R⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫N⌉∫⊔⌉⌈C≀⇕√≀∫⟩⊔⟩≀\⊣↕⌊†

A↙P←∞∀⌉

A⊔⟨⌉∫⟩∫∫⊓⌊⇕⟩⊔⊔⌉⌈⟩\⌋≀\{≀∇⇕⟩⊔†⊒⟩⊔⟨⊔⟨⌉∇⌉∐⊓⟩∇{≀∇⊔⟨⌉⌈⌉}∇⌉⌉≀{D≀⌋⊔≀∇≀{G∇⊣⌈⊓∞∀⌉D⌉√⊣∇⊔⇕⌉\⊔≀{C≀⇕√⊓⊔⌉∇U\⟩⊑⌉∇∫⟩⊔†≀{≀∇◯⌊†≀\†P←∞∀⌉ ∞∃∃△

R⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫N⌉∫⊔⌉⌈C≀⇕√≀∫⟩⊔⟩≀\⊣↕S⊔∇⊓⌋⊔⊓∇⌊† A↙P←∞∀⌉ D≀⌋⊔≀∇≀{⇔

D⌉√⊣∇⊔⇕⌉\⊔ ≀{C≀⇕√⊓⊔⌉∇ U\⟩⊑⌉∇∫⟩⊔† ≀{ T≀∇A⌊∫⊔∇⊣⌋⊔

D⟩∫⊔∇⟩⌊⊓⊔⌉⌈∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫⊣∇⌉⊣⊔⊔∇⊣⌋⊔⟩⊑⌉{≀∇⊣\⊓⇕⌊⌉∇≀{∇T⟨⌉†≀{{⌉∇⊔⟨⌉∫⟩⌊⟩↕⟩⊔†≀{∇⌉√∇⌉∫⌉\⊔⟩\}⌋≀\⌋⌉√⊔∫⟩\⊣⌋≀\⊔⟩\⊓≀⊓∫∫√⊣⌋⌉⇔⊔⟨⌉†⌈⌉}∇⊣⌈⌉}∇⊣⌋⌉{⊓↕↕†⊒⟩⊔⟨⊣\⌈⊔⟨⌉†⌋⊣\⌊⌉√∇≀⌋⌉∫∫⌉⌈⟩\⊣√⊣∇⊣↕↕⌉↕\⌉⊔⊒≀∇‖≀{∫⟩⇕√↕⌉√∇≀⌋⌉∫∫⟩\}⌉↕⌉⇕⌉\⊔∫↙ H≀⊒⌉⊑⌉∇⇔

⊔⟨⌉ √∇≀⌊↕⌉⇕ ≀{ ∇⌉√∇⌉∫⌉\⊔⟩\} \⌉∫⊔⌉⌈ ∫⊔∇⊓⌋⊔⊓∇⌉ ⟩\ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ ⟨⊣∫ ⌊⌉⌉\ ∫≀⇕⌉ ⊔⟩⇕⌉ ⊣ √∇≀⇕⟩\⌉\⊔ ⌋≀\⌋⌉∇\ ≀{ ⌊≀⊔⟨ √∇≀√≀\⌉\⊔∫ ⊣\⌈ ⌋∇⟩⊔⟩⌋∫ ≀{ ⌋≀\\⌉⌋⊔⟩≀\⟩∫⇕ ∪F≀⌈≀∇ ∞∃∀∀∅ S⇕≀↕⌉\∫‖† ∞∃∃′∅ H⟩\⊔≀\ ∞∃∃′⊎↙ ↕⊣⌋‖ ≀{ ⌋≀\\⌉⌋⊔⟩≀\⟩∫⊔ ∇⌉√∇{≀∇ ⌋≀⇕√↕⌉§ ∫⊔∇⊓⌋⊔⊓∇⌉ ⟨⊣∫ ⟨⌉↕⌈ ⌊⊣⌋‖ √∇≀}∇⌉∫∫ ⟩\ ⊔⊣⌋‖↕⟩\} ⟨⟩}⟨⌉∇↖↕⌉⊑⌉↕ ⌋≀}\⟩⊔⟩⊑⌉ ⊔⊣∫‖∫ ⊣∫ ↕⊣\}⊓⊣}⌉ ⊓\⌈⌉∇∫⊔⊣\⌈⟩\} ⊣\⌈ ∇⌉⊣∫≀\⟩\}↙

⊔⟨⟩∫ ⊔⟨⌉∫⟩∫ I ∇⌉⊑⟩⌉⊒ ⌋≀\\⌉⌋⊔⟩≀\⟩∫⊔ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ ⊣\⌈ √∇≀√≀∫⌉ ⊣ ⇕⌉⊔⟨≀⌈ {≀∇ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\ ≀{ \⌉∫⊔⌉⌈ ∫⊔∇⊓⌋⊔⊓∇⌉⇔ ⊒⟨⟩⌋⟨ I ⌋⊣↕↕ ⊖H≀↕≀}∇⊣√⟨⟩⌋ R⌉⌈⊓⌋⌉⌈ ∇⌉∫⌉\⊔⊣⊔⟩≀\∫⪰ HRR∫ √∇≀⊑⟩⌈⌉ ⊣\ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ ≀{ H⟩\⊔≀\≃∫ ∪∞∃∃′⊎ ⊖∇⊓∫⌉ ⌋⟩∇⌋⊓↕⊣∇ ⌋≀\⊑≀↕⊓⊔⟩≀\ ⊔≀ ⊣∫∫≀⌋⟩∞∀⌉ ⊣⊔≀⇕⟩⌋ ⟩⊔⌉⇕∫⇔ ⊒⟨⟩⌋⟨ ⊣∇⌉ ∇⌉√∇∫⌉\⊔⌉⌈ ⌊† A∇⌊⟩⊔∇⊣∇† ⊑⊣∇⟩⊣⌊↕⌉ ⌊⟩\⌈⟩\}∫⇔ ∫⟨≀∇⊔ ∫⌉∐⊓⌉\⌋⌉∫ ≀{ ⊑⊣∇⟩≀⊓∫ ↕⌉\}⊔⟨∫⇔ √∇⌉⌈⟩⌋∞∀⌉∫⌋⊣\⌊⌉∇⌉√∇⌉∫⌉\⊔⌉⌈⟩\⊣⊘§⌉⌈↖⊒⟩⌈⊔⟨ ⊑⌉⌋⊔≀∇∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ ⊣∇⌉⟩⊔⌉⇕∫ ⊔⟨⌉⟩∇ ≀⊒\ ∇⟩}⟨⊔⇔ ⊣\⌈ ⌋⊣\ ⌊⌉ ⊓∫⌉⌈ ⟩\ ⌋≀\∫⊔∇⊓⌋⊔⟩\} ⌋≀⇕√≀∫⟩⊔⟩≀\⊣↕ ∫⊔∇⊓⌋⊔⊓∇⌉∫↙ \≀⟩∫† ∇⌋≀\∫⊔∇⊓⌋⊔⟩≀\∫ ⌉§⊔∇⊣⌋⊔⌉⌈ {∇≀⇕ ⌋≀\⊑≀↕⊓⊔⟩≀\ ⇕⌉⇕≀∇⟩⌉∫ ⌋⊣\ ⌊⌉ ⌋↕⌉⊣\⌉⌈ ⊓√ ⌊† ⊓∫⟩\} ⊣ ⊣∫∫≀⌋⟩∞∀⟩⊑⌉ ⇕⌉⇕≀∇† ⊔⟨⊣⊔ ⟨⊣∫ }≀≀⌈ ∇⌉⌋≀\∫⊔∇⊓⌋⊔⟩⊑⌉ √∇≀√⌉∇⊔⟩⌉∫↙

C⟩∇⌋⊓↕⊣∇ ⌋≀\⊑≀↕⊓⊔⟩≀\⇔ ⊒⟨⟩⌋⟨ ⟩∫ ⊔⟨⌉ ⌊⊣∫⟩⌋ ⊣∫∫≀⌋⟩∞∀⟩⊑⌉ ≀√⌉∇⊣⊔≀∇ {≀∇ HRR∫⇔ ⌋⊣\ ⌊⌉ ⌊⊓⟩↕⊔ ⊣ ∇⌉⌋⊓∇∇⌉\⊔ \⌉⊓∇⊣↕ \⌉⊔⊒≀∇‖ ⌋⊣\ ∫⊔≀∇⌉ ⊣\⌈ √∇≀⌈⊓⌋⌉ ∫⟨≀⊒ \⌉⊔⊒≀∇‖ ↕⌉⊣∇\⟩\} ⊔⌉⌋⟨\⟩∐⊓⌉∫ ⌋⊣\ ⌊⌉ ⊓∫⌉⌈ ⊒⟩⊔⟨ ⌋⟩∇⌋⊓↕⊣∇ ⌋≀\⊑≀↕⊓⊔⟩≀\ ⟩\ ≀∇⌈⌉∇ ⊔≀ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ {≀∇ ⟩⊔⌉⇕∫ ⊣\⌈ O\⌉ ≀{ ⊔⟨⌉ ⊣⊔⊔∇⊣⌋⊔⟩≀\∫ ≀{ ⌋≀\\⌉⌋⊔⟩≀\⟩∫⊔ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ ≀{ ⌋≀⇕√≀∫⟩⊔⟩≀\⊣↕ ∫⊔∇⊓⌋⊔⊓∇⌉∫ ⟩∫ √≀∫∫⟩⌊⟩↕⟩⊔† ≀{ ⌋≀⇕√⊓⊔⟩\} ⊒⟩⊔⟨≀⊓⊔ ⌈⌉⌋≀⇕√≀∫⟩\} ∫⊔∇⊓⌋⊔⊓∇⌉∫↙ ∫⟨≀⊒ ⊔⟨⊣⊔ ⟩⊔ ⟩∫ √≀∫∫⟩⌊↕⌉ ⊔≀ ⌈≀⊔↖√∇≀⌈⊓⌋⊔ ⌋≀⇕√⊣∇⟩∫≀\∫ ≀{ HRR∫ {≀∇ \⌉∫⊔⌉⌈ ∫⊔∇⊓⌋⊔⊓∇⌉∫ ⊔≀ ⌉∫⊔⟩⇕∞∀⌉ ⊔⟨⌉ ⊣\⊣↕≀}⟩⌋∞↕ ≀{ ⊔⟨⌉ ∫⊔∇⊓⌋⊔⊓∇⌉∫↙ T⟨⟩∫ ⌈⌉⇕≀\∫⊔∇∞∀⌉∫ ⟨≀⊒ ⊔⟨⌉ ∫⊓∇{⊣⌋⌉ {≀∇⇕ ≀{ ⌋≀\\⌉⌋⊔⟩≀\⟩∫⊔ ∇⌉√∇⌋⊣\ ∇⌉⊙⌉⌋⊔ ⊓\⌈⌉∇↕†⟩\} ∫⊔∇⊓⌋⊔⊓∇∞↕ ∫⟩⇕⟩↕⊣∇⟩⊔† ⊣\⌈ ⟩⟩⟩

T⟨⊣\‖∫ ⊔≀ G⌉≀{{ H⟩\⊔≀\⇔ ⇕† ∫⊓√⌉∇⊑⟩∫≀∇⇔ {≀∇ ⟩\∫√⟩∇⊣⊔⟩≀\⇔ }⊓⟩⌈⊣\⌋⌉⇔ ⌉\⌋≀⊓∇∞}⌉⇕⌉\⊔ ∫⊓√√≀∇⊔↙ G⌉≀{⊣↕⊒⊣†∫ }≀⊔ ⇕⌉ }≀⟩\} ⊣}⊣⟩\ ⊒⟨⌉\ I {⌉↕⊔ ⌈⟩∫⌋≀⊓∇∞}⌉⌈⇔ ⊣\⌈ ⟩\∫√⟩∇⌉⌈ ⇕⌉ ⟨⟩∫ ⌋⊓∇⟩≀∫⟩⊔† ⊣\⌈ T⟨⊣\‖∫ ⊣↕∫≀ ⊔≀ J≀∇⌈⊣\ P≀↕↕⊣⌋‖⇔ {≀∇ }⌉⊔⊔⟩\} ⇕⌉ ⟩\⊔⌉∇⌉∫⊔⌉⌈ ⌋≀\\⌉⌋⊔⟩≀\⟩∫⇕⇔ ⊣\⌈ {≀∇ ∫√⌉\⌈⟩\} ⇕⊣\† {⊣∫⌋⟩\⊣⊔⟩\} ⟨≀⊓∇∫ ⌈⟩∫⌋⊓∫∫⟩\} ⊔⟨⌉∫⌉ ⟩⌈⌉⊣∫ ⊒⟩⊔⟨ ⟩\ N⌉⊒ P⌉⊔⌉∇ D⊣†⊣\ ⌈⟩⌈ ⊣\ ⌉§⊔∇⊣≀∇⌈⟩\⊣∇† |≀⌊ ∇⌉⊣⌈⟩\} ∫⌉⊑⌉∇∞↕ ⌈∇⊣{⊔∫ ≀{ ⊔⟨⟩∫ ⊔⟨⌉∫⟩∫ ⊣\⌈ √∇⌋≀⇕⇕⌉\⊔∫ ⊣⌊≀⊓⊔ ⌉⊑⌉∇†⊔⟨⟩\}⇔ ∇⊣\}⟩\} {∇≀⇕ ≀⊑⌉∇∞↕↕ ≀∇}⊣\⟩‡⊣⊔⟩≀\ ⊔≀ ⟩⌈⌉⊣∫↙ P⌉⊔⌉∇≃∫ ⌋≀⇕⇕⌉\⊔∫ ⟩⇕√∇≀⊑⌉⌈ ⊔⟨⟩∫ ⊔⟨⌉∫⟩∫ ↙ T⟨⊣\‖∫ ⊣↕∫≀ ⊔≀ G∇⊣⌉⇕⌉ ⊣ ⌋⊣∇⌉{⊓↕ ∇⌉⊣⌈⟩\} ≀{ ⊔⟨⌉ ⊔⟨⌉∫⟩∫⇔ ⊣\⌈ ⇕⊣\† ⟨⌉↕√{⊓↕ ⌋≀⇕⇕⌉\⊔∫↙ A↕↕⊣\ J⌉√∫≀\⇔ L⌉⊑⌉∫∐⊓⌉⇔ B⌉\ M⊓∇⌈≀⌋‖⇔ J⌉{{ S⟩∫‖⟩\⌈⇔ ⊣\⌈ P⊣⊓↕ S⇕≀↕⌉\∫‖†⇕†≀⊔⟨⌉∇⌋≀⇕⇕⟩⊔⊔⌉⌉⊣↕∫≀}⊣⊑⌉⇕⌉⇕⊓⌋⟨⊑⊣↕⊓⊣⌊↕⌉T⟨⊣\‖∫ ⊣↕∫≀ ⊔≀ A∇⊔⟨⊓∇ M⊣∇‖⇕⊣\ ⊣\⌈ D⌉⌈∇⌉ {≀∇ ⊓∫⌉{⊓↕ ⊣\⌈ ⌉\⌋≀⊓∇∞}⟩\} ⌉⇕⊣⟩↕ ⌈⟩∫⌋⊓∫∫⟩≀\∫ ⊣⌊≀⊓⊔ ⊣\⊣↕≀}†⊔≀⊔⟨⌉D⌉√⊣∇⊔⇕⌉\⊔≀{C≀⇕√⊓⊔⌉∇S⌋⟩⌉\⌋⌉{≀∇⟩⊔∫}⌉\⌉∇≀⊓∫∫⊓√√≀∇⊔⌈⊓∇⟩\}P⟨D√∇≀}∇⊣⇕⇔⊣\⌈⊔⟨⊣\‖∫⊣↕∫≀⊔≀C⊣\⊣⌈⊣{≀∇⊔⟨⌉⌉⌈⊓⌋⊣⊔⟩≀\⊣\⌈{≀∇⌊⌉⟩\}⊣}∇⌉⊣⊔√↕⊣⌋⌉T⟨⌉{∇⟩⌉\⌈∫I≃⊑⌉⇕⊣⌈⌉⊣⊔∫⌋⟨≀≀↕⟨⊣⊑⌉⇕⊣⌈⌉⊔⟨⌉√⊣∫⊔∫⟩§†⌉⊣∇∫⊑⌉∇†⌉\|≀†⊣⌊↕⌉↙ S⊓⌉ B⌉⌋‖⌉∇P⌉⊔⌉∇ D⊣†⊣\⇔ S⟩⌈ F⌉↕∫⇔ C≀\∇⊣⌈ G⊣↕↕⊣\⌈⇔ S∞}⌉⌉⊑ O≀∇⌉⇔ C⟨∇⟩∫ W⟩↕↕⟩⊣⇕∫⇔ R⟩⌋⟨ Z⌉⇕⌉↕⇔ ⊣\⌈ ≀⊔⟨⌉∇ √⊣∫⊔ ⊣\⌈ √∇⌉∫⌉\⊔ ⇕⌉⇕⌊⌉∇∫ ≀{ ⊔⟨⌉ \⌉⊓∇≀\ }∇≀⊓√ ⟨⊣⊑⌉ ⌊⌉⌉\ ⊣ }∇⌉⊣⊔ ⌊⊓\⌋⟨ ⊔≀ ⊒≀∇‖ ⊣\⌈ ⟨⊣\} ≀⊓⊔ T⟨⊣\‖∫ ⊔≀ ⇕† √⊣∇⌉\⊔∫⇔ D⟩⌉⊔⌉∇ ⊣\⌈ J⊓\⌉ P←∞∀⌉⇔ {≀∇ ⟩\∫⊔⟩↕↕⟩\} ⇕⌉ ⊒⟩⊔⟨ ⊣ ↕≀⊑⌉ ≀{ ↕⌉⊣∇\⟩\}

⊣\⌈ ⊣↕⊒⊣†∫ ⌉\⌋≀⊓∇∞}⟩\} ⇕⌉ ⟩\ ⇕† T⟨⊣\‖∫ ⊔≀ T⟩\⊣⇔ {≀∇ ∫⊓√√≀∇⊔ ⊣\⌈ {∇⟩⌉\⌈∫⟨⟩√ ⊔⟨∇≀⊓}⟨ ∫≀⇕⌉ ≀{ ⊔⟨⌉ ⇕≀∫⊔ ⊔∇†⟩\} ≀{ ⊔⟨⟩∫ ⊔⟨⌉∫⟩∫⇔ ⊣\⌈ ⊔≀ M⊣∇† ⊣\⌈ J≀⟨\ ⊣\⌈ ⊔⟨⌉ }⊣\} {≀∇ {∇⟩⌉\⌈∫⟨⟩√ ⊣\⌈ {⊓\ ⊣⊔ ⊔⟨⌉ ⟩⊑

C≀\⊔⌉\⊔∫

A⌊∫⊔∇⊣⌋⊔ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ C≀\⊔⌉\⊔∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ⊑

L⟩∫⊔≀{F⟩}⊓∇⌉∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ §⟩ L⟩∫⊔≀{T↙↙↙ ↙↙↙↙↙↙↙↙↙↙↙ ↙↙↙↙↙↙↙↙↙↙↙ ↙↙↙↙↙↙↙↙↙↙↙ ↙↙↙↙ I\⊔∇≀⌈⊓⌋⊔⟩≀\ ∞

R⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫⇔⌈⌉∫⌋∇⟩√⊔⟩≀\∫⇔⊣\⌈↙↙↙↙↙↙↙↙↙↙↙↙↙⇕≀⌈⌉↕∫↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∈ R⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\⊣↕ ⟩∫∫⊓⌉∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ R⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\⊣↕ ⊣⌈⌉∐⊓⊣⌋† ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∞↙∋↙∈ C≀⇕√⊓⊔⊣⊔⟩≀\⊣↕ √∇↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ L⌉⊣∇\⟩\}∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫{≀∇\⌉⊒⌋≀\⌋⌉√⊔∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ O⊔⟨⌉∇ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\⊣↕ ⟩∫∫⊓⌉∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ S≀√⟨⟩∫⊔⟩⌋⊣⊔⟩≀\ ≀{ ‖\≀⊒↕⌉⌈}⌉ ∇⌉√∇↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ T⟨⌉ K\≀⊒↕⌉⌈}⌉ R⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\ H†√≀⊔⟨⌉∫⟩∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙

∫≀⊓\⌈\⌉∫∫ ⊣\⌈ ⌋≀⇕√↕⌉⊔⌉\⌉∫∫ ⊑∫↙ ⌋≀⇕√⊓⊔⊣⊔⟩≀\⊣↕ ⊔∇⊣⌋⊔⊣⌊⟩↕⟩⊔† M⌉⊔⊣↖↕⌉⊑⌉↕ ∇↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ P∇≀⌋⌉⌈⊓∇⊣↕ ⌋≀\⊔∇≀↕ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ L≀⌋∞↕∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙

A⌈⊑⊣\⊔⊣}⌉∫ ≀{ ↕≀⌋∞↕ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ P∇≀⌊↕⌉⇕∫ ⊒⟩⊔⟨ ↕≀⌋∞↕ ∇⌉√∇↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ D⟩∫⊔∇⟩⌊⊓⊔⌉⌈∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∃

A⌈⊑⊣\⊔⊣}⌉∫ ≀{ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ P∇≀⌊↕⌉⇕∫ ⊒⟩⊔⟨ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ R⌉↕⊣⊔⟩≀\∫⟨⟩√∫ ⌊⌉⊔⊒⌉⌉\ ↕≀⌋∞↕ ⊣\⌈ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ ↙ ↙ ↙ ↙ ∞∈

R⌉⌈⊓⌋⌉⌈D⌉∫⌋∇⟩√⊔⟩≀\∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ D⟩∫⌋⊓∫∫⟩≀\ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∈ R⌉⊑⟩⌉⊒ ≀{ ⌋≀\\⌉⌋⊔⟩≀\⟩∫⊔ ⊣\⌈ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ⇕⌉⇕≀∇† ∞∀

L≀⌋∞↕⟩∫⊔⌋≀\\⌉⌋⊔⟩≀\⟩∫⊔ ⇕≀⌈⌉↕∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ I\⊔⌉∇√∇⊣\⌈ √⊣∇∫⟩\} ↕⊣\}⊓⊣}⌉ ⌊† ⌋≀\∫⊔∇⊣⟩\⊔ ↙ ↙ ↙ ↙ ↙ ∞∃ W⊣↕⊔‡ ⊣\⌈ ⊖M⊣∫∫⟩⊑⌉↕†P⊣∇⊣↕↕⌉↕P⊣∇∫⟩\}⪰ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ S⌉↕⇕⊣\ ⊣\⌈ H⟩∇∫⊔¬ √⊣∇⊣↕↕⌉↕ √⊣∇∫⟩\} \⌉⊔⊒≀∇‖ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∈∞ C⟨⊣∇\⟩⊣‖ ⊣\⌈ √⊣∇∫⟩\} ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ S⟩⇕√↕⌉∇↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ⊑

∫⌉⇕⊣\⊔⟩⌋ \⌉⊔⊒≀∇‖∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ D⌉∇⊔⟨⟩⌋‖¬ ⪯KLONE ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ⇕⊣√√⟩\} ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ H≀↕†≀⊣‖ ⊣\⌈ T⟨⊣}⊣∇⊣\⊣↕≀}⟩⌋∞↕⇕⊣√√⟩\} ⌊†⌋≀\∫⊔∇⊣⟩\⊔D⟩∫⊔∇⟩⌊⊓⊔⌉⌈⌋≀\\⌉⌋⊔⟩≀\⟩∫⊔⇕≀⌈⌉↕∫{≀∇∫⟩⇕√↕⌉∫⊔∇⊓⌋⊔⊓∇↙↙↙↙↙↙↙↙↙↙↙↙↙ L⌉⊣∇\⟩\}⊣∫∫≀⌋⟩∞∀⟩≀\∫⌊⌉⊔⊒⌉⌉\≀⌊|⌉⌋⊔∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ H⟩\⊔≀\¬ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\≀{∫⌉⇕⊣\⊔⟩⌋↙↙↙↙↙↙↙↙↙↙↙↙S√≀⌉⟨∇⊣\⌈B⌉\\⌉⊔¬ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∈∃

R⊓⇕⌉↕⟨⊣∇⊔ ⊣\⌈ M⌋C↕⌉↕↕⊣\⌈¬ ↕⌉⊣∇\⟩\} √⊣∫⊔↖⊔⌉\∫⌉∫ ≀{ ⊑⌉∇⌊∫ ↙ ↙ ↙ ↙ ↙ L⌉⊣∇\⟩\}⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫{≀∇≀⌊|⌉⌋⊔∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∋′ H⟩\⊔≀\¬ ⊖F⊣⇕⟩↕†⊔∇⌉⌉∫⪰↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙O⊔⟨⌉∇ \⌉⊔⊒≀∇‖∫ ⊒⟨⟩⌋⟨ ↕⌉⊣∇\ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∇⌉√∇↙ ↙ ↙ ↙ ↙ ∋∈ C≀\|⊓\⌋⊔⟩⊑⌉↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙T≀⊓∇⌉⊔‡‖†⊣\⌈G⌉⊑⊣¬ DUCS ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ⇕≀⌈⌉↕∫ ⊒⟨⟩⌋⟨ ↕⌉⊣∇\ ⊔≀ √∇≀⌋⌉∫∫ ↕⊣\}⊓⊣}⌉ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ N≀\↖∇⌉⌋⊓∇∇⌉\⊔\⌉⊔⊒≀∇‖∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ S⌉|\≀⊒∫‖⟩ ⊣\⌈ R≀∫⌉\⌊⌉∇}¬ NET⊔⊣↕‖ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ R⌉⌋⊓∇∇⌉\⊔\⌉⊔⊒≀∇‖∫↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙ L⌉⊣∇\⟩\}⊔≀∇⌉⇕⌉⇕⌊⌉∇ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ J≀⟨\ ⊣\⌈ ∫⌉\⊔⌉\⌋⌉⌋≀⇕√∇⌉⟨⌉\∫⟩≀\ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ △△

√⊣∇∫⟩\} ∫⌉\⊔⌉\⌋⌉∫ ⊒⟩⊔⟨ ⌉⇕⌊⌉⌈⌈⌉⌈ ⌋↕⊣⊓∫⌉∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ S⌉∇⊑⊣\↖S⌋⟨∇⌉⟩⌊⌉∇ ⌉⊔ ∞↕¬ S⊔∞∀⌉ M⊣⌋⟨⟩\⌉∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ O⊔⟨⌉∇ ∇⌉⌋⊓∇∇⌉\⊔ \⌉⊔∫ {≀∇ ↕⌉⊣∇\⟩\} ∇⌉}⊓↕⊣∇ ⊣\⌈ ⌋≀\⊔⌉§⊔↖{∇⌉⌉ ↕⊣\}⊓⊣}⌉∫ D⟩∫⊔∇⟩⌊⊓⊔⌉⌈⌋≀\\⌉⌋⊔⟩≀\⟩∫⊔⇕≀⌈⌉↕∫{≀∇⌉§√↕⟩⌋⟩⊔∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\≀{∫⊔∇⊓⌋⊔⊓∇∈↙△↙∞ T≀⊓∇⌉⊔‡‖†⊣\⌈↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ RAAM∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ T⌉\∫≀∇ √∇≀⌈⊓⌋⊔∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ▽∈

D≀↕⊣\ ⊣\⌈ ∇⌉⟩⇕√↕⌉⇕⌉\⊔⟩\}DCPS⊒⟩⊔⟨⊔⌉\∫≀∇√∇≀⌈⊓⌋⊔∫ ▽∈ ⊔⌉\∫≀∇ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ {≀∇ √∇⌉⌈⟩⌋∞∀⌉∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ▽∈ CRAM ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ H⊣↕{≀∇⌈ ⌉⊔ ∞↕¬ ⌋≀⇕√≀\⌉\⊔ √∇≀⌈⊓⌋⊔ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\ {≀∇ √∇⌉⌈⟩⌋∞∀⌉∫ ↙ ↙ C≀\⊑≀↕⊓⊔⟩≀\↖⌊⊣∫⌉⌈⇕≀⌈⌉↕∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ H⊓⇕⊣\ ⇕⌉⇕≀∇† ⇕≀⌈⌉↕↕⟩\}¬ ⇕≀⌈⌉↕∫ ⊣\⌈ ⊔⊣∫‖∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ▽

CADAM⇕≀⌈⌉↕∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ▽∀ M⊓∇⌈≀⌋‖¬ TODAM ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ CHARM ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ′̸

M⊓∇⌈≀⌋‖¬ TODAM∈ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∋ H≀↕≀}∇⊣√⟨⟩⌋R⌉⌈⊓⌋⌉⌈C⟩∇⌋⊓↕⊣∇⌋≀\⊑≀↕⊓⊔⟩≀\⊣\⌈⌋≀∇∇↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙D⟩∫⊔∇⟩⌊⊓⊔⟩≀\⊣↕ ⌋≀\∫⊔∇⊣⟩\⊔∫ ≀\ ⊔⟨⌉ ⌉↕⌉⇕⌉\⊔∫ ≀{ ⊑⌉⌋⊔≀∇∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ W⟨† ⌋≀∇∇⌉↕⊣⊔⟩≀\ ⌈⌉⌋≀⌈⌉∫ ⌋≀\⊑≀↕⊓⊔⟩≀\ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ R⌉↕⊣⊔⟩≀\∫⟨⟩√ ≀{ ⌋≀\⊑≀↕⊓⊔⟩≀\ ⊔≀ ⌋≀∇∇⌉↕⊣⊔⟩≀\ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ H≀⊒ ⇕⊓⌋⟨ ⟩\{≀∇⇕⊣⊔⟩≀\ ⟩∫ ∫⊔≀∇⌉⌈ ⟩\ ⊣ ⌋≀\⊑≀↕⊓⊔⟩≀\ ⊔∇⊣⌋⌉⊥ ↙ ↙ ↙ ↙ ↙ ↙ S⊓√⌉∇√≀∫⟩⊔⟩≀\M⌉⇕≀∇⟩⌉∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ T⟨⌉ √∇≀⌊⊣⌊⟩↕⟩⊔† ≀{ ⌋≀∇∇⌉⌋⊔ ∇⌉⌋≀}\⟩⊔⟩≀\ ⊒⟩⊔⟨ ∫⊓√⌉∇√≀∫⟩⊔⟩≀\ ⇕⌉⇕≀∇⟩⌉∫ ↙ T⟨⌉ ⊓∫⌉ ≀{ ⊔⟨∇⌉∫⟨≀↕⌈∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∄

T⟨⌉ \⌉⌉⌈ {≀∇ ⌋↕⌉⊣\↖⊓√ ⇕⌉⇕≀∇⟩⌉∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ⊑⟩

R⌉√∇⌉∫⌉\⊔⟩\} ⌋≀⇕√↕⌉§ ∫⊔∇⊓⌋⊔⊓∇⌉ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ S⌉∐⊓⌉\⌋⌉∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∋↙△↙∈ ≀{ ∫⌉∐⊓⌉\⌋⌉∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ V⊣∇⟩⊣⌊↕⌉ ⌊⟩\⌈⟩\} ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ H≀↕≀}∇⊣√⟨⟩⌋R⌉⌈⊓⌋⌉⌈R⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫{≀∇∫⟩⇕√↕⌉√∇⌉⌈⟩⌋∞∀⌉∫ ↙ ↙ ↙ ↙ H≀↕≀}∇⊣√⟨⟩⌋R⌉⌈⊓⌋⌉⌈R⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫{≀∇\⌉∫⊔⌉⌈√∇⌉⌈⟩⌋∞∀⌉∫ ↙ ↙ ↙ ↙ E∐⊓⟩⊑⊣↕⌉\⌋⌉≀{⊘∇∫⊔↖≀∇⌈⌉∇⊣\⌈⟨⟩}⟨⌉∇↖≀∇⌈⌉∇∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫{≀∇∇∋↙△↙ W⟨⊣⊔⌋⊣\⊒⌉⌈≀⊒⟩⊔⟨∇⌉⌈⊓⌋⌉⌈∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫⊥ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ▽

C≀\∫⊔∇⊣⟩\⊔∫≀\⊔⟨⌉⊑⌉⌋⊔≀∇∫⊣\⌈⊔⟨⌉∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\≀{{⌉⊣⊔⊓∇⌉∫⊣\⌈⊔≀‖⌉\∫ T⟨⌉ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\ ≀{ {⌉⊣⊔⊓∇⌉∫⇔ ⊔†√⌉∫⇔ ⊣\⌈ ⊔≀‖⌉\∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ W⟨† ⌊⟩\⊣∇† ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ ⊣∇⌉ ⌈⟩{⊘⌋⊓↕⊔ ⊔≀ ⊓∫⌉ ↙ ↙ ↙ ↙ ↙ N≀∇⇕⊣↕⟩‡⊣⊔⟩≀\ ≀{ ⊑⌉⌋⊔≀∇∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∋↙▽↙△ A∇⌉⊔⟨⌉⌋≀\∫⊔∇⊣⟩\⊔∫≀\⊑⌉⌋⊔≀∇∫∇⌉⊣∫≀\⊣⌊↕⌉⊥ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ M⊣⊔⟨⌉⇕⊣⊔⟩⌋∞↕P∇≀√⌉∇⊔⟩⌉∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ D⟩∫⊔∇⟩⌊⊓⊔⟩≀\∫ ≀{ ⌈≀⊔↖√∇≀⌈⊓⌋⊔∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ U∫⟩\}FFT∫⊔≀⌋≀⇕√⊓⊔⌉⌋≀\⊑≀↕⊓⊔⟩≀\ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ A√√∇⊣\⌈ ⌉§⊣⌋⊔ ⟩\⊑⌉∇∫⌉∫ ⟩\ ⊔⟨⌉ {∇⌉∐⊓⌉\⌋† ⌈≀⇕⊣⟩\ ↙ ↙ ↙ ↙ ↙ W⟨† ⊔⟨⌉ ⌉§⊣⌋⊔ ⟩\⊑⌉∇∫⌉ ⟩∫ \≀⊔ ⊣↕⊒⊣†∫ ⊓∫⌉{⊓↕ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ T⟨⌉ ⌋≀\⊑≀↕⊓⊔⟩⊑⌉ √≀⊒⌉∇ ≀{ ⊣ ⊑⌉⌋⊔≀∇ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∋↙↙̸ ̸M⊣⊔∇⟩⌋⌉∫ ⌋≀∇∇⌉∫√≀\⌈⟩\} ⊔≀ ⌋⟩∇⌋⊓↕⊣∇ ⌋≀\⊑≀↕⊓⊔⟩≀\ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ N≀\↖⌋≀⇕⇕⊓⊔⊣⊔⟩⊑⌉ ⊑⊣∇⟩⊣\⊔∫ ⊣\⌈ ⊣\⊣↕≀}∫ ≀{ ⌋≀\⊑≀↕⊓⊔⟩≀\↙ ↙ ↙ ↙ ↙ ↙ ↙ P⊣∇⊔⟩⊣↕ ⌈⌉∇⟩⊑⊣⊔⟩⊑⌉∫ ≀{ ⌋≀\⊑≀↕⊓⊔⟩≀\∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∋↙ F⊣∫⊔⌉∇ ⌋≀⇕√⊣∇⟩∫≀\ ⊒⟩⊔⟨ ⟩⊔⌉⇕∫ ⟩\ ⌋↕⌉⊣\↖⊓√ ⇕⌉⇕≀∇† ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ T⟨⌉ ⌋⊣√⊣⌋⟩⊔† ≀{ ⌋≀\⊑≀↕⊓⊔⟩≀\ ⇕⌉⇕≀∇⟩⌉∫ ⊣\⌈ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∀

C≀\⊑≀↕⊓⊔⟩≀\↖⌊⊣∫⌉⌈⇕⌉⇕≀∇⟩⌉∫⊑⌉∇∫⊓∫⇕⊣⊔∇⟩§↖⌊⊣∫⌉⌈⇕⌉⇕≀∇⟩⌉∫↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∋↙∃↙∞ C≀⇕√⊣∇⟩∫≀\≀{⌋≀\⊑≀↕⊓⊔⟩≀\⊣\⌈⇕⊣⊔∇⟩§↖⌊⊣∫⌉⌈⇕⌉⇕≀∇⟩⌉∫ ↙ ↙ ↙ ↙ ↙ ∋↙∃↙∈ C≀\⊑≀↕⊓⊔⟩≀\⊣∫⊣↕≀⊒↖⌈⟩⇕⌉\∫⟩≀\∞↕√∇≀|⌉⌋⊔⟩≀\≀{⊣⊔⌉\∫≀∇√∇≀⌈⊓⌋⊔ ∀∃

∋↙∞′ A\⌉§⊣⇕√↕⌉≀{⌉\⌋≀⌈⟩\}⊣\⌈⌈⌉⌋≀⌈⟩\}HRR∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∋↙∞′↙∞ R⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\⊣\⌈∫⟩⇕⟩↕⊣∇⟩⊔†≀{⊔≀‖⌉\∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∋↙∞′↙∈ R⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\⊣\⌈∫⟩⇕⟩↕⊣∇⟩⊔†≀{{∇⊣⇕⌉∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∋↙∞′↙∋ E§⊔∇⊣⌋⊔⟩\} ⊘↕↕⌉∇∫ ⊣\⌈ ∇≀↕⌉∫ {∇≀⇕ {∇⊣⇕⌉∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∋↙∞′↙△ P∇≀⌊⊣⌊⟩↕⟩⊔⟩⌉∫ ≀{ ⌋≀∇∇⌉⌋⊔ ⌈⌉⌋≀⌈⟩\} ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∋↙∞′↙▽ S⟩⇕⟩↕⊣∇⟩⊔†↖√∇⌉∫⌉∇⊑⟩\}√∇≀√⌉∇⊔⟩⌉∫≀{⌋≀\⊑≀↕⊓⊔⟩≀\ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∃▽

D⟩∫⌋⊓∫∫⟩≀\ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∋↙∞∞↙∞ L⌉⊣∇\⟩\}⊣\⌈HRR∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∋↙∞∞↙∈ HRR∫⊣\⌈H⟩\⊔≀\≃∫∇⌉⌈⊓⌋⌉⌈↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙∋↙∞∞↙∋ C⟨⊓\‖⟩\} ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∋↙∞∞↙△ C≀⇕√⊣∇⟩∫≀\⊔≀≀⊔⟨⌉∇⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫{≀∇√∇↙ ↙ C≀\⌋↕⊓∫⟩≀\ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ △ HRR∫⟩\⊔⟨⌉{∇⌉∐⊓⌉\⌋†⌈≀⇕⊣⟩\ ′̸∞

C⟩∇⌋⊓↕⊣∇⊑⌉⌋⊔≀∇∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ HRR≀√⌉∇⊣⊔⟩≀\∫⊒⟩⊔⟨⌋⟩∇⌋⊓↕⊣∇⊑⌉⌋⊔≀∇∫↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙ C≀⇕√⊣∇⟩∫≀\⊒⟩⊔⟨⊔⟨⌉∫⊔⊣\⌈⊣∇⌈∫†∫⊔⌉⇕ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ⊑⟩⟩

