpOdOy58HNoULyuuyV371+xJIQJDJBte64TozdlCrkTEBW8hINMWUjOoCOQUlD0N10ulxmHxilbweRMkeiPVV/TqQ01Hoc+qYzpDjUf72J+J/XSTA47aZcxgmCZLOHgkTYGNmTpOw+V8BQjA1Qprj5q82G1CSEJs+SCcH9u/I8tOo116m5V8eVxlkeR5HskX1SJS45IQ1yQS5JkzByTx7JM3mxHqwn69V6m7UWrHxml/wq6+MLNYujUQ==</latexit><latexit sha1_base64="zXaNrWd7+eBYv+nU8yNnKbhlNOs=">AAACHHicbZDNSsNAFIUn9a/Wv6pLN8Ei1E1JqqDLohuXCrYWmlom05t26GQSZm6EEvIgbnwVNy4UceNC8G2ctkHUemGGj3PuZeYePxZco+N8WoWFxaXlleJqaW19Y3OrvL3T0lGiGDRZJCLV9qkGwSU0kaOAdqyAhr6AG390PvFv7kBpHslrHMfQDelA8oAzikbqlY+86yEg9QQEWPUCRVkqb+ueiAbp9JJZln2Tp/hgiIe9csWpOdOy58HNoULyuuyV371+xJIQJDJBte64TozdlCrkTEBW8hINMWUjOoCOQUlD0N10ulxmHxilbweRMkeiPVV/TqQ01Hoc+qYzpDjUf72J+J/XSTA47aZcxgmCZLOHgkTYGNmTpOw+V8BQjA1Qprj5q82G1CSEJs+SCcH9u/I8tOo116m5V8eVxlkeR5HskX1SJS45IQ1yQS5JkzByTx7JM3mxHqwn69V6m7UWrHxml/wq6+MLNYujUQ==</latexit>