U∫⟩\}⌋≀\⊑≀↕⊓⊔⟩≀\↖⌊⊣∫⌉⌈∫⊔≀∇⊣}⌉⟩\∫†∫⊔⌉⇕∫⊒⟨⟩⌋⟨↕⌉⊣∇\ ′̸

▽↙∞ T↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ D⌉⌋≀⌈⟩\} ⊔∇⊣|⌉⌋⊔≀∇†↖⊣∫∫≀⌋⟩∞∀⌉⌈ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ▽↙∞↙∈ C⊣√⊣⌋⟩⊔†≀{⊔∇⊣|⌉⌋⊔≀∇†↖⊣∫∫≀⌋⟩∞∀⟩≀\↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙ ′̸∀

E\⌋≀⌈⟩\} ⊣\⌈ ⌈⌉⌋≀⌈⟩\} ∫†∫⊔⌉⇕∫ {≀∇ ⊔∇⊣|⌉⌋⊔≀∇†↖⊣∫∫≀⌋⟩∞∀⌉⌈ ↙ ↙ ↙ ↙ ↙ ′̸∃ T∇⊣|⌉⌋⊔≀∇†↖⊣∫∫≀⌋⟩∞∀⟩≀\⌈⌉⌋≀⌈⟩\}⟩\⊣∇⌉⌋⊓∇∇⌉\⊔↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ A∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ▽↙∋↙∈ U\⟩⊔↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ O⌊|⌉⌋⊔⟩⊑⌉ {⊓\⌋⊔⟩≀\ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ D⌉∇⟩⊑⊣⊔⟩⊑⌉∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ T⊣\⌈ ⊔⌉∫⊔⟩\} √∇≀⌈⊓⌋⊔⟩⊑⌉ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ S⟩⇕√↕⌉∇⌉⌋⊓∇∇⌉\⊔\⌉⊔⊒≀∇‖∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∞̸∋

T∇⊣⟩\⟩\}⊣\⌈√∇≀⌈⊓⌋⊔⟩⊑⌉⌋⊣√⊣⌋⟩⊔†∇↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙ ▽↙▽↙∞ HRN ∇⌉∫⊓↕⊔∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ SRN ∇↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ G⌉\⌉∇∞↕⊔∇⊣⟩\⟩\}⊣\⌈⊔⌉∫⊔⟩\}↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ▽↙ ̸T⟩\ ⌋≀\⊔⟩\⊓≀⊓∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ H⟩⌉∇∞∇⌋⟨⟩⌋∞↕HRN∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∞̸∃

D⟩∫⌋⊓∫∫⟩≀\ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ A√√↕⟩⌋⊣⊔⟩≀\ ⊔≀ √∇≀⌋⌉∫∫⟩\} ∫⌉∐⊓⌉\⊔⟩⊣↕ ⟩\√⊓⊔ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ A√√↕⟩⌋⊣⊔⟩≀\ ⊔≀ ⌋↕⊣∫∫⟩⊘⌋⊣⊔⟩≀\ ≀{ ∫⌉∐⊓⌉\⌋⌉∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ I⇕√∇⊔⟨⌉ ⌋⊣√⊣⌋⟩⊔† ≀{ ⌋≀\⊑≀↕⊓⊔⟩≀\↖⌊⊣∫⌉⌈ ↙ ↙ ↙ ↙ ↙ ↙ ↙ C≀\⌋↕⊓∫⟩≀\ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ⊣\⊣↕≀}⟩⌋∞↕ ∫⟩⇕⟩↕⊣∇⟩⊔† M≀⌈⌉↕∫ ≀{ A\⊣↕≀}† R⌉⊔∇⟩⌉⊑∞↕ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ A\⌉§√⌉∇⟩⇕⌉\⊔⊒⟩⊔⟨∫⟨⊣√⌉⌋≀\⊘}⊓∇⊣⊔⟩≀\∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ HRR∫⊣\⌈⌈≀⊔↖√∇≀⌈⊓⌋⊔∫⟩⇕⟩↕⊣∇⟩⊔†⌉∫⊔⟩⇕∞∀⌉∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∉▽

A\⊣↕≀}⟩⌉∫ ⌊⌉⊔⊒⌉⌉\ ⇕⊓↕⊔⟩√↕⌉ ∇⌉↕⊣⊔⟩≀\∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ A∫√⌉⌋⊔∫ ≀{ ∫⟩⇕⟩↕⊣∇⟩⊔† ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∉∀

C↕⊣∫∫⟩⊘⌋⊣⊔⟩≀\∫ ≀{ ∫⟩⇕⟩↕⊣∇⟩⊔† ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙̸∋↙∋ R∞∀⟩\}∫ ≀{ ⊔⟨⌉ ⌉√⟩∫≀⌈⌉∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∌′ E∫⊔⟩⇕∞∀⟩\}∫⟩⇕⟩↕⊣∇⟩⊔†⌊†⌈≀⊔↖√∇≀⌈⊓⌋⊔∫≀{↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙ ↙̸△↙∞ E§√⌉∇⟩⇕⌉\⊔↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙ C≀\⌈⟩⊔⟩≀\∫ {≀∇ ∫⊔∇⊓⌋⊔⊓∇∞↕ ∫⟩⇕⟩↕⊣∇⟩⊔† ⊔≀ ⊣{{⌉⌋⊔ ⊔⟨⌉ HRR ⌈≀⊔↖√∇↙ W⟨† ⊔⟨⌉ HRR ⌈≀⊔↖√∇≀⌈⊓⌋⊔ ∇⌉⊙⌉⌋⊔∫ ∫⊔∇⊓⌋⊔⊓∇∞↕ ∫⟩⇕⟩↕⊣∇⟩⊔† ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ HRR∫⊣\⌈⇕⊓↕⊔⟩√↕⌉≀⌋⌋⊓∇∇⌉\⌋⌉∫≀{≀⌊|⌉⌋⊔∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ W⌈⟩{{⌉∇⌉\⊔ ⊣∫√⌉⌋⊔∫ ≀{ ⊔⟨⌉ HRR ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙̸△↙ ̸C≀⊑⊣∇⟩⊣\⌋⌉ ≀{ HRR ⌈≀⊔↖√∇↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ P∇≀√⌉∇⊔⟩⌉∫≀{⊔⟨⌉HRR⌈≀⊔↖√∇≀⌈⊓⌋⊔⊣∫⊣⇕⌉⊣∫⊓∇⌉≀{∫⟩⇕⟩↕⊣∇⟩⊔† ↙ ↙ ↙ ↙ C≀\⊔⌉§⊔⊓⊣↕⟩‡⌉⌈↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙ ∫⊣↕⟩⌉\⌋⌉ ≀{ ≀⌊|⌉⌋⊔↖↕⌉⊑⌉↕ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ E∫⊔⟩⇕∞∀⟩\}∫⟩⇕⟩↕⊣∇⟩⊔†⌊†⌈≀⊔↖√∇≀⌈⊓⌋⊔∫≀{⌋≀\⊔⌉§⊔⊓⊣↕⟩‡⌉⌈HRR∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙̸↙̸∞ E§√⌉∇⟩⇕⌉\⊔∫∈⊣\⌈∋ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ D⟩∫⌋⊓∫∫⟩≀\ ≀{ ∇⌉∫⊓↕⊔∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ E§⊔∇⊣ ⌊⟩\⌈⟩\} ⌋⟨⊣⟩\∫ ⟩\⊔∇≀⌈⊓⌋⌉⌈ ⌊† ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ L⟩⇕⟩⊔∫≀{⌋≀\⊔⌉§⊔⊓⊣↕⟩‡⊣⊔⟩≀\ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙̸ I\⊔⌉∇√∇⌉⊔⊣⊔⟩≀\∫ ≀{ ⊣\ ⊣\⊣↕≀}† ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ △̸′

⊑⟩⟩⟩

D⟩∫⌋⊓∫∫⟩≀\ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ T⟨⌉ ⌋∇⟩⊔⌉∇⟩⊣ {≀∇ }≀≀⌈ ⊣\⊣↕≀}⟩⌉∫ ⟩\ SME ⊣\⌈ ARCS ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ F↕⌉§⟩⌊⟩↕⟩⊔† ≀{ ⌋≀⇕√⊣∇⟩∫≀\∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙̸∀↙∋ F⌉⊣⊔⊓∇⌉∫ ≀∇ √∇⌉⌈⟩⌋∞∀⌉∫⊥ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ I\⊣⌈⌉∐⊓⊣⌋† ≀{ ⊑⌉⌋⊔≀∇ ⌈≀⊔↖√∇≀⌈⊓⌋⊔ ⇕≀⌈⌉↕∫ ≀{ ∫⟩⇕⟩↕⊣∇⟩⊔† ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙̸∀↙▽ S⌋⊣↕⟩\}⊔≀⟨⊣⊑⌉⇕≀∇⌉⌉√⟩∫≀⌈⌉∫⟩\⇕⌉⇕≀∇†↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∫⌋⊣↕⟩\}⇔ ⊣\⌈ \⌉⊔⊒≀∇‖∫ ≀{ HRR∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ C≀⇕√⊣∇⟩∫≀\⊔≀RAAM∫⊣\⌈⊔⌉\∫≀∇↖√∇≀⌈⊓⌋⊔↙↙↙↙↙↙↙↙↙↙ △̸

C≀\⌋↕⊓∫⟩≀\ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∞△∃ T∇⊣\∫{≀∇⇕⊣⊔⟩≀\∫ ⊒⟩⊔⟨≀⊓⊔ ⌈⌉⌋≀⇕√≀∫⟩⊔⟩≀\ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ C⟨⊓\‖∫ ⊣\⌈ ⊔⟨⌉ ≀∇}⊣\⟩‡⊣⊔⟩≀\ ≀{ ↕≀\}↖⊔⌉∇⇕ ⇕⌉⇕≀∇† ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ T⟨⌉ ≀∇}⊣\⟩‡⊣⊔⟩≀\ ≀{ ↕≀\}↖⊔⌉∇⇕ ⇕⌉⇕≀∇† ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ T⟨⌉ ≀√⊣⌋⟩⊔† ≀{ ⌋⟨⊓\‖∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ C≀\⊑≀↕⊓⊔⟩≀\⇔ ⊔⌉\∫≀∇ √∇≀⌈⊓⌋⊔∫⇔ ⊣∫∫≀⌋⟩∞∀⟩⊑⌉ ≀√⌉∇⊣⊔≀∇∫⇔ ⌋≀\|⊓\⌋⊔⟩⊑⌉ ⌋≀⌈⟩\}⇔ ∫⊔∇⊓⌋⊔⊓∇⌉ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ I⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\⟩\\⌉⊓∇⊣↕⊔⟩∫∫⊓⌉ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙▽ W⌉⊣‖\⌉∫∫⌉∫≀{HRR∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ C≀\⌋↕⊓∫⟩≀\ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ A M⌉⊣\∫⊣\⌈⊑⊣∇⟩⊣\⌋⌉∫≀{∫⟩⇕⟩↕⊣∇⟩⊔⟩⌉∫⌊⌉⊔⊒⌉⌉\B T⟨⌉ ⌋⊣√⊣⌋⟩⊔† ≀{ ⊣ ∫⊓√⌉∇√≀∫⟩⊔⟩≀\ ⇕⌉⇕≀∇† S⌋⊣↕⟩\}√∇≀√⌉∇⊔⟩⌉∫≀{⊣∫⟩⇕√↕⌉∫⊓√⌉∇√≀∫⟩⊔⟩≀\⇕⌉⇕≀∇† ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ B↙∞↙∞ C≀⇕√⊓⊔⊣⊔⟩≀\⟩\⊑≀↕⊑⌉⌈ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ̸∞

B↙∈ A ∫⊓√⌉∇√≀∫⟩⊔⟩≀\ ⇕⌉⇕≀∇† ⊒⟩⊔⟨ ∫⟩⇕⟩↕⊣∇⟩⊔† ⊣⇕≀\} ⊔⟨⌉ ⊑⌉⌋⊔≀∇∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ B↙∈↙∞ T⟨⌉ ⌉{{⌉⌋⊔ ≀{ ⊔⟨⌉ ⌈⌉⌋⟩∫⟩≀\ √∇≀⌋⌉∫∫ ≀\ ∫⌋⊣↕⟩\} ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ̸△

B↙∋ L⟩⇕⟩⊔⊣⊔⟩≀\∫ ≀{ ∫⊓√⌉∇√≀∫⟩⊔⟩≀\ ⇕⌉⇕≀∇⟩⌉∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ A ↕≀⊒⌉∇ ⌊≀⊓\⌈ {≀∇ ⊔⟨⌉ ⌋⊣√⊣⌋⟩⊔† ≀{ ∫⊓√⌉∇√≀∫⟩⊔⟩≀\ D T⟨⌉ ⌋⊣√⊣⌋⟩⊔† ≀{ ⌋≀\⊑≀↕⊓⊔⟩≀\↖⌊⊣∫⌉⌈ ⊣∫∫≀⌋⟩∞∀⟩⊑⌉ ⇕⌉⇕≀∇⟩⌉∫ ∞∞

A ⇕⌉⇕≀∇† {≀∇ √⊣⟩∇⌉⌈↖⊣∫∫≀⌋⟩∞∀⌉∫ ⊒⟩⊔⟨ \≀ ∫⟩⇕⟩↕⊣∇⟩⊔† ⊣⇕≀\} ⊑⌉⌋⊔≀∇∫ ↙ ↙ ↙ ↙ ↙ ↙ ∞̸ D↙∈ A ⇕⌉⇕≀∇† {≀∇ √⊣⟩∇⌉⌈↖⊣∫∫≀⌋⟩∞∀⌉∫ ⊒⟩⊔⟨ ∫≀⇕⌉ ∫⟩⇕⟩↕⊣∇⟩⊔† ⊣⇕≀\} ⊑⌉⌋⊔≀∇∫ ↙ ↙ ↙ △̸

D↙∋ C≀⇕⇕⌉\⊔∫≀\⊔⟨⌉⊑⊣∇⟩⊣⌊↕⌉↖⌊⟩\⌈⟩\}⇕⌉⇕≀∇†⊒⟩⊔⟨∫⟩⇕⟩↕⊣∇⟩⊔† ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ E A ↕≀⊒⌉∇ ⌊≀⊓\⌈ {≀∇ ⊔⟨⌉ ⌋⊣√⊣⌋⟩⊔† ≀{ ⌋≀\⊑≀↕⊓⊔⟩≀\ ⇕⌉⇕≀∇⟩⌉∫ F M⌉⊣\∫⊣\⌈⊑⊣∇⟩⊣\⌋⌉∫≀{⊣T⟨⌉ ⌉{{⌉⌋⊔ ≀{ \≀∇⇕⊣↕⟩‡⊣⊔⟩≀\ ≀\ ⌈≀⊔↖√∇≀⌈⊓⌋⊔∫ ∀̸∋

M⌉⊣\∫⊣\⌈⊑⊣∇⟩⊣\⌋⌉∫≀{⌈≀⊔↖√∇≀⌈⊓⌋⊔∫≀{⊑⌉⌋⊔≀∇∫⊒⟩⊔⟨⊑⊣∇†⟩\}∫⟩⇕⟩↕⊣∇⟩⊔† ↙ G↙∞↙∞ E§√⌉∇⟩⇕⌉\⊔⊣↕↕† ≀⌊∫⌉∇⊑⌉⌈ ⇕⌉⊣\∫ ⊣\⌈ ⊑⊣∇⟩⊣\⌋⌉∫ ≀{ ⌈≀⊔↖√∇≀⌈⊓⌋⊔∫ ↙ ↙ ∀̸△ G↙∈ M⌉⊣\∫⊣\⌈⊑⊣∇⟩⊣\⌋⌉∫≀{⌈≀⊔↖√∇≀⌈⊓⌋⊔∫≀{⌋≀\⊑≀↕⊓⊔⟩≀\ ⌉§√∇⌉∫∫⟩≀\∫ ↙ ↙ ↙ ↙ ↙ ⟩§

HRR∫⊒⟩⊔⟨⌋⟩∇⌋⊓↕⊣∇⊑⌉⌋⊔≀∇∫ ∀̸

M⌉⊣\∫⊣\⌈⊑⊣∇⟩⊣\⌋⌉∫≀{⌈≀⊔↖√∇≀⌈⊓⌋⊔∫≀{⊑⌉⌋⊔≀∇∫⊒⟩⊔⟨⊑⊣∇†⟩\}∫⟩⇕⟩↕⊣∇⟩⊔† ↙ M⌉⊣\∫⊣\⌈⊑⊣∇⟩⊣\⌋⌉∫≀{⌈≀⊔↖√∇≀⌈⊓⌋⊔∫{≀∇∫⟩⇕⟩↕⊣∇⟩⊔† ⊣\⌈⌈⌉⌋≀⌈⟩\} ↙ ↙ ↙ ↙ ↙ H↙∋ R⌉∫⊓↕⊔∫≀\⊣\⊣↕≀}⟩⌋∞↕∫⟩⇕⟩↕⊣∇⟩⊔†⌉∫⊔⟩⇕∞∀⟩≀\ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ I ⊔⊣⌊↕⌉∫¬ ⊣\⌉§⊣⇕√↕⌉≀{HRR∫⊒⟩⊔⟨⇕⊣\†⟩⊔⌉⇕∫⟩\⇕⌉⇕≀∇† ∄∞

I↙∞ T⟨⌉ ≀⌊|⌉⌋⊔∫ ⊣\⌈ ∇⌉↕⊣⊔⟩≀\∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ I↙∈ Q⊓⌉∇⟩⌉∫⊔≀⊔⟨⌉⇕⌉⇕≀∇† ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ I↙∋ U∫⟩\}{⊣∫⊔⌉∫⊔⟩⇕∞∀⌉∫≀{⊔⟨⌉⌈≀⊔↖√∇≀⌈⊓⌋⊔↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙ §

≀{ F⟩}⊓∇⌉∫

T⊒≀⊒⊣†∫≀{⇕⊣√√⟩\}⊣⌋≀\⌋⌉√⊔⊓∞↕∫⊔∇⊓⌋⊔⊓∇⌉⊔≀⊓\⟩⊔∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ A \⌉⊔⊒≀∇‖ ⌉§√⊣\⌈⟩\} ⊣ ∇⌉⌈⊓⌋⌉⌈ ⌈⌉∫⌋∇⟩√⊔⟩≀\ ⊔≀ ⊣ {⊓↕↕ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\ ↙ ↙ ↙ ↙ W⊣↕⊔‡ ⊣\⌈ P≀↕↕⊣⌋‖≃∫ \⌉⊔⊒≀∇‖ {≀∇ √⊣∇∫⟩\} ⊣\⌈ ⟩\⊔⌉∇√∇↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∈′

C≀⇕√≀\⌉\⊔∫≀{S⌉↕⇕⊣\⊣\⌈H⟩∇∫⊔≃∫\⌉⊔⊒≀∇‖{≀∇√⊣∇∫⟩\}↙ ↙ ↙ ↙ ↙ ↙ S⌉↕⇕⊣\ ⊣\⌈ H⟩∇∫⊔≃∫ √⊣∇∫⟩\} \⌉⊔⊒≀∇‖ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ A \⌉⊔⊒≀∇‖ ⌋≀\∫⊔∇⊓⌋⊔⌉⌈ ⌊† ACME ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∈▽

T⊒≀∫⌋⟨⌉⇕⊣⊔⟩⌋∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫≀{⊔⟨⌉⌋≀\\⌉⌋⊔⟩≀\∫⟩\H⟩\⊔≀\≃∫⊔∇⟩√↕⌉⇕⌉⇕≀∇† ∈↙ ̸I⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\≀{⟩\⟨⌉∇⟩⊔⊣\⌋⌉⊣\⌈⌉§⌋⌉√⊔⟩≀\∫⟩\H⟩\⊔≀\≃∫⊔∇⟩√↕⌉⇕⌉⇕≀∇†↙ C≀\⊑⌉∇⊔⟩\}{∇≀⇕⊣↕≀⌋∞↕⊔≀⊣⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈∇⌉√∇↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∋′

F⊣⇕⟩↕†⊔∇⌉⌉∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∋∞

H⟩\⊔≀\≃∫ ⊖F⊣⇕⟩↕† ⊔∇⌉⌉∫⪰ \⌉⊔⊒≀∇‖ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∋∞

A \⌉⊔⊒≀∇‖ ⊒⟨⟩⌋⟨ ⟩⇕√↕⌉⇕⌉\⊔∫ ⊣ ⌋≀\|⊓\⌋⊔⟩⊑⌉ ⌋≀⌈⌉ {≀∇ ⌋≀↕≀⊓∇ ⊣\⌈ ∫⟨⊣√⌉ ↙ ↙ C≀\|⊓\⌋⊔⟩⊑⌉⌋≀⌈⌉∫{≀∇⊢∇⌉⌈↖∫∐⊓⊣∇⌉≃⊣\⌈⊢⌊↕⊓⌉↖⌋⟩∇⌋↕⌉≃⌊⟩\⌈⟩\}∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∋△

D⌉⌋≀⌈⟩\} ⊔⟨⌉ ∫⊓√⌉∇⟩⇕√≀∫⌉⌈ ⌊⟩\⌈⟩\}∫ ≀{ ⊢∇⌉⌈↖∫∐⊓⊣∇⌉≃ ⊣\⌈ ⊢⌊↕⊓⌉↖⌋⟩∇⌋↕⌉≃ ↙ ↙ DUCS⊣∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ A∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉≀{S⌉|\≀⊒∫‖⟩⊣\⌈R≀∫⌉\⌊⌉∇}≃∫NET⊔⊣↕‖∫†∫⊔⌉⇕ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∋∀

A ∇⌉⌋⊓∇∇⌉\⊔ \⌉⊔⊒≀∇‖⇔ ⊣∫ ⌈⌉∫⌋∇⟩⌊⌉⌈ ⌊† R⊓⇕⌉↕⟨⊣∇⊔⇔ H⟩\⊔≀\ ⊣\⌈ W↙ ↙ ∋∃ T⟨⌉ ⊔†√⌉ ≀{ ∇⌉⌋⊓∇∇⌉\⊔ \⌉⊔ ⊓∫⌉⌈ ⌊† ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ △∞ E↕⇕⊣\≃∫}∇⊣⇕⇕⊣∇⊒⟨⟩⌋⟨⊣↕↕≀⊒∫⌉⇕⌊⌉⌈⌈⌉⌈⌋↕⊣⊓∫⌉∫↙↙↙↙↙↙↙↙↙↙ ↙↙↙↙ E↕⇕⊣\≃∫∇⌉⌋⊓∇∇⌉\⊔\⌉⊔{≀∇√∇⌉⌈⟩⌋⊔⟩\}⊒≀∇⌈∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ △∋

T≀{ ⟨⟩⌈⌈⌉\ ⊓\⟩⊔∫ ⌈⊓∇⟩\} √∇≀⌋⌉∫∫⟩\} ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ S⊔↙ J≀⟨\ ⊣\⌈ M⌋C↕⌉↕↕⊣\⌈≃∫ ∫⌉\⊔⌉\⌋⌉ √∇≀⌋⌉∫∫⟩\} \⌉⊔⊒≀∇‖↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ S⌉∇⊑⊣\↖S⌋⟨∇⌉⟩⌊⌉∇ ⌉⊔ ∞↕≃∫ }∇⊣⇕⇕⊣∇ ⊣\⌈ ∇⌉⌋⊓∇∇⌉\⊔ \⌉⊔⊒≀∇‖ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ △

A ⌊⟩\⊣∇† ⊔∇⌉⌉ ⊣\⌈ ⊔⟨⌉ ⊔∇⟩√↕⌉∫ ⊒⟨⟩⌋⟨ ∇⌉√∇⌉∫⌉\⊔ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ △∃ A R⌉⌋⊓∇∫⟩⊑⌉ A⊓⊔≀↖A∫∫≀⌋⟩∞∀⟩⊑⌉ M⌉⇕≀∇† ⇐RAAM⇒ {≀∇ ⌊⟩\⊣∇† ⊔∇⌉⌉∫ ↙ ↙ ↙ ↙ ↙ ▽′ A ∫⟩⇕√↕⌉ ⊔∇⌉⌉ ⊣\⌈ ⊔⟨⌉ ⊣⊓⊔≀↖⊣∫∫≀⌋⟩∞∀⟩≀\∫ ⊔⟨⊣⊔ ⌉\⌋≀⌈⌉ ⟩⊔ ⟩\ ⊣ ↙ ↙ ↙ ↙ ↙ ↙ T⟨⌉ ≀⊓⊔⌉∇ √∇≀⌈⊓⌋⊔ ≀{ ⊔⊒≀ ⊑⌉⌋⊔≀∇∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ C≀\⊑≀↕⊓⊔⟩≀\∇⌉√∇⌉∫⌉\⊔⌉⌈⊣∫⊣⌋≀⇕√∇⌉∫∫⌉⌈≀⊓⊔⌉∇√∇≀⌈⊓⌋⊔{≀∇\ℑ∋ ↙ ↙ ↙ ↙ ↙ ↙ C⟩∇⌋⊓↕⊣∇⌋≀\⊑≀↕⊓⊔⟩≀\∇⌉√∇⌉∫⌉\⊔⌉⌈⊣∫⊣⌋≀⇕√∇⌉∫∫⌉⌈≀⊓⊔⌉∇√∇≀⌈⊓⌋⊔{≀∇\ℑ∋ △̸

C⟩∇⌋⊓↕⊣∇⌋≀∇∇⌉↕⊣⊔⟩≀\∇⌉√∇⌉∫⌉\⊔⌉⌈⊣∫⊣⌋≀⇕√∇⌉∫∫⌉⌈≀⊓⊔⌉∇√∇≀⌈⊓⌋⊔{≀∇\ℑ↙▽̸ ∋↙∋ P∇≀⌊⊣⌊⟩↕⟩⊔† ⌈⌉\∫⟩⊔† {⊓\⌋⊔⟩≀\∫ {≀∇ ∫⟩}\⊣↕∫ ⟩\ ⊣ ↕⟩\⌉⊣∇ ∫⊓√⌉∇√≀∫⟩⊔⟩≀\ ⇕⌉⇕≀∇† ∄ ⟨⌉⊔⌉∇≀↖⊣∫∫≀⌋⟩∞∀≀∇ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ′ T⟨⌉ ⌋≀\⊑≀↕⊓⊔⟩≀\ ≀{ ∀↖⌈⟩⇕⌉\∫⟩≀\∞↕ ⊑⌉⌋⊔≀∇∫ § ⊣\⌈ † ⟩\ ⊔⟨⌉ {∇⌉∐⊓⌉\⌋† ⌈≀⇕⊣⟩\ ↙ T⟨⌉ ⌉§⊣⌋⊔ ⊣\⌈ ⊣√√∇≀§⟩⇕∞∀⌉ ⟩\⊑⌉∇∫⌉∫ ≀{ ⊣ ⊑⌉⌋⊔≀∇ ⟩\ ⊔⟨⌉ {∇⌉∐⊓⌉\⌋† ⌈≀⇕⊣⟩\ ↙ ∀∈ ⌋≀\⊑≀↕⊓⊔⟩≀\ ≀√⌉∇⊣⊔⟩≀\ ⟩\ ⊣ ⌊⊣⌋‖√∇≀√⊣}⊣⊔⟩≀\ \⌉⊔⊒≀∇‖↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ B⟩⊔⊒⟩∫⌉⌈≀⊔↖√∇≀⌈⊓⌋⊔∫⊑⌉∇∫⊓∫⊙≀∞∀⟩\}↖√≀⟩\⊔⌈≀⊔↖√∇≀⌈⊓⌋⊔∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ §⟩

C≀\∫⊔∇⊓⌋⊔⟩≀\⊣\⌈⌈⌉⌋≀⌈⟩\}≀{⊣HRR ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∋↙∞′ S⟩⇕⟩↕⊣∇⟩⊔⟩⌉∫≀{∇≀↕⌉↖⊘↕↕⌉∇⌊⟩\⌈⟩\}∫{∇≀⇕∫⟩⇕⊓↕⊣⊔⟩≀\∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ E§⊣⇕√↕⌉⊔∇⊣|⌉⌋⊔≀∇†∫⟩⇕⟩↕⊣∇⟩⊔⟩⌉∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ′̸∀

S⊓⌊∫†∫⊔⌉⇕∫⊔≀⌉\⌋≀⌈⌉⊣\⌈⌈⌉⌋≀⌈⌉⊣↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙↙ ′̸∃ A H≀↕≀}∇⊣√⟨⟩⌋ ∇⌉⌋⊓∇∇⌉\⊔ \⌉⊔⊒≀∇‖ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ A ∫⟩⇕√↕⌉ ∇⌉⌋⊓∇∇⌉\⊔ \⌉⊔⊒≀∇‖ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∞̸∋ P⌉∇{≀∇⇕⊣\⌋⌉ ≀{ HRN∫ ⊒⟩⊔⟨ ⊑⊣∇†⟩\} \⊓⇕⌊⌉∇ ≀{ ⟨⟩⌈⌈⌉\ ⊓\⟩⊔∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ P⌉∇{≀∇⇕⊣\⌋⌉ ≀{ HRN∫ ⊒⟩⊔⟨ ⊑⊣∇†⟩\} \⊓⇕⌊⌉∇∫ ≀{ ∫†⇕⌊≀↕∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ P⌉∇{≀∇⇕⊣\⌋⌉ ≀{ ⊑⊣∇⟩≀⊓∫ ⊔†√⌉∫ ≀{ \⌉⊔⊒≀∇‖∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ∞̸

O⊓⊔√⊓⊔∫≀{⊣HRN⊔∇⊣⟩\⌉⌈⊔≀√∇≀⌈⊓⌋⌉⊔∇⊣|⌉⌋⊔≀∇⟩⌉∫⊔⟨∇≀⊓}⟨⌋≀\⊔⟩\⊓≀⊓∫∫√⊣⌋⌉ A ⊔⊒≀↖↕⌉⊑⌉↕ ∫†∫⊔⌉⇕ {≀∇ ⌈⌉⌋≀⌈⟩\} \⌉∫⊔⌉⌈ ∫⌉∐⊓⌉\⌋⌉∫ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ T⊒≀↖∫⊔⊣}⌉ ⇕≀⌈⌉↕∫ ≀{ ⊣\⊣↕≀}† ∇⌉⊔∇⟩⌉⊑∞↕ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ T⟨⌉ HRR {≀∇ ⊔⟨⌉ √∇≀⌊⌉ ⟩∫ ⊔⟨⌉ ⊒⌉⟩}⟨⊔⌉⌈ ∫⊓⇕ ≀{ ⌊⟩\⌈⟩\} ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙̸∋ T⟨⌉ ⌊⟩\⌈⟩\} ⌋⟨⊣⟩\∫ ⟩\ ⊔⟨⌉ ⌋≀\⊔⌉§⊔⊓⊣↕⟩‡⌉⌈ HRR {≀∇ ⊔⟨⌉ √∇↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ A ⌈⟩∫≀∇⌈⌉∇⌉⌈ ⌋≀⇕√∇⌉∫∫⟩≀\ ≀{ ⊔⟨⌉ ≀⊓⊔⌉∇ √∇≀⌈⊓⌋⊔ ≀{ § ⊣\⌈ † ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ B↙∞ S⌋⊣↕⟩\}≀{\⊒⟩⊔⟨‖⟩\⊣∫⟩⇕√↕⌉∫⊓√⌉∇√≀∫⟩⊔⟩≀\↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ B↙∈ S⌋⊣↕⟩\}≀{\⊒⟩⊔⟨⇕⟩\⊣∫⟩⇕√↕⌉∫⊓√⌉∇√≀∫⟩⊔⟩≀\⇕⌉⇕≀∇† ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ ̸∀

B↙∋ S⌋⊣↕⟩\}≀{\⊒⟩⊔⟨P∇⇐E∇∇≀∇⇒⟩\⊣∫⟩⇕√↕⌉∫⊓√⌉∇√≀∫⟩⊔⟩≀\↙↙↙↙↙↙↙ ̸∀ B↙△ P⌈{≃∫ {≀∇ ∫⟩}\⊣↕∫ ⟩\ ⊣\ ∫⊓√⌉∇√≀∫⟩⊔⟩≀\ ⇕⌉⇕≀∇† ⊒⟩⊔⟨ ∫⟩⇕⟩↕⊣∇⟩⊔† ⊣⇕≀\} ⊑⌉⌋⊔≀∇∫ S⌋⊣↕⟩\}≀{\⊒⟩⊔⟨⊘⟩\⊣∫⊓√⌉∇√≀∫⟩⊔⟩≀\⇕⌉⇕≀∇†⊒⟩⊔⟨∫⟩⇕⟩↕⊣∇⟩⊔† ↙ ↙ ↙ ↙ ↙ ↙ ↙ ̸▽

B↙ ̸S⌋⊣↕⟩\}≀{\⊒⟩⊔⟨‖⟩\⊣∫⊓√⌉∇√≀∫⟩⊔⟩≀\⇕⌉⇕≀∇†⊒⟩⊔⟨↙ ↙ ↙ ↙ ↙ ↙ ↙ ↙ D↙∞ S⌋⊣↕⟩\}≀{\⊒⟩⊔⟨‖⟩\⊣√⊣⟩∇⌉⌈↖⊣∫∫≀⌋⟩∞∀⌉∫⌋≀\⊑≀↕⊓⊔⟩≀\↙↙↙↙↙↙↙ ∌

D↙∈ T⟨⌉ ⌈⟩{{⌉∇⌉\⊔ ∫⟩}\⊣↕∫ ⟩\ ⊣ ⊑⊣∇⟩⊣⌊↕⌉↖⌊⟩\⌈⟩\} ⇕⌉⇕≀∇† ⊒⟩⊔⟨ ∫⟩⇕⟩↕⊣∇⟩⊔† ↙ ↙ ↙ ↙ ↙ ▽̸

D↙∋ S⌋⊣↕⟩\}≀{\⊒⟩⊔⟨‖⟩\⊣⊑⊣∇⟩⊣⌊↕⌉↖⌊⟩\⌈⟩\}⇕⌉⇕≀∇†⊒⟩⊔⟨↙↙↙↙↙↙ D↙△ S⌋⊣↕⟩\}≀{\⊒⟩⊔⟨⊘⟩\⊣⊑⊣∇⟩⊣⌊↕⌉↖⌊⟩\⌈⟩\}⇕⌉⇕≀∇†⊒⟩⊔⟨∫⟩⇕⟩↕⊣∇⟩⊔† ↙ ↙ ↙ ↙ ↙ D↙▽ S⌋⊣↕⟩\}≀{\⊒⟩⊔⟨p

inavariable-bindingmemorywithsimilarity . . . . . 678

D.6 Scalingofnwithm−⇕ p

inavariable-bindingmemorywith.. 678

G.1 Variances of the dot-product of x with vectors similar to x . . . . . . . . . . Meansof thedot-productof avectorwith vectorssimilar toit . . . . . . . . H.2 Variances of the dot-product of a vector with vectors similar to it . . . . . xii ofTNumbersofdifferentsentencesandpatternsgener18edbyElman’sgrammar 43

2.2 A example receptive field table for a unit in the memory of DCPS . . . . . Meansand variancesofdot-products ofcommon convolution expressions 79

Base vectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90 Tokenandrole vectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Similaritiesamongsomeofthe....................91

3.5 Sentences. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.6 HRRframes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

3.7 Similaritiesamongtheframes . . . . . . . . . . . . . . . . . . . . . . . . . . Resultsofextractingfillersfromtheframes . . . . . . . . . . . . . . . . . . 93

Expectedsimilarity of role-filler . . . . . . . . . . . . . . . . . . 96

4.1 Corrbetween the circular and standard . . . . . . . . . Meansand variancesofdot-products fordecoding andcomparing bindings Meansand variancesforcomparing vectors . . . . . . . . . . . . . . . . . . 604

Directand recursivemethods ofdecoding atrajectory-associ18edsequence . 608

Shape-configurations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . HRRsforsomeoftheshapeconfigurations . . . . . . . . . . . . . . . . . . 627

The probe episode and the memorized . . . . . . . . . . . . . . . . 628

6.4 Similarity scores from fast and slow similarity . . . . . . . . . . . Base vectors and token vectors . . . . . . . . . . . . . . . . . . . . . . . . . 638

ResultsfromExperiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.7 ResultsfromExperiments2and3 . . . . . . . . . . . . . . . . . . . . . . . . . 6.8 Interpretationof anextractionofcorrespondingentities . . . . . 641

Criteriaforgoodanalogies in SMEand ARCS . . . . . . . . . . . . . . . . . Approxim18escoresfromordinaryandcontextualizedHRRcomparisons . 647

ector-space multiplication . . . . . . . . . . . . . . . . . . . . . . A.1 Meansand variancesofthe dot-productsof thebindings . . . . . . . . . . B.1 Meansand variancesofsignals forasuperposition memorywith similarity 664

Meansand variancesofsignals in apaired-associ18es convolution memory Classesofvaluesandvariablesinavariable-bindingmemorywithsimilarity 675

Meansand variancesofsignals in avariable-binding memorywith similarity xiii

Experimentally observed statistics of dot-products of common expressions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 685

Meansand variancesofdot-products fordecoding andcomparing bindings 689 ResultsfromAnalogyExperiment3forstandardandcircularvectors . . . . I.1 CPUtimesfromrunsusingfastbitwisecomparisons . . . . . . . . . . . . xiv

Chapter Since the early 1980’s there has been considerable interest in connectionist models for higher-level cogni8ive tasks such as natur1l language processing and rhave been proposed and built. success of these models has been mixed – appear to have severe In connectionist models, even more than in other AI models, the representations for the data determine what the system can do, since the processing is gener1lly simple.

if we want to understand the difficulties and possibilities of applying conntionist models to higher-level tasks, it is appropri18e to focus on the types of reprthat are and can be used in models of such tasks.

Much of the interest in connectionist models for higher-level processing stemmed frdissatisfactionwiththelimitationsofsymbolicrule-basedsystems. include tleness, inflexibilitydifficultyoflearningfromexperience,poorgener1lization,specificityandslothofserialsearchinlargesystems. results with models seemedtosuggest potentialfor overcoming these Vmodelshavetantalizedresearcherswith many attractiveprcomple-

tion, approxim18ematching, goodgener1lization, graceful degradation,robustness, pravoidance of sequential search, par1llel satisfaction of soft constraints, learning from experience, and excellent scaling to larger However, no single connectionist model has had 1ll these properties and researhavefounditverydifficulttoperformhigher-levelreasoningtasksinconnectionistThe difficulties can in part be traced to two characteristics of higher-level reasoning The first is thatthe temporarydatastructures required forhigher-level reasoning arecomplex,andcannotberepresentedincommonconnectionistrepresentationschThe

secondisthatmanyhigher-levelreasoningproblemsappeartoatleastsometimesrequirsequentialprocessing,andconnectionistmodelslacktheprocedur1lcontrolsnecessarycontrolsequentialprThefocusofthisthesisisonhowsomeofthestructuresthatarerequiredforhigherreasoningcanberepresentedinadistributedfashion. In this introduction, I first issues ofreprNextIsummarizetheadvantagesanddisadvantagesofloc1ldistributedrepresentations. I review Hinton’s [1987; 1990] influential notion of “reduced description”, which provides ideas and desiderata about the representation hier1rchic1l structure in connectionist models.

I assume that the reader is familiar with the basic principles of connectionist Foratutori1lintroduction,IreferthereadertoMcClellandandRumelhart1

Representations, descriptions, and implementations In this thesis I am more concerned with how complex datastructures can be elegantly in distributed representations than with the choices involved in devising a knowledgerepresentationforaparticulartask,thoughIdoapproachthelatterinChapterIncontrasttoFodorandPylyshyn [1988],butincommon withHinton, McClelland[1986],Idoseeimplementationissuesasinterestingandimportantimplementationchoicesoftendeterminewhichoperationsarefastandeasytoandwhichareslowanddifficult. [1990] and Niklasson and van Gelder that connectionist representations for composition1l data structures are interesting because they raise the possibility of content-sensitive manipulation which appears to have no analogue in convention1l symbol-based reprSome authors use the word “representation” to refer to a scheme for representing class of entities, and “description” to refer to the way a particular entity is use “representation”torefertoboth representationschemes anddescriptions ofentities – the context should make the intended meaning clearConnectionistAconnectionistmodelistypic1llyafixednetworkofsimpleprocessingunits. The areconnectedbyweightedlinks andcommunic18e onlyviatheselinks.messagesalongthelinks aretypic1llyscalarvalues,whicharemodulatedbytheweightonthecomputesomesimplefunctionoftheinputtheyreceive,suchasthesigmoidofsum.valueofthefunctionisthest18eoractivationoftheunit,andthisisthe

messagepassedontootherunits. Innearly1llconnectionistmodels,unitscan(incomputetheirvaluesinpar1llel,andtheover1llcomputationtimeisshort–ontheorof100stepsorless.

Therearetwodistinctloc1tionsforrepresentingknowledge(ormoreneutr1lly, data)in models. The first is in the activation values of the units. are usedforrepresentingshort-termdata;theparticularinstanceofthetask, in the computation, and the result.The second loc1tion for representing is the weights on the connections among units. comprise the long-term of the model and are typic1lly used for representing knowledge about the domain. canalsobeusedtostoreparticularepisodes–theweightscanbesetsothattheycanreinstanti18eaparticularactivitypatternovertheTherearereallyonlytwowaysinwhichlinkscanbeusedtoencodedomainknowledge.

Oneisasconstraintsonsolutionstoatask,theotherisastransformationsbetweenandoutputConstraintsareoftenusedwiththoseloc1listmodelsthatprocessby settlingtoastableorlow-energyst18e.Thesest18esare(orarehopedtobe)thoseinmostconstraintsaresatisfied.Inthenetworktheconstraintsrepresentedbyalinkareeithertheconnectedunitsshouldbeactivetogether(anexcitatorylink),orifoneactive,theothershouldinactive(aninhibitorylink). Constraintsaregener1llysoft,intheycanbeoverridden–theimportanceofaconstraintisindicatedbytheweightonthe

Patterntransformationsaregener1llyusedinfeedforwardandrecurrentandareusuallylearnedfromexamples. Somenetworks,suchtheHopfield[1982]network

(an error-correcting associ18ive memory) can be interpreted in both ways.

Therisfarmorediversityofrepresentationschemesforthetemporarydatastructurnecessarytosolveagiveninstanceofthecomponentsofthetaskcanbewords,letters,phonemes,features,concepts,visualorauditorysignals,measurements,ThesecomponentsmustberepresentedasactivationsovertheunitsoftheTlargeextent,therepresentationchosenforthetaskconstrainshowtheknowledgeis

inthelinksanddetermineswhatthenetworkcanRepresentational Representations are of critic1l importance in connectionist To a large extent, representation scheme used determines what the system can compute. Representations

arthe source of both strengths and weaknesses of connectionist models. Carstructed connectionist representations can endow systems with useful properties such robustness, ability to learn, automatic gener1lization, graceful degradation, etc. These prtend to be more associ18ed with distributed representations than with representations (though loc1l representations are not without However,therearseriousproblemswiththeadequacyofdistributedrepresentationsforstoringthetypeinformationnecessarytoperformcomplexrInthissectionIgiveanoverviewofissuesthatarisewithconnectionistreprTheissuesconcerningrepresentationalcomputationalproperties,scaling,and suitability for learning are central to this Thereareotherimportantbutlessprissues which I mention here but do not return Representational A system will not be able to perform complex reasoning tasks if it cannot even reprthe objects involved in the tasks. Formanycomplextasksitseemsnecessarytobeablerepresentcomplexstructures, suchashier1rchic1lprThis is an issue for models using distributed reprdistributed representations first to catch people’s interest there was no satisfactory way of representing complex structurwith them, and although several methods have been proposed since, all have had drawbacks. The difficulty with representing complex structure was highlighted by and Pylyshyn [1988] in their strong and influential criticisms of connectionist The main c18egories of structures that complex reasoning seems to require are: bindings, sequences of arbitrary length, predic18e structures, and recursive prstructursort of variable binding is required anywhere that gener1l rules are Systems which deal with sequential input, such as written or spoken language, must some way of storing relevant aspects of the input, since the appropri18e output may upon input encountered some time previouslyForexample,inspeechunderstanding,the

appropri18e interpretation of vowel sound can depend on the preceding amount of input that must be stored is The ability to represent pr(rstructures is necessary in systems which deal with input in which ramong the entities are important. tasks like language understanding, the rcan be hier1rchic1l, leading to the need to represent hier1rchic1l predic18es. Fortheobjectofapredic18esuchas‘think’,‘see’,or‘want’canbeanotherpredic18e.

Connectionist representations are often very different from convention1l data tures,suchasvariables,records,listsandtrees. Sometimes the representations are nearly unintelligible and appear to have little or no relationship to convention1l data structurHowever, if the model can be proved to work correctly, then it must be representing information required for the task in some Often, this can be analyzed in of convention1l data structurFurthermore, whendesigning aconnectionistmodelto

performsometask,onemustconsiderwhatsortofstructuresthemodelisgoingtoreprandhowitwillmanipulatethem. designing or analyzing reprfor complex structures, a number of questions concerning several of representation and processing • C≀⇕√≀∫⟩⊔⟩≀\⇔ ⌈⌉⌋≀⇕√≀∫⟩⊔⟩≀\ ⊣\⌈ ⇕⊣\⟩√⊓↕⊣⊔⟩≀\¬ ⊣∇⌉ ⌋≀⇕√≀\⌉\⊔∫ ⌋≀⇕√≀∫⌉⌈

{≀∇⇕ ⊣ ∫⊔∇⊓⌋⊔⊓∇⌉⇔ ⊣\⌈ ⟨≀⊒ ⊣∇⌉ ⌋≀⇕√≀\⌉\⊔∫ ⌉§⊔∇⊣⌋⊔⌉⌈ {∇≀⇕ ⊣ ∫⊔∇⊓⌋⊔⊓∇⌉⊥ C⊣\ ∫⊔∇⊓⌋⊔⊓∇⌉∫⌊⌉⇕⊣\⟩√⊓↕⊣⊔⌉⌈⊓∫⟩\}⌋≀\\⌉⌋⊔⟩≀\⟩∫⊔• P∇≀⌈⊓⌋⊔⟩⊑⟩⊔†¬ A{⌉⊒∫⟩⇕√↕⌉∇⊓↕⌉∫{≀∇⌋≀⇕√≀∫⟩\}⌋≀⇕√≀\⌉\⊔∫⌋⊣\}⟩⊑⌉∇⟩∫⌉⊔≀⊣⟨⊓}⌉

⊑⊣∇⟩⌉⊔†≀{√≀∫∫⟩⌊↕⌉∫⊔∇⊓⌋⊔⊓∇⌉∫↙ S⟨≀⊓↕⌈⊣∫†∫⊔⌉⇕⌊⌉⊣⌊↕⌉⊔≀∇⌉√∇⌉∫⌉\⊔∫⊔∇⊓⌋⊔⊓∇⌉∫⊓\↕⟩‖⌉ ⊣\†⟩⊔⟨⊣∫√∇⌉⊑⟩≀⊓∫↕†⌉\⌋≀⊓\⊔⌉∇⌉⌈⇔⟩{⊔⟨⌉†⊣∇⌉⌋≀⇕√≀∫⌉⌈≀{⊔⟨⌉∫⊣⇕⌉⌋≀⇕√≀\⌉\⊔∫⊣\⌈ ∇• I⇕⇕⌉⌈⟩∞∀⌉W⟨⊣⊔⊣∫√⌉⌋⊔∫≀{⌋≀⇕√≀\⌉\⊔∫⊣\⌈∫⊔∇⊓⌋⊔⊓∇⌉∫⌈≀⌉∫⊔⟨⌉∇⌉√∇∫⌉\⊔⊣⊔⟩≀\⇕⊣‖⌉⌉§√↕⟩⌋⟩⊔⊣\⌈⊣⌋⌋⌉∫∫⟩⌊↕⌉⊒⟩⊔⟨≀⊓⊔√≀⟩\⊔⌉∇• S†∫⊔⌉⇕⊣⊔⟩⌋⟩⊔†¬ D≀⌉∫ ⊔⟨⌉ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\ ⊣↕↕≀⊒ √∇≀⌋⌉∫∫⌉∫ ⊔≀ ⌊⌉ ∫⌉\∫⟩⊔⟩⊑⌉ ⊔≀ ⊔⟨⌉ ∫⊔∇⊓⌋⊔⊓∇⌉

≀{ ⊔⟨⌉ ≀⌊|⌉⌋⊔∫⊥ T≀ ⊒⟨⊣⊔ ⌈⌉}∇⌉⌉ ⊣∇⌉ ⊔⟨⌉ √∇≀⌋⌉∫∫⌉∫ ⟩\⌈⌉√⌉\⌈⌉\⊔ ≀{ ⊔⟨⌉ ⟩⌈⌉\⊔⟩⊔† ≀{ ≀{ ∫⊔∇⊓⌋⊔⊓∇⌉⌈ ≀⌊|⌉⌋⊔∫⊥ ⇐T⟨⌉ ⊔⌉∇⇕ ⊢∫†∫⊔⌉⇕⊣⊔⟩⌋⟩⊔†≃ ⌋≀⇕⌉∫ {∇≀⇕ F≀⌈≀∇ ⊣\⌈ P†↕†∫⟨†\ ∪∞∃∀∀⊎↙⇒ T⟨⌉∇⟨⊣⊑⌉ ⌊⌉⌉\ ⊔⟨∇⌉⌉ ⌊∇≀⊣⌈ ⌋↕⊣∫∫⌉∫ ≀{ ∇⌉⊣⌋⊔⟩≀\∫ ⊔≀ ⊔⟨⌉ √∇≀⌊↕⌉⇕ ≀{ ∇⌉√∇⌉∫⌉\⊔⟩\} ∫⊔∇⊓⌋⊔⊓∇⊘∇∫⊔ ⟩∫ ⌉§⌉⇕√↕⟩⊘⌉⌈ ⌊† ⊔⟨⌉ ⊣∇}⊓⇕⌉\⊔ ≀{ R⊓⇕⌉↕⟨⊣∇⊔ ⊣\⌈ M⌋C↕⌉↕↕⊣\⌈≃∫ ⊔⟨⊣⊔ ⊔⟨⌉ ⟩⇕√≀∇⊔⊣\⌋⌉ ≀{ ⊔⟨⌉ ⊣⌊⟩↕⟩⊔† ⊔≀ ⌋≀⇕√≀∫⌉ ⊣\⌈ ⌈⌉⌋≀⇕√≀∫⌉ ⌋≀⇕√↕⌉§ ∫⊔∇⊓⌋⊔⊓∇⌉ ⟩∫ ≀⊑⌉∇∫⌉⌋≀\⌈ ⟩∫ ⌉§⌉⇕√↕⟩⊘⌉⌈ ⌊† ⊔⟨⌉ ⊒≀∇‖ ≀{ S⇕≀↕⌉\∫‖† ∪∞∃∃′⊎ ≀\ ⌈⌉∫⟩}\⟩\} ⌋≀\\⌉⌋↖

⊔⟩≀\⟩∫⊔ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ {≀∇ ⌋≀⇕√↕⌉§ ∫⊔∇⊓⌋⊔⊓∇T⟨⌉ ⊔⟨⟩∇⌈ ⟩∫ ⌉§⌉⇕√↕⟩⊘⌉⌈ ⌊† ⊔⟨⌉ ⊒≀∇‖ ≀{ ∪∞∃∃′⊎ ⊣\⌈ E↕⇕⊣\ ∪∞∃∃′⊎ ≀\ ⌋≀\\⌉⌋⊔⟩≀\⟩∫⊔ \⌉⊔⊒≀∇‖∫ ⊒⟨⟩⌋⟨ ↕⌉⊣∇\ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ ⌋≀⇕√↕⌉§ ∫⊔∇⊓⌋⊔⊓∇I\⊔⟨⟩∫⊔⟨⌉∫⟩∫⇔I⊔⊣‖⌉⊔⟨⌉∫⊣⇕⌉⊣√√∇≀⊣⌋⟨⊣∫⇔⌊⌉⌋⊣⊓∫⌉I⌋≀⇕√≀∫⟩⊔⟩≀\∞↕ ∫⊔∇⊓⌋⊔⊓∇⌉⟩∫⟩⇕√≀∇⊔⊣\⊔⇔⊣\⌈⌊⌉⌋⊣⊓∫⌉⊔⟨⌉√∇≀√⌉∇⊔⟩⌉∫≀{⌈⌉∫⟩}\⌉⌈∇⌉√∇⊔⟩≀\∫⊣∇⌉⌉⊣∫⟩⌉∇⊔≀⊣\⊣↕†‡⌉⊣\⌈⊓\⌈⌉∇∫⊔⊣\⌈⊔⟨⊣\⊔⟨≀∫⌉≀{↕⌉⊣∇\⌉⌈∇⌉√∇ComputationalThecomputationalpropertiesofarepresentationrelatetowhatcanbecomputedusingthe

representation, the simplicity and speed of the computation, and the resources requirConnectionist networks usually have very simple processing, so if a representation not make something simple to compute, it most likely cannot be computed by the network

at Computational properties commonly possessed by connectionist representations, often cited as reasons for interest in connectionist models, include the • ⊣⌋⌋⌉∫∫⟩⌊⟩↕⟩⊔† ⌋⊣\ ⌊⌉ ⌉§⊔∇⊣⌋⊔⌉⌈ ⊒⟩⊔⟨ ∫⟩⇕√↕⌉ √∇⌋⌉∫∫⟩\} ⊣\⌈ ⊒⟩⊔⟨≀⊓⊔ {⊓∇⊔⟨⌉∇ ⊣⌋⌋⌉∫∫ ⊔≀ ⇕⌉⇕≀∇†↙

• A\⊣↕≀}⟩⌋∞↕∇⌉√∇∫⟩⇕⟩↕⊣∇≀⌊|⌉⌋⊔∫⟨⊣⊑⌉∫⟩⇕⟩↕⊣∇∇⌉√∇• R⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∞↕ ⌉{⊘⌋⟩⌉\⌋†¬ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∞↕ ∇⌉∫≀⊓∇⌋⌉∫ ⊣∇⌉ ⊓∫⌉⌈ ⟩\ ⊣\ ⌉{⊘⌋⟩⌉\⊔⇕⊣\\⌉∇• A{{≀∇≀{ }⌉\⌉∇∞↕⟩‡⊣⊔⟩≀\¬ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\ ∫⊓√√≀∇⊔∫ }⌉\⌉∇∞↕⟩‡⊣⊔⟩≀\ ≀{ • R≀⌊⊓∫⊔\⌉∫∫ ⊣\⌈ }∇⊣⌋⌉{⊓↕ ⊔⟨⌉ ⟩\{≀∇⇕⊣⊔⟩≀\ ⟩\ ⊔⟨⌉ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\ ⟩∫ ⊓∫⊣⌊↕⌉ ⊒⟨⌉\ √⊣∇⊔∫ ⊣∇⌉ ⌋≀∇∇⊓√⊔⌉⌈ ≀∇ • A{{≀∇≀{ ⌉∇∇≀∇ ⌋≀∇∇⌉⌋⊔⟩≀\ ⊣\⌈ √⊣⊔⊔⌉∇\ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\ ⌋≀\⊔⊣⟩\∫

∇⌉⌈⊓\⌈⊣\⊔ ⟩\{≀∇⇕⊣⊔⟩≀\ ⊒⟨⟩⌋⟨ ⇕⊣‖⌉∫ ⊔⟨⟩∫ • A{{≀∇⌈⊣\⌋⌉ ≀{ ⌉⊣∫† ⊣∫∫≀⌋⟩∞∀⟩⊑⌉ ⊣⌋⌋⌉∫∫¬ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\ ⇕⊣‖⌉ ⊣∫∫≀⌋⟩∞∀⟩⊑⌉ ∫⟩⇕√↕⌉↙

T⟨⟩∫ ↕⟩∫⊔ ⟩∫ \≀⊔⇔ ⊣\⌈ ⌋⊣\\≀⊔ ⌊⌉⇔ ⌋≀⇕√↕⌉⊔⌉⇔ ⌊⌉⌋⊣⊓∫⌉ ⟩⊔ ⟩∫ ⊣↕⊒⊣†∫ √≀∫∫⟩⌊↕⌉ ⊔≀ ⟩\⊑⌉\⊔ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ ⊒⟩⊔⟨ \≀⊑⌉↕ ⌋≀⇕√⊓⊔⊣⊔⟩≀\⊣↕ √∇≀√⌉∇⊔⟩⌉∫↙ T⟨⌉ √∇≀√⌉∇⊔⟩⌉∫ ⟩\ ⊔⟨⟩∫ ↕⟩∫⊔ ⊣∇⌉ ⟩\⊔⌉∇∇⌉↕⊣⊔⌉⌈⇔ ⊣\⌈ ∫≀⇕⌉ ⌋⊣\ ⌊⌉ ⌋≀\∫⟩⌈⌉∇⌉⌈ ⊣∫ ∫⊓√⌉∇⌋↕⊣∫∫⌉∫ ≀∇ √∇⌉∇⌉∐⊓⟩∫⟩⊔⌉∫ ≀{ ⇕≀∫⊔ ⟩⇕√≀∇⊔⊣\⊔ ≀{ ⊔⟨⌉∫⌉ √∇≀√⌉∇⊔⟩⌉∫ ⟩∫ ⟩⇕⇕⌉⌈⟩∞∀⌉ ⊣⌋⌋⌉∫∫⟩⌊⟩↕⟩⊔†↙ ⟩\ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\ ⟩⇕⇕⌉⌈⟩∞∀⌉↕† ∞⌋⌋⌉∫∫⟩⌊↕⌉ ⟩{ ⟩⊔ ⌋⊣\ ⌊⌉ ⌉§⊔∇⊣⌋⊔⌉⌈ ⊒⟩⊔⟨ ↕⟩⊔⊔↕⌉ ⌋≀⇕√⊓⊔⊣⊔⟩≀\ ⊒⟩⊔⟨≀⊓⊔ {⊓∇⊔⟨⌉∇ ⊣⌋⌋⌉∫∫ ⊔≀ ⇕⌉⇕≀∇† ⇐⊣∫ ⊒≀⊓↕⌈ ⌊⌉ ⌉\⊔⊣⟩↕⌉⌈ ⌊† √≀⟩\⊔⌉∇∫⇒↙ ⇔ ⌉§√↕⟩⌋⟩⊔\⌉∫∫⇔⟩∫∇⌉⊣↕↕†⊣⇕⊣⊔⊔⌉∇≀{⌈⌉}∇⟩\{≀∇⇕⊣⊔⟩≀\ ⊔⟨⊣⊔ ∇⌉∐⊓⟩∇⌉∫ ≀\↕† ⊣ ↕⟩⊔⊔↕⌉ ⊔≀ ⌉§⊔∇⊣⌋⊔ ⟩∫ ∫≀⇕⌉⊒⟨⊣⊔ ⌉§√↕⟩⌋⟩⊔⇔ ⌊⊓⊔ ⟩\{≀∇⇕⊣⊔⟩≀\ ⊒⟨⟩⌋⟨ ∇⌉∐⊓⟩∇⌉∫ ⌉§⊔⌉\∫⟩⊑⌉ ⌋≀⇕√⊓⊔⊣⊔⟩≀\ ⌉§⊔∇⊣⌋⊔ ⟩∫ \≀\↖⌉§√↕⟩⌋⟩⊔↙ A↕⇕≀∫⊔⊣↕↕⌋≀\\⌉⌋⊔⟩≀\⟩∫⊔∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫⊣∇⌉⌉§√↕⟩⌋⟩⊔∘⌊†∫⟩\⌋⌉ ⊔⟨⌉ √∇≀⌋⌉∫∫⟩\} ⊔⟨⌉† ⊓∫⌉ ⟩∫ ∫≀ O\⌉ ⊔†√⌉ ≀{ ⌉§√↕⟩⌋⟩⊔\⌉∫∫ ⊔⟨⊣⊔ ⟩∫ ⊓⌊⟩∐⊓⟩⊔≀⊓∫ ⇐⊣\⌈ ⊑⌉∇† ⊓∫⌉{⊓↕⇒ ⟩\ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∇⌉√∇⊔⊣⊔⟩≀\∫ ⟩∫ ⌉§√↕⟩⌋⟩⊔ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\ ≀{ ∫⟩⇕⟩↕⊣∇⟩⊔†S⟩⇕⟩↕⊣∇⟩⊔† ⟩∫ ⌉§√↕⟩⌋⟩⊔ ⊒⟨⌉\ ⊔⟨⌉ ≀{ ⊒⟨⟩⌋⟨ ∫⟩⇕⟩↕⊣∇⟩⊔† ⟩∫ |⊓⌈}⌉⌈ ⟩∫ ⟩⇕⇕⌉⌈⟩∞∀⌉↕† ∞⌋⌋⌉∫∫⟩⌊↕⌉↙ ⊔†√⌉ ≀{ ⌉§√↕⟩⌋⟩⊔\⌉∫∫ ⟩∫ ≀\⌉ ≀{

M⊣∇∇≃∫ ∪∞∃∀∈⊎ ⌈⌉∫⟩⌈⌉∇⊣⊔⊣ {≀∇ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ ≀{ ∋↖D ≀⌊|⌉⌋⊔∫⇔ ⊒⟨⟩⌋⟨ ∫√⌉⌋⟩⊘⌉∫ ⊔⟨⊣⊔ ∇⌉√∇⊔⊣⊔⟩≀\∫ ∫⟨≀⊓↕⌈ ⌊⌉ ⊣\⊣↕≀}⟩⌋∞↕↙ B† ⊔⟨⟩∫ ⟨⌉ ⇕⌉⊣\∫ ⊔⟨⊣⊔ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ ∫⟨≀⊓↕⌈ ⟩\ ∫≀⇕⌉ ⌊⌉ ⊣\⊣↕≀}⊓⌉∫ ≀{ ⊔⟨⌉ ≀⌊|⌉⌋⊔∫ ⊔⟨⌉† ∇⌉√∇⌉∫⌉\⊔⇔ ⊣\⌈ ∫⟨≀⊓↕⌈ ∇⌉⊙⌉⌋⊔ ⊔⟨⌉⟩∇ ∫⟩⇕⟩↕⊣∇⟩⊔†M⊣∇∇≃∫⌈⌉∫⟩⌈⌉∇⊣⊔⊣⇔⊒⟨⟩⌋⟨⌋≀⇕√↕⌉⇕⌉\⊔∫⊔⟨⊣⊔≀{⟨⊣⊑⟩\}⊣\⊣↕≀}⟩⌋∞↕∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫⇔⟩∫∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫∫⟨≀⊓↕⌈⇕⊣‖⌉⌈⟩{{⌉∇⌉\⌋⌉∫⌊⌉⊔⊒⌉⌉\∫⟩⇕⟩↕⊣∇≀⌊|⌉⌋⊔∫⌉§√↕⟩⌋⟩⊔↙ T⟨⟩∫ √∇⟨⊣∫ ⌊⌉⌉\ ⌈⟩∫⌋⊓∫∫⌉⌈ ↕⟩⊔⊔↕⌉ ⟩\ ⌋≀\\⌉⌋⊔⟩≀\⟩∫⊔ ⊒≀∇‖ ⊔≀ ⌈⊣⊔⌉⇔ ⌊⊓⊔ ⊒⟩↕↕ √∇≀⌊⊣⌊↕† ⌊⌉⌋≀⇕⌉ ⊣∫ ⌋≀\\⌉⌋⊔⟩≀\⟩∫⊔ ⇕≀⌈⌉↕∫ }∇≀⊒ ⇕≀∇⌉ I ⊒⟩↕↕ ⟨⊣⊑⌉ ⇕≀∇⌉ ⊔≀ ∫⊣† ≀\ ⊔⟨⌉ ≀⊔⟨⌉∇ ⌋≀⇕√⊓⊔⊣⊔⟩≀\⊣↕ √∇≀√⌉∇⊔⟩⌉∫ ⟩\ ⊔⟨⌉ \⌉§⊔ ∫⌉⌋⊔⟩≀\⇔ ⊒⟨⌉∇I ⌈⟩∫⌋⊓∫∫ ↕≀⌋∞↕ ⊣\⌈ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∇⌉√∇1.3.3 Connectionistmodelsareoftendemonstratedontoyproblemswhichinvolveonlyaoftheentitiesandrelationshipsfoundinreal-worldproblems. Hence, the in which the resource requirements of a representation scale with increasing numbers entities and relationships is Thewayinwhichincreasingsizeofrepraffects the rest of the system must also be considerFor example, if the number of

1 connectionist systems, the vector dot-product (inner-product) is often used as a measure of the similarity of two representations.

components in arepresentation scales linearly with the number of different objects, system involves interactions among 1ll pairs of components of the representation, the scaling of the entire system is Learning representations for new One of the main attractions of connectionist models is their ability to This isrto scaling: while it is possible to fashion by hand representations for toy problems, would be very time consuming and difficult to fashion representations for rproblems. ,thesuitabilityofarepresentationforusewithlearningisrepresentationalThereareanumberofphilosophicalissueswhichariseinsymbolicartifici1lresearch,andwhichalsoarerelevanttoconnectionistresearHowever,modelshavenot,forthemostpart,reachedthelevelofsophistic18ionwherethesecruci1l. Hence, I mention these issues here, but do not present any of them. Therare also other technic1l issues concerning meta-level rand procedur1l control, which I mention here but not elsewhere for similar rSophistic18ion of knowledge Most connectionist models have extremely simple knowledge representation schemes donot make strong distinctions betweenontologic1l c18egoriessuch as concepts, rclasses,andindividuals. Whetherornotthelackofthesedistinctionsisaproblemrbeseen. connectionist representations do support abilities such as prinheritance, without marking entities as concepts, subconcepts, or theseabilitiesarisefromanalogic1lpropertiesofthereprTheKnowledgeRepresentationTheKnowledgeRepresentationHypothesis[Brachman1985b]isanexplicitst18ementofideathathasguidedmuchworkinsymbolicartifici1lIt st18es that is best servedby representing knowledge explicitly and proposition1lly. researcherswould, forthemostpart, appearnottobelievein thishypothesis. connectionist models knowledge about the domain is represented pre.g., Shastri’s [1988] and Derthick’s [1990] models, but this knowledge is compiled into of the network and the processing does not access the proposition1l reprMost connectionist researchers appear to take the view that if the relevant aspects of particular task are represented then fast processing can be 1ccomplished knowledgerepresentedimplicitlyinthelinksoftheLogic1lsoundnessandcompletenesscomputationalConnectionistmodelsdonotescapethetradeoffbetweencomputationaltractabilitylogic1lsoundness andcompleteness[LevesqueandBrachman1985]. Howevertation1l speed has always been important to connectionist researchers, and most are built to provide fast answers, but with no guarantee of correctness. Shastri[1988]is

oneexception;hehasinvestigatedwhattypesoflimitedreasoningcanbeperformedsoundlyandcorrectlyMeta-levelAlmost1llconnectionistmodelsmakeastrongdistinctionbetweenlong-termknowledge

abouthow toperform thetask, which is storedin the weights on theconnections, theshort-termknowledgeaboutaparticularinstanceofthetask, which isstoredinunit would seem impossible to reason about the rules, because they arreprin the weights and cannot be (at least directly) transferred into the However, some other types of meta-level reasoning, e.g., monitoring the progress of chain of processing, are possibly very useful. way to do this might be to have network monitor the activity of anotherProcedur1l models which perform higher-level reasoning such as following chains inferences will undoubtably require some form of procedur1l control, possibly subroutines. ,thebehaviourofthecontrolmechanismshouldbeerror-tolerantand gener1lizetonovelsituations. erylittleworkhasbeendoneonthisprTherearetwodistinct stylesofrepresentation usedforshort-termdatain connectionist

models:loc1landdistributedreprTheyappeartohavequitedifferentpropertiesbutarebestregardedasend-pointsofacontinuum. am most interested in representations, but, as there is some insight to be gained from considering loc1l reprtations, Iwilldiscussbothinthisintroduction. main topic of the remainder of thesis is how complex structure can be embodied in distributed representations in a which preserves the attractive properties of distributed repr1.4.1 In a loc1l representation concepts (objects, features, relationships, etc) are represented particular For example, the “celestial body” sense of “star” is represented by a in Pollack and Waltz’s model of word sense on this representsthe“celestialbody”meaningoftheword“star”,asopposedtothe“moviestarLoc1l representations are commonly used in constraint satisfaction and in spractivation Advantages of loc1l The advantages of loc1l representations mostly rel18e to explicitness and ease of use. prominent advantages are the • E§√↕⟩⌋⟩⊔∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\≀{⊔⟨⌉⌋≀⇕√≀\⌉\⊔∫≀{⊣⊔⊣∫‖⟩∫• T⟨⌉⟩\⊔⌉∇{⊣⌋⌉{≀∇⊔⟨⌉⌉§√⌉∇⟩⇕⌉\⊔⌉∇⟩∫⌋≀\⊑⌉\⟩⌉\⊔↙

• I⊔ ⟩∫ ⌉⊣∫† ⊔≀ ∇⌉√∇⌉∫⌉\⊔ ⊣ √∇≀⌊⊣⌊⟩↕⟩⊔† ⌈⟩∫⊔∇⟩⌊⊓⊔⟩≀\ ≀⊑⌉∇ ⌈⟩{{⌉∇⌉\⊔ • I⊔ ⟩∫ ∇⌉↕∞∀⟩⊑⌉↕† ⌉⊣∫† ⊔≀ ⌈⌉∫⟩}\ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\⊣↕ ∫⌋⟨⌉⇕⌉∫ {≀∇ ∫⊔∇⊓⌋⊔⊓∇⌉⌈ T⟨⌉ √∇⟩\⌋⟩√∞↕ ⊑⟩∇⊔⊓⌉ ≀{ ↕≀⌋∞↕⟩∫⊔ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ ⟩∫ ⊔⟨⊣⊔ ⊔⟨⌉† ⇕⊣‖⌉ ⊣↕↕ ⊔⟨⌉ √≀∫∫⟩⌊↕⌉ √≀\⌉\⊔∫ ≀{ ⊣ ∫≀↕⊓⊔⟩≀\ A ⊓\⟩⊔ ∇⌉√∇⌉∫⌉\⊔∫ ⊣ ⌋≀⇕√≀\⌉\⊔⇔ ⊣\⌈ ⊣⌋⊔⟩⊑⟩⊔† ≀\ ⊔⟨⌉ ∇⌉√∇⌉∫⌉\⊔∫⊔⟨⌉√∇⌉∫⌉\⌋⌉≀{⊔⟨⊣⊔⌋≀⇕√≀\⌉\⊔⟩\⊔⟨⌉∫≀↕⊓⊔⟩≀\↙ G↕≀⌊⊣↕⌋≀\∫⊔∇⊣⟩\⊔∫≀\⊣∇⌉⊔∇⊣\∫{≀∇⇕⌉⌈⟩\⊔≀ ⊣∫⌉⊔≀{∫⟩⇕√↕⌉ ↕≀⌋∞↕⌋≀\∫⊔∇⊣⟩\⊔∫⇔ ⌉⊣⌋⟨⟩\⊑≀↕⊑⟩\} ⊔⊒≀≀{ ⊔⟨⌉⌋≀⇕√≀\⌉\⊔∫≀{⊔⟨⌉∫≀↕⊓⊔⟩≀\↙ ∫⟩⇕√↕⌉ ⌋≀\∫⊔∇⊣⟩\⊔∫ ⌋⊣\ ⌊⌉ ∇⌉⟩\{≀∇⌋⟩\} ≀∇ ⟩\⟨⟩⌊⟩⊔⟩\}∅ √∇⌉∫⌉\⌋⌉ ≀{ ≀\⌉ ⌋≀⇕√≀\⌉\⊔ ⌉\⌋≀⊓∇⊣}⌉∫ ≀∇ ⌈⟩∫⌋≀⊓∇⊣}⌉∫ ⊔⟨⌉ √∇⌉∫⌉\⌋⌉ ≀{ ⊣\≀⊔⟨⌉∇ ⟩\ ⊔⟨⌉ ∫≀↕⊓⊔⟩≀\↙ E⊣⌋⟨ ∫⟩⇕√↕⌉ ⌋≀\∫⊔∇⊣⟩\⊔ ≀\ ⟨≀⊒ ⌋≀⇕√≀\⌉\⊔∫ ⟩\⊔⌉∇⊣⌋⊔ ⟩∫ ⟩⇕√↕⌉⇕⌉\⊔⌉⌈ ⌊† ⌉§⌋⟩⊔⊣⊔≀∇† ≀∇ ⟩\⟨⟩⌊⟩⊔≀∇† T⟨⌉ ⌋≀\∫⊔∇⊣⟩\⊔∫ ⊣∇⌉ ⊓∫⊓⊣↕↕† ∫†⇕⇕⌉⊔∇⟩⌋¬ ⟩{A⊣\⌈B⊣∇⌉⊔⟨⌉\ A ⌉§⌋⟩⊔⌉∫ ≀∇ ⟩\⟨⟩⌊⟩⊔∫ B ⊔≀ ⊔⟨⌉ ∫⊣⇕⌉ ⌈⌉}∇⌉⌉ ⊔⟨⊣⊔ B ⌉§⌋⟩⊔⌉∫ ≀∇ ⟩\⟨⟩⌊⟩⊔∫ A↙ ⌋≀\∫⊔∇⊣⟩\⊔∫⊔≀∫⟩⇕√↕⌉↕≀⌋∞↕⌋≀\∫⊔∇⊣⟩\⊔∫⌋⊣\∇⌉∐⊓⟩∇⌉⊔⟨⌉⌋∇⌉⊣⊔⟩≀\≀{⇕≀∇⌉F≀∇⟩{⊔⟨⌉⌉§⟩∫⊔⌉\⌋⌉ ≀{⊣∇⌉↕⊣⊔⟩≀\∫⟨⟩√ ⌊⌉⊔⊒⌉⌉\⊔⊒≀⌉\⊔⟩⊔⟩⌉∫ ⌈⌉√⌉\⌈∫≀\⊔⟨⌉⌉§⟩∫⊔⌉\⌋⌉≀{⊣\≀⊔⟨⌉∇

∇⌉↕⊣⊔⟩≀\∫⟨⟩√⌊⌉⊔⊒⌉⌉\⊔⊒≀≀⊔⟨⌉∇⌉\⊔⟩⊔⟩⌉∫⇔⊔⟨⌉\⊓\⟩⊔∫⇕⊓∫⊔⌊⌉⊣∫∫⟩}\⌉⌈⊔≀⊔⟨⌉∫⌉∇⌉↕⊣⊔⟩≀\∫⟨⟩√∫↙ T⟨⟩∫⌋⊣\↕⌉⊣⌈⊔≀↕⊣∇}⌉\⊓⇕⌊⌉∇∫≀{⊓\⟩⊔∫{≀∇⌉⊑⌉\∫⟩⇕√↕⌉√∇O\⌋⌉ ⊣↕↕ ⊔⟨⌉ ⌋≀⇕√≀\⌉\⊔∫ ⊣∇⌉ ⌉§√↕⟩⌋⟩⊔↕† ⌈⌉\≀⊔⌉⌈ ⌊† ⊓\⟩⊔∫⇔ ⊣\⌈ ⌋≀\∫⊔∇⊣⟩\⊔∫ ⌉⇕⌊≀⌈⟩⌉⌈ ⟩\ ↕⟩\‖∫⇔ ∇}≀≀⌈ ∫≀↕⊓⊔⟩≀\∫ ⌋⊣\ ⌊⌉ {≀⊓\⌈ ⊓∫⟩\} ∫⟩⇕√↕⌉ I{ ↕⟩\‖∫ ⊣∇⌉ ∫†⇕⇕⌉⊔∇⟩⌋⇔ ⊔⟨⌉ ⊔⊣⊔⟩≀\ ⌋⊣\ ⌊⌉ ⊑⟩⌉⊒⌉⌈ ⟩\ ⊔⌉∇⇕∫ ≀{ ⌉\⌉∇}† ⇕⟩\⟩⇕⟩‡⊣⊔⟩≀\ ⇐⊣∫ ⟩\ B≀↕⊔‡⇕⊣\\ ⇕⊣⌋⟨⟩\⌉∫ ∪A⌋‖↕⌉†H⟩\⊔≀\ ⊣\⌈ S⌉|\≀⊒∫‖⟩ ∞∃∀▽⊎ ⊣\⌈ H≀√⊘⌉↕⌈ \⌉⊔⊒≀∇‖∫ ∪∞∃∀∈⊎⇒↙

L≀⌋∞↕ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ ⊣∇⌉ ⌋≀\⊑⌉\⟩⌉\⊔ ⊔≀ ⊓∫⌉ {≀∇ ⟩\√⊓⊔ ⊣\⌈ ≀⊓⊔√⊓⊔ ⊔≀ ⊣ \⌉⊔⊒≀∇‖ ⊔⟨⌉† ⊣∇⌉ ∫⟩⇕√↕⌉ ⊣\⌈ ⊓\⊣⇕⌊⟩}⊓≀⊓∫ ⊣\⌈ ⌋⊣\ ⌊⌉ ⌉⊣∫⟩↕† ⌋≀⇕√⊣∇⌉⌈ ⊣}⊣⟩\∫⊔ ⌈⌉∫⟩∇⌉⌈ ∇P∇⌉∫⌉\⊔⟩\} ≀⊓⊔√⊓⊔ ⊣∫ ⊣ √∇≀⌊⊣⌊⟩↕⟩⊔† ⌈⟩∫⊔∇⟩⌊⊓⊔⟩≀\ ≀⊑⌉∇ √≀∫∫⟩⌊⟩↕⟩⊔⟩⌉∫ ⟩∫ ⊑⌉∇† ⊓∫⌉{⊓↕ {≀∇ ⟩\⊑≀↕⊑⌉ √∇⌉⌈⟩⌋⊔⟩≀\ ≀∇ ∇⌉∐⊓⟩∇⌉∫ ⊓∫⟩\} ⊣⌋⊔⟩⊑⊣⊔⟩≀\ ⊑⊣↕⊓⌉∫ ‡⌉∇≀ ⊣\⌈ ≀\⌉ ⊣\⌈ ⌋≀\∫⊔∇⊣⟩\⟩\} ⊔⟨⌉ ⊣⌋⊔⟩⊑⊣⊔⟩≀\∫ ≀{ ⊣ ∫⌉⊔ ≀{ ⊓\⟩⊔∫ ⊔≀ ∫⊓⇕ ⊔≀ ⇕⊓∫⊔ ∇⌉√∇⌉∫⌉\⊔ ⊣ ⌋≀⇕√↕⌉⊔⌉ ∫⌉⊔ ≀{ ⇕⊓⊔⊓∞↕↕† ⌉§⌋↕⊓∫⟩⊑⌉ P∇≀⌊↕⌉⇕∫ ⊒⟩⊔⟨ ↕≀⌋∞↕ T⟨⌉ ⇕⊣⟩\ √∇≀⌊↕⌉⇕∫ ⊒⟩⊔⟨ ↕≀⌋∞↕ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ ⌋≀\⌋⌉∇\ ⟩\⌉{⊘⌋⟩⌉\⌋† ⊣\⌈ ↕⌉⊣∇\⊣⌊⟩↕⟩⊔†¬

• I\⌉{≀{ ↕≀⌋∞↕ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ {≀∇ ↕⊣∇}⌉ ∫⌉⊔∫ ≀{ • P∇≀↕⟩{⌉∇⊣⊔⟩≀\ ≀{ ⊓\⟩⊔∫ ⟩\ \⌉⊔⊒≀∇‖∫ ⊒⟨⟩⌋⟨ ∇⌉√∇⌉∫⌉\⊔ ⌋≀⇕√↕⌉§ ∫⊔∇⊓⌋⊔⊓∇• I\⌉{⊣\⌈ ⟨⟩}⟨↕† ∇⌉⌈⊓\⌈⊣\⊔ ⊓∫⌉ ≀{ • Q⊓⌉∫⊔⟩≀\∫ ⊣⌊≀⊓⊔ ⊔⟨⌉ ↕⌉⊣∇\⊣⌊⟩↕⟩⊔† ≀{ ⌉↕⊣⌊≀∇⊣⊔⌉ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ {≀∇ ⌋≀⇕√↕⌉§ ∫⊔∇⊓⌋⊔⊓∇T⟨⌉∇⌉ ⊣∇⌉ ∫⌉⊑⌉∇⊣↕ ⊒⊣†∫ ⟩\ ⊒⟨⟩⌋⟨ ↕≀⌋∞↕ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ ⊣∇⌉ ⟩\⌉{T⟨⌉ ⇕≀∫⊔ ⊒⊣† ⟩∫ ⊔⟨⊣⊔ ⟩⊔ ⟩∫ ⟩\⌉{⊘⌋⟩⌉\⊔ ⊔≀ ⊓∫⌉ \ ⊓\⟩⊔∫ ⊔≀ ∇⌉√∇⌉∫⌉\⊔ \ ⌈⟩{{⌉∇⌉\⊔ W⟨⟩↕⌉ ⟩⊔ ⇕⟩}⟨⊔

⌊⌉ √∇⊣⌋⊔⟩⌋∞↕ ⊔≀ ⊓∫⌉ ⊣ ⟨⊓\⌈∇⌉⌈ ⊓\⟩⊔∫ ⊔≀ ∇⌉√∇⌉∫⌉\⊔ ≀\⌉ ⟨⊓\⌈∇⌉⌈ ⌈⟩{{⌉∇⌉\⊔ ≀⌊|⌉⌋⊔∫⇔ ⟩⊔ ⟩∫ √∇⊣⌋⊔⟩⌋∞↕ ⊔≀ ⊓∫⌉ ⊣ ⇕⟩↕↕⟩≀\ ⊓\⟩⊔∫ ⊔≀ ∇⌉√∇⌉∫⌉\⊔ ≀\⌉ ⇕⟩↕↕⟩≀\ ⌈⟩{{⌉∇⌉\⊔ ≀⌊|⌉⌋⊔∫↙ ≀{ ⟩\⌉{⊘⌋⟩⌉\⌋† ≀⌋⌋⊓∇∫ ⊒⟩⊔⟨ ∫≀⇕⌉ ↕≀⌋∞↕⟩∫⊔ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ {≀∇ ⌋≀⇕√↕⌉§ ∫⊔∇⊓⌋⊔⊓∇⌉↙ √∇⟩\⊑≀↕⊑⌉ ⌋≀⇕√↕⌉§ ∫⊔∇⊓⌋⊔⊓∇⌉⇔ ⊔⟨⌉ \⊓⇕⌊⌉∇ ≀{ √≀∫∫⟩⌊↕⌉ ⌋≀⇕√≀\⌉\⊔∫ ≀{ ⊣ ⊔⌉\⌈∫⊔≀⟩\⌋∇⌉⊣∫⌉⊑⌉∇†∐⊓⟩⌋‖↕† ⊒⟩⊔⟨⊔⟨⌉∫⟩‡⌉≀{⊔⟨⌉√∇R⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫⊒⟨⟩⌋⟨⊓\⟩⊔∫⊔≀⊣↕↕√≀∫∫⟩⌊↕⌉⌋≀⇕√≀\⌉\⊔∫≀{⊣∫≀↕⊓⊔⟩≀\⊔⌉\⌈⊔≀∇⌉∐⊓⟩∇⌉⊑⌉∇†↕⊣∇}⌉\⊓⇕⌊⌉∇∫≀{{≀∇↕⊣∇}⌉√∇≀⌊↕⌉⇕∫↙ ⊔⟨⟩∇⌈ ⊒⊣† ⟩\ ⊒⟨⟩⌋⟨ ↕≀⌋∞↕ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ ⌋⊣\ ⌊⌉ ⟩\⌉{⊘⌋⟩⌉\⊔ ⟨⊣∫ ⌈≀ ⊒⟩⊔⟨ ⊔⟨⌉ ⊓∫⌉ ≀{ ⌋≀\\⌉⌋⊔⟩≀\∫↙ I{A⊣\⌈B⊣∇⌉⊓\⟩⊔∫∇⌉√∇⌉∫⌉\⊔⟩\}∫⟩⇕⟩↕⊣∇⊔⟨⟩\}∫⇔⊔⟨⌉\A⊣\⌈

B ⊒⟩↕↕ ⟨⊣⊑⌉ ∫⟩⇕⟩↕⊣∇ ⟩\⊔⌉∇⊣⌋⊔⟩≀\∫ ⊔≀ ≀⊔⟨⌉∇ H≀⊒⌉⊑⌉∇⇔ ⟩\ ⊣ ↕≀⌋∞↕⟩∫⊔ \⌉⊔⊒≀∇‖⇔ ⊔⟨⌉∫⌉ ⇕⊓∫⊔ ⌊⌉ ∇⌉√∇⌉∫⌉\⊔⌉⌈ ⌊† ⟩\⌈⌉√⌉\⌈⌉\⊔ ⌈⊓√↕⟩⌋∞∀⌉ ∫⌉⊔∫ ≀{ ↕⟩\‖∫↙ T⟨⟩∫ ⌋⊣\ ∇⟩\ ⌈⊓√↕⟩⌋∞∀⟩≀\ ⊣\⌈ ⟩\⌉{⊘⌋⟩⌉\⊔ ⊓∫⌉ ≀{ ↕⟩\‖∫↙ A↕↕ ≀{⊔⟨⌉∫⌉⟩\⌉{⊘⌋⟩⌉\⌋⟩⌉∫ ↕⌉⊣⌈⊔≀√≀≀∇√∇⊔†√⌉∫≀{\⌉⊔⊒≀∇‖∫ ⊒⟨⟩⌋⟨ ∇⌉∫⌉⊣∇⌋⟨⌉∇∫ ⌈⌉∫⟩}\ ⊔≀√⌉∇{≀∇⇕ ⌋≀⇕√↕⌉§ ∇⌉⊣∫≀\⟩\} ⊔⊣∫‖∫⊣∇⌉

∐⊓⟩⊔⌉ ⌉↕⊣⌊≀∇⊣⊔⌉↙ A↕⊔⟨≀⊓}⟨ ⊑⊣∇⟩≀⊓∫ ↕⌉⊣∇\⟩\} ⊣↕}≀∇⟩⊔⟨⇕∫ ⌋⊣\ ⌊⌉ ⊓∫⌉⌈ ⊒⟩⊔⟨ ↕≀⌋∞↕⟩∫⊔ \⌉⊔⊒≀∇‖∫⇔ \≀\⌉ ≀{ ⊔⟨⌉∫⌉ ⊣↕}≀∇⟩⊔⟨⇕∫ ⊒≀⊓↕⌈ ⌊⌉ ⊣⌊↕⌉ ⊔≀ ⌈⌉∇⟩⊑⌉↕≀⌋∞↕⟩∫⊔ \⌉⊔⊒≀∇‖∫ ∫⊓⌋⟨ ⊣∫ ⊔⟨≀∫⌉ I ∇⌉⊑⟩⌉⊒C⟨⊣√⊔⌉∇ F⊓∇⊔⟨⌉∇⇕≀∇⌉⇔⊔⟨⌉∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫⌈⌉∇⟩⊑⌉⌈⌊†⌋≀\\⌉⌋⊔⟩≀\⟩∫⊔↕⌉⊣∇\⟩\}⊒⟨⟩⌋⟨⌈≀⌊⊓⟩↕⌈⟩\⊔⌉∇\∞↕⌋≀\⌋⌉√⊔∫⇔ ∫⊓⌋⟨⊣∫⇕⊓↕⊔⟩↕⊣†⌉∇{⌉⌉⌈{≀∇⊒⊣∇⌈⇐⌊⊣⌋‖√∇≀√⊣}⊣⊔⟩≀\⇒\⌉⊔↖

⊒≀∇‖∫⇔⊔⌉\⌈⊔≀⌊⌉⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈∇⊣⊔⟨⌉∇⊔⟨⊣\Hinton et al [1986] define a distributed representation as one in which each concept is

reprover a number of units, and in which each unit particip18es in the repra number of concepts. size of distributed representations is usually fixed, so the representation can be instanti18ed over a fixed set of units. units can have either

binary or continuous-valued Hinton et al [1986] give a good gener1l introduction to distributed representations.

Anderson [1973] proposes and analyzes a psychologic1l model for memorizing which uses superimposed continuous distributed representations. and Tourzky [1987] discuss binary distributed representations and analyze how many patterns be superimposed before the individual patterns become unrVGelder [1990]

analyzesdistributedrepresentationsfromamorephilosophical viewpointandanaltern1tivedefinitiontothatofHintonetalInsomedistributedrepresentationstheindividualunitsstandforparticularfeaturlike“is-red”,andinothersitisonlytheoverallpatternsofactivitywhichhaveHintonetal[1986]usetheterm“micro-features”todescribeindividualunitswhich be given an unambiguous To the extent that this can be done, these parts of representations are like loc1l reprDistributed representations are in many ways analogous to greyscale images or tographs. Distributedrepresentationsarevectors(onedimensionalarrays)withmanymentsarerepresentedbypatternsinthiscontinuous,space. Grimages are two-dimensional arrays with many elements (pixels). two-dimensionalnatureofimagesisirrelevanttothiswhatmattersisthatmentsofagreyscaleimagetakeascalarvalue,andhaveafixedposition.) objects

are represented by patterns in this fine grained, high-dimensional both, the formation content is distributed and redundant, which makes them robust and for error correction. pixels in an image can be changed without making the unrecognizable. in a distributed representation some noise can be added to activation levels of units without making the representation of an object Whenviewingsuperimposedimages(likemultiple-exposure photographs)itistotellaparttheindividualimagesiftheyaredistinctandcoherrepresentationsofseveralitemscanalsobesuperimposedbyaddingthevectorstogetherItiseasytoidentifythevariousitemsintheresultingvector,providedthattheyarenotsimilarandtherepresentationhassufficientcapacity.

Advantages of distributed The attractiveness of distributed representations is largely due to the ease of endowing

them with the following computational properties:

• E§√↕⟩⌋⟩⊔∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\≀{∇⌉↕⌉⊑⊣\⊔⊣∫√⌉⌋⊔∫≀{• A\⊣↕≀}⟩⌋∞↕ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\⇔ ⟩↙⌉↙⇔ ∫⟩⇕⟩↕⊣∇ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ {≀∇ ∫⟩⇕⟩↕⊣∇ ≀⌊|⌉⌋⊔∫ • R⌉⌈⊓\⌈⊣\⊔∫⊔≀∇⊣}⌉≀{• E{⊘⌋⟩⌉\⊔⊓∫⌉≀{∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∞↕∇⌉∫≀⊓∇• ⇔⟩↙⌉↙⇔∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\⟩\⊣⌋≀\⊔⟩\⊓≀⊓∫⊑⌉⌋⊔≀∇∫√⊣⌋⌉↙

E§√↕⟩⌋⟩⊔\⌉∫∫⟩∫√≀∫∫⟩⌊↕⌉⊒⟩⊔⟨⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫⌊⌉⌋⊣⊓∫⌉⊔⟨⌉†⊣∇⌉⊒⟩⌈⌉⊣\⌈√∇≀⊑⟩⌈⌉∫⇕⊓⌋⟨≀√√≀∇⊔⊓\⟩⊔†{≀∇∇⌉√∇⌉∫⌉\⊔⟩\}∇⌉↕⌉⊑⊣\⊔⊣∫√⌉⌋⊔∫≀{≀⌊|⌉⌋⊔∫↙ ∇⌉√∇⇕⊣‖⌉∫ {⊣∫⊔ √∇≀⌋⌉∫∫⟩\} √≀∫∫⟩⌊↕⌉⇔ ⌊⌉⌋⊣⊓∫⌉ ⟩⊔ ⟩∫ \≀⊔ \⌉⌋⌉∫∫⊣∇† ⊔≀ ⌋⟨⊣∫⌉ √≀⟩\⊔⌉∇∫

≀∇ √⌉∇{≀∇⇕ ⌈⌉⌈⊓⌋⊔⟩≀\∫ ⊔≀ }⌉⊔ ⊣⊔ ⊔⟨⌉ ⟩\{≀∇⇕⊣⊔⟩≀\ ⟩\ ⊣ ∇⌉√∇A ⊓⌊⟩∐⊓⟩⊔≀⊓∫ ⊔†√⌉ ≀{ ⌉§√↕⟩⌋⟩⊔\⌉∫∫ ⟩∫ ⊔⟨⊣⊔ ⊒⟨⟩⌋⟨ ⇕⊣‖⌉∫ ∫⟩⇕⟩↕⊣∇⟩⊔† ⌉§√↕⟩⌋⟩⊔ ∘ ∫⟩⇕⟩↕⊣∇ ⌋⌉√⊔∫ ⟨⊣⊑⌉ ∫⟩⇕⟩↕⊣∇ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫↙ ∫⟩⇕⟩↕⊣∇⟩⊔† ≀{ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ ⌋⊣\ ⌈⌉⊘\⌉⌈ ⊣∫ ⊔⟨⌉ E⊓⌋↕⟩⌈⌉⊣\ ≀∇ H⊣⇕⇕⟩\} ⌈⟩∫⊔⊣\⌋⌉ ⌊⌉⊔⊒⌉⌉\ ⊔⊒≀ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫⇔ ⊒⟨⟩⌋⟨ ⌊⌉ ⌋≀⇕√⊓⊔⌉⌈ ∐⊓⟩⌋‖↕†⊔⟨⌉∫⟩⇕⟩↕⊣∇⟩⊔†≀{≀⌊|⌉⌋⊔∫∇⌉√∇⌉∫⌉\⊔⌉⌈⌊†⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈∇⌉√∇⊔⊣⊔⟩≀\∫⌋⊣\⌊⌉∐⊓⟩⌋‖↕†E§√↕⟩⌋⟩⊔∫⟩⇕⟩↕⊣∇⟩⊔†⊔⟨⌉⊣⌊⟩↕⟩⊔†⊔≀∇⌉√∇⌉∫⌉\⊔∫⟩⇕⟩↕⊣∇≀⌊|⌉⌋⊔∫⌊†∫⟩⇕⟩↕⊣∇∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫⇔√∇≀⌊⊣⌊↕†⊔⟨⌉⇕≀∫⊔⊓∫⌉{⊓↕√∇≀√⌉∇⊔†≀{⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈∇⌉√∇⌋⊣\⊣∫∫⟩∫⊔⟩\⊔⟨⌉{⊣∫⊔

∇⌉⊔∇⟩⌉⊑⊣↕≀{∫⟩⇕⟩↕⊣∇⟩\∫⊔⊣\⌋⌉∫{∇≀⇕⇕⌉⇕≀∇†⇔ ⊣\⌈ ⟩\ ⇕⊣⊔⌋⟨⟩\} ⊣}⊣⟩\∫⊔ √∇≀⊔≀⊔†√⌉∫ ⊣\⌈ I\ C⟨⊣√⊔⌉∇ ⇎ I ⟩\⊑⌉∫⊔⟩}⊣⊔⌉ ⟨≀⊒ {⊣∇ ⊔⟨⟩∫ ⟩⌈⌉⊣ ⌋⊣\ ⌊⌉ ⊔⊣‖⌉\ ∘ I ↕≀≀‖ ⊣⊔ ⊒⟨⌉⊔⟨⌉∇ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ ⌋⊣\ ∫⊓√√≀∇⊔ |⊓⌈}⌉⇕⌉\⊔∫ ≀{ ⊔⟨⌉ ∫⊔∇⊓⌋⊔⊓∇∞↕ ∫⟩⇕⟩↕⊣∇⟩⊔† ≀{ ∫⊔∇⊓⌋⊔⊓∇⌉⌈ A⊓⊔≀⇕⊣⊔⟩⌋ }⌉\⌉∇∞↕⟩‡⊣⊔⟩≀\ ⟩∫ ⊣\≀⊔⟨⌉∇ ⊓∫⌉{⊓↕ ⌊⌉\⌉⊘⊔ ≀{ ⌉§√↕⟩⌋⟩⊔ ∫⟩⇕⟩↕⊣∇⟩⊔†↙ \⊣⊔⊓∇⌉ √∇≀⌋⌉∫∫⟩\} ⟩\ ⌋≀\\⌉⌋⊔⟩≀\⟩∫⊔ ⇕≀⌈⌉↕∫⇔ ⊒⟨⟩⌋⟨ ⟩\⊑≀↕⊑⌉∫ ⊓\⟩⊔∫ ⌋≀⇕√⊓⊔⟩\} ⊒⌉⟩}⟨⊔⌉⌈ ∫⊓⇕∫ ⟩\√⊓⊔∫⇔ ∇⌉∫⊓↕⊔∫ ⟩\ ∫†∫⊔⌉⇕∫ ⊔⟨⊣⊔ ⊓∫⊓⊣↕↕† ∇⌉∫√≀\⌈ ∫⟩⇕⟩↕⊣∇↕† ⊔≀ ∫⟩⇕⟩↕⊣∇ ∇⌉√∇\≀⊑⌉↕ ⟩\√⊓⊔ ⊔⟨⊣⊔ ⟩∫ ∫⟩⇕⟩↕⊣∇ ⊔≀ ⊣ {⊣⇕⟩↕⟩⊣∇ ⟩\√⊓⊔ ⊒⟩↕↕ ↕⟩‖⌉↕† ∇⌉∫⊓↕⊔ ⟩\ ⊣\ ≀⊓⊔√⊓⊔ ∫⟩⇕⟩↕⊣∇ ⊔≀ {≀∇ ⊔⟨⌉ {⊣⇕⟩↕⟩⊣∇ ⟩\√⊓⊔⇔ ⊒⟨⟩⌋⟨ ⊒⟩↕↕ ≀{⊔⌉\ ⌊⌉ ⊣\ ⊣√√∇≀√∇⟩∞∀⌉ ≀⊓⊔√⊓⊔ {≀∇ ⊔⟨⌉ \≀⊑⌉↕ I\{≀∇⇕⊣⊔⟩≀\ ⟩\ ⊣ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\ ⟩∫ }⌉\⌉∇∞↕↕† ∫⊔≀∇⌉⌈ ⟩\ ⊣ ∇⌉⌈⊓\⌈⊣\⊔ {⊣∫⟨⟩≀\ ⊒⌉ ≀\↕† \⌉⌉⌈ ⊔≀ ∫⌉⌉ ∫≀⇕⌉ √⊣∇⊔ ≀{ ⊔⟨⌉ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\ ⊔≀ ‖\≀⊒ ⊒⟨⊣⊔ ⊔⟨⌉ ⊒⟨≀↕⌉ B⌉⌋⊣⊓∫⌉⊔⟨⟩∫⇔⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫⊣∇⌉∇≀⌊⊓∫⊔⟩\⊔⟨⌉√∇⌉∫⌉\⌋⌉≀{\≀⟩∫⌉⊣\⌈⌈⌉}∇⊣⌈⌉}∇⊣⌋⌉{⊓↕↕†

⊣∫\≀⟩∫⌉⟩∫⊣⌈⌈⌉⌈↙ R⌉⌈⊓\⌈⊣\⌋†⇕⊣‖⌉∫√⊣⊔⊔⌉∇\⌋≀⇕√↕⌉⊔⟩≀\⊣\⌈⌉∇∇≀∇⌋≀∇∇⌉⌋⊔⟩≀\T⟨⌉⊣⌊⟩↕⟩⊔†⊔≀∫⊓√⌉∇⟩⇕√≀∫⌉⊔⟨⌉∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫≀{⇕⊓↕⊔⟩√↕⌉⟩⊔⌉⇕∫⟩\⊔⟨⌉∫⊣⇕⌉∫⌉⊔≀{⊣\≀⊔⟨⌉∇⌊⌉\⌉⊘⊔≀{∇⌉⌈⊓\⌈⊣\⌋†⟩⊔⌉⇕∫⌋⊣\∫⊔⟩↕↕⌊⌉∇⌉⌋≀}\⟩‡⌉⌈⇔⌈⌉√⌉\⌈⟩\}⊔⟨⌉ ⌈⌉}∇⌉⌉ ≀{ ∇⌉⌈⊓\⌈⊣\⌋† ⊣\⌈ ⊔⟨⌉ \⊓⇕⌊⌉∇ ≀{ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ ∫⊓√⌉∇⟩⇕√≀∫⌉⌈↙ T⟨⌉∇⌉ ⟩∫ ⊣ ↕⟩⇕⟩⊔ ⊔≀ \⊓⇕⌊⌉∇ ≀{ ⟩⊔⌉⇕∫ ⊔⟨⊣⊔ ⌋⊣\ ⌊⌉ ∫⊓√⌉∇⟩⇕√≀∫⌉⌈ ∘ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ ⌈⌉}∇⊣⌈⌉ ⊣∫ ⟩⊔⌉⇕∫ ⊣∇⊣⌈⌈⌉⌈↙

D⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ ⊓∫⊓⊣↕↕† ∇⌉∐⊓⟩∇⌉ {⊣∇ {⌉⊒⌉∇ ⊓\⟩⊔∫ ⊔≀ ∇⌉√∇⌉∫⌉\⊔ ⊣ ∫⌉⊔ ≀{ ⊔⟨⊣\ ⌈≀ ↕≀⌋∞↕ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫↙ T⟨⟩∫ ⟩∫ ⌊⌉⌋⊣⊓∫⌉ ⊔⟨⌉ \⊓⇕⌊⌉∇ ≀{ √≀∫∫⟩⌊↕⌉ √⊣⊔⊔⌉∇\∫ ≀{ ≀⊑⌉∇ ⊣ ∫⌉⊔ ≀{ ⊓\⟩⊔∫ ⟩∫ ⇕⊓⌋⟨ }∇⌉⊣⊔⌉∇ ⊔⟨⊣\ ⊔⟨⌉ \⊓⇕⌊⌉∇ ≀{ A⊔ ≀\⌉ ⌉§⊔∇⌉⇕⌉⇔ ⊣ \⊓⇕⌊⌉∇ ∫⊔†↕⌉ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\ ⟩∫ ⇕⊣§⟩⇕⊣↕↕† ⌉{⊘⌋⟩⌉\⊔ ∘ ⊔⟨⌉∇⌉ ⊣∇⌉ ∈▽ ̸⌈⟩{{⌉∇⌉\⊔ √⊣⊔⊔⌉∇\∫ ≀\⌉∫⊣\⌈‡⌉∇≀∫≀⊑⌉∇⌉⟩}⟨⊔A⊔ ⊔⟨⌉ ≀⊔⟨⌉∇ ⌉§⊔∇⌉⇕⌉⇔ ⊣ ↕≀⌋∞↕ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\ ⟩∫ ⌉{⊘⌋⟩⌉\⊔ ∘ ⌉⟩}⟨⊔ ⊓\⟩⊔∫ ⌋⊣\ ∇⌉√∇⌉∫⌉\⊔ ≀\↕† ⌉⟩}⟨⊔ ⌈⟩{{⌉∇⌉\⊔ ≀⌊|⌉⌋⊔∫↙

T⟨⌉ ⌉{⊘⌋⟩⌉\⌋† ≀{ ⊣ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\ ⟨⊣∫ ⌋≀\∫⌉∐⊓⌉\⌋⌉∫ {≀∇ ⊔⟨⌉ ∇⌉∫⊔ ≀{ ⊔⟨⌉ ⟩\⌉{⊘⌋⟩⌉\⊔ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\ ⌋⊣\ ↕⌉⊣⌈ ⊔≀ ⌈⊓√↕⟩⌋∞∀⟩≀\ ≀{ ⌋≀⇕√⊓⊔⊣⊔⟩≀\⊣↕ ⇕⊣⌋⟨⟩\⌉∇†F≀∇ ⟩\ ⊣ ↕≀⌋∞↕ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\⇔ ⊔⊒≀ ⊓\⟩⊔∫ ∇⌉√∇⌉∫⌉\⊔⟩\} ⌋≀\⌋⌉√⊔∫ ⊒⟨⟩⌋⟨ ⟩\⊔⌉∇⊣⌋⊔ ⊒⟩⊔⟨ ≀⊔⟨⌉∇ ⌋≀\⟩\ ⊔⟨⌉ ∫⊣⇕⌉ ≀∇ ⊣ ∫⟩⇕⟩↕⊣∇ ⊒⊣† ⊒⟩↕↕ ⟨⊣⊑⌉ ⇕⊣\† ∫⟩⇕⟩↕⊣∇ ⌋≀\\⌉⌋⊔⟩≀\∫⇔ ⊒⟨⟩⌋⟨ ⌋≀⊓↕⌈ ↕⟩‖⌉↕† ⊣⊑≀⟩⌈⌉⌈⊔⟨∇≀⊓}⟨⊔⟨⌉⊓∫⌉≀{⊣⇕≀∇⌉⌉{⊘⌋⟩⌉\⊔∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\↙

T≀ ∫≀⇕⌉ ⌉§⊔⌉\⊔⇔ ⌉{⊘⌋⟩⌉\⌋† ⟩∫ ⟩\ ≀√√≀∫⟩⊔⟩≀\ ⊔≀ ∇⌉⌈⊓\⌈⊣\⌋† ⇐⊔⟨≀⊓}⟨ ⟩\⌉{⊘⌋⟩⌉\⌋† \⌉⌋⌉∫∫⊣∇⟩↕† ∇⌉∫⊓↕⊔ ⟩\ ∇⌉⌈⊓\⌈⊣\⌋†⇒↙ H≀⊒⌉⊑⌉∇⇔⟩\√∇⊣⌋⊔⟩⌋⌉⇔⊣⇕≀⌈⌉∇⊣⊔⌉\⊓⇕⌊⌉∇≀{√∇∫≀⇕⊣\†√≀∫∫⟩⌊↕⌉ √⊣⊔⊔⌉∇\∫⊔⟨⊣⊔⟩⊔⟩∫⌉⊣∫†⊔≀⇕⊣‖⌉⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈∇⌉√∇∫⊓{⌉{⊘⌋⟩⌉\⊔⊣\⌈∇⌉⌈⊓\⌈⊣\⊔↙

I{ ⊓\⟩⊔∫ ⟨⊣⊑⌉ ⌋≀\⊔⟩\⊓≀⊓∫ ⊣⌋⊔⟩⊑⊣⊔⟩≀\ ⊑⊣↕⊓⌉∫⇔ ⊔⟨⌉\ ⌋≀\⌋⌉√⊔∫ ⊣∇⌉ ∇⌉√∇⌉∫⌉\⊔⌉⌈ ⟩\ ⊣ ⌋≀\⊔⟩\⊓⊑⌉⌋⊔≀∇ O\⌉ ⌊⌉\⌉⊘⊔ ≀{ ⌋≀\⊔⟩\⊓⟩⊔† ⟩∫ ⊔⟨⊣⊔ ⟩⊔ ⇕⊣‖⌉∫ {≀∇ \⊣⊔⊓∇∞↕ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ ⟩\⟨⌉∇⌋≀\⊔⟩\⊓≀⊓∫ ⌋≀\⌋⌉√⊔∫⇔ ∫⊓⌋⟨ ⊣∫ ⌋≀↕≀⊓∇⇔ ⊔⟨⌉ ⌈⌉}∇⌉⌉ ≀{ ⌈⊣\}⌉∇ √∇⌉∫⌉\⊔⌉⌈ ⌊† ⊣ ⊣\⟩⇕⊣↕⇔ ≀∇ ⊔⟨⌉ ⇕⌉⊣\⟩\} ≀{ ⊣\ ⊓⊔⊔⌉∇⊣\⌋⌉↙ }⟩⊑⌉∫ ⊣ ∫†∫⊔⌉⇕ ⊔⟨⌉ √≀⊔⌉\⊔⟩⊣↕ {≀∇ ⌋≀√⟩\} ∫⊓⌋⟨ ⊔⟨⟩\}∫ ⊣∫ \⊓⊣\⌋⌉∫ ≀{ ⇕⌉⊣\⟩\} ⊣\⌈ ∫↕⟩}⟨⊔ ⊑⊣∇⟩⊣⊔⟩≀\∫ ⟩\ ⌋≀\⊔⌉§⊔ ↙

A\≀⊔⟨⌉∇ ⟩⇕√≀∇⊔⊣\⊔ ⌊⌉\⌉⊘⊔ ⟩∫ ⊔⟨⊣⊔ ⟨⊣⊑⟩\} ⊣ ⌋≀\⊔⟩\⊓≀⊓∫ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\ ∫√⊣⌋⌉ ⊓∫ ⊔≀ ⇕⊣‖⌉ ∫⇕⊣↕↕ ⌋⟨⊣\}⌉∫ ⊔≀ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫↙ ⇕⌉⊣\∫ ⊔⟨⊣⊔ ⌋≀\⊔⟩\⊓≀⊓∫ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫⌋⊣\⌊⌉⊓∫⌉⌈⟩\\⌉⊓∇∞↕\⌉⊔⊒≀∇‖∫⊔⟨⊣⊔↕⌉⊣∇\⌊†}∇⊣⌈⟩⌉\⊔⌈⌉∫⌋⌉\⊔A\ ⊣√√∇≀√∇⟩∞∀⌉↕† ⌋≀\∫⊔∇⊓⌋⊔⌉⌈ ∫†∫⊔⌉⇕ ⌋⊣\ ↕⌉⊣∇\ }≀≀⌈ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ {≀∇ ≀⌊|⌉⌋⊔∫⟩\⟩⊔∫P∇≀⌊↕⌉⇕∫⊒⟩⊔⟨⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈T⟨⌉⇕⊣⟩\√∇≀⌊↕⌉⇕∫⊒⟩⊔⟨⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫⊣∇⌉⊔⟨⌉• D⟩{⊒⟩⊔⟨ ∇⌉√∇⌉∫⌉\⊔⟩\} ⊣∇⌊⟩⊔∇⊣∇† ⊣∫∫≀⌋⟩∞∀⟩≀\∫ ⊣\⌈ ⊑⊣∇⟩⊣⌊↕⌉ • D⟩{⊒⟩⊔⟨ ∇⌉√∇⌉∫⌉\⊔⟩\} ∫⌉∐⊓⌉\⌋⌉∫ ≀{ ⊣∇⌊⟩⊔∇⊣∇† • D⟩{⊒⟩⊔⟨ ∇⌉√∇⌉∫⌉\⊔⟩\} √∇⌉⌈⟩⌋∞∀⌉∫ ⊣\⌈ ⟨⟩⌉∇⊣∇⌋⟨⟩⌋∞↕ ∫⊔∇⊓⌋⊔⊓∇• Q⊓⌉∫⊔⟩≀\∫ ⊣⌊≀⊓⊔ ⊔⟨⌉ ≀∇⟩}⟩\ ≀{ √⊣⊔⊔⌉∇\∫ ⊒⟨⟩⌋⟨ ∇⌉√∇⌉∫⌉\⊔ √⊣∇⊔⟩⌋⊓↕⊣∇ • D⟩{⊒⟩⊔⟨ ⊓∫⟩\} ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ {≀∇ ⟩\√⊓⊔ ⊣\⌈ ≀⊓⊔√⊓⊔ ⊔≀ ⊔⟨⌉ \⌉⊔↖

⇕⊣⟩\ √∇≀⌊↕⌉⇕∫ ⊒⟩⊔⟨ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ ⌋≀\⌋⌉∇\ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∞↕ ⊣⌈⌉∐⊓⊣⌋†W≀∇‖ ≀\ ⇕≀⌈⌉↕∫ {≀∇ ⌋≀⇕√↕⌉§ ⊔⊣∫‖∫ ⟨⊣∫ ⌊⌉⌉\ ⟨⌉↕⌈ ⌊⊣⌋‖ ⌊† ⌈⟩{⊘⌋⊓↕⊔⟩⌉∫ ⊒⟩⊔⟨ ∇⌉√∇∫⊔∇⊓⌋⊔⊓∇I\ ⇕⊣\† ⊔†√⌉∫ ≀{ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫⇔ √⊣⊔⊔⌉∇\∫ ⌋⊣\ ⌊⌉ ∫⊓√⌉∇⟩⇕√≀∫⌉⌈ ⊔≀ ⊔⟨⌉ √∇⌉∫⌉\⌋⌉ ≀{ ∫⌉⊑⌉∇⊣↕ ⌈⟩{{⌉∇⌉\⊔ H≀⊒⌉⊑⌉∇⇔ ⊔⟨⟩∫ ⌈≀⌉∫ \≀⊔ ∇⌉√∇⌉∫⌉\⊔ ⌊⌉⊔⊒⌉⌉\ ⊔⟨⌉ F⊓∇⊔⟨⌉∇⇕≀∇⌉⇔ ⌋∇≀∫∫⊔⊣↕‖ ⊣\⌈ ⟩↕↕⊓∫≀∇† ⌋≀\|⊓\⌋⊔⟩≀\∫ ⌋⊣\ ≀⌋⌋⊓∇↙ ⌉§⊣⇕√↕⌉⇔ ⟩{ ⊒⌉∫⊔≀∇⌉⊢∇⌉⌈⌋⟩∇⌋↕⌉≃⊣\⌈ ⊢⌊↕⊓⌉∫∐⊓⊣∇⌉≃⇔ ⌊† ∫⊓√⌉∇⟩⇕√≀∫⟩\} ⊔⟨⌉∇⌉√∇≀{⊢∇⌉⌈≃⇔⊢⌋⟩∇⌋↕⌉≃⇔⊢⌊↕⊓⌉≃⇔⊣\⌈⊢∫∐⊓⊣∇⌉≃⇔⟩⊔⊒⟩↕↕⊣√√⌉⊣∇⊣∫⊔⟨≀⊓}⟨⊢∇⌉⌈∫∐⊓⊣∇⌉≃⊒⊣∫⊣↕∫≀∫⊔≀∇T⟨⌉∫⊣⇕⌉√∇≀⌊↕⌉⇕∫⊣∇⟩∫⌉⊒⟩⊔⟨⊑⊣∇⟩⊣⌊↕⌉S⊔≀∇⟩\} ⊑⊣∇⟩⊣⌊↕⌉↖↕⌉\}⊔⟨ ∫⌉∐⊓⌉\⌋⌉∫ ⟩\ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ ⟩∫ ⌈⟩{⊘⌋⊓↕⊔⇔ ⌊≀⊔⟨⊔⟨⌉⟩⌈⌉\⊔⟩⊔†⊣\⌈⊔⟨⌉≀∇⌈⌉∇≀{⟩\√⊓⊔∫⌋⊣\⌊⌉⟩⇕√≀∇⊔⊣\⊔⊣\⌈⇕⊓∫⊔⌊⌉∇⌉⇕⌉⇕⌊⌉∇⌉⌈↙ ≀{ ⊔⟨⌉⇕≀∫⊔ ⌋≀⇕⇕≀\ ⊔⌉⌋⟨\⟩∐⊓⌉∫ {≀∇⌈⌉∞↕⟩\} ⊒⟩⊔⟨ ⊔⟩⇕⌉⊑⊣∇†⟩\} ⟩\√⊓⊔ ⟩∫ ⊔≀ ⊔⊓∇\ ⊔⟩⇕⌉ ∫√⊣⌋⌉⇔ ⊒⟨⟩⌋⟨ ⟩∫ ⌈≀\⌉ ⌊† ⟨⊣⊑⟩\} ⊣∫⌉⊔ ≀{ ⌊⊓{{⌉∇ ⊓\⟩⊔∫ {≀∇ ∫⊔≀∇⟩\} ⊔⟨⌉ ⟩\√⊓⊔ {≀∇ ∫≀⇕⌉\⊓⇕⌊⌉∇≀{⊔⟩⇕⌉∫⊔⌉√∫⟩\⊔⟨⌉√⊣∫⊔↙ A∫⌉⊣⌋⟨\⌉⊒⟩\√⊓⊔⟩∫∇⌉⌋⌉⟩⊑⌉⌈⇔√∇⌉⊑⟩≀⊓∫⟩\√⊓⊔∫⊣∇⌉⟩\⊔⟨⌉⌊⊓{{⌉∇↙ T⟨⟩∫ ⟩∫ ∫≀⇕⌉⊒⟨⊣⊔ ⟩\⌉↕⌉}⊣\⊔ ⊣\⌈ ⟩∫ ↕⟩⇕⟩⊔⌉⌈ ⟩\ ⊔⟨⊣⊔ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ≀\↕†

∇⌉⇕⌉⇕⌊⌉∇∫ ⟩\√⊓⊔∫ {≀∇ ⟨≀⊒⌉⊑⌉∇ ⇕⊣\† ⊔⟩⇕⌉↖∫↕⟩⌋⌉∫ ⊔⟨⌉∇⌉ ⊣∇⌉⟩\ ⊔⟨⌉ ⌊⊓{{⌉∇ ∘⟩\√⊓⊔ ⊒⟨⟩⌋⟨ √⊓∫⟨⌉⌈ ≀⊓⊔≀{⊔⟨⌉⌉\⌈≀{⊔⟨⌉≀{⊔⟨⌉⌊⊓{{⌉∇⟩∫⟩∇∇⌉⊔∇⟩⌉⊑⊣⌊↕†⌈⟩{{⌉∇⌉\⊔⊣√√∇≀⊣⌋⟨⟩∫⊓∫⌉ ∇⌉⌋⊓∇∇⌉\⊔\⌉⊔⊒≀∇‖∫ ⇐S⌉⌋⊔⟩≀\∈↙∋↙∈⇒ ⊔≀⊔∇† ⊔≀↕⌉⊣∇\⊒⟨⊣⊔⊣\⌈⟨≀⊒⇕⊓⌋⟨ ⟩\√⊓⊔ ⇕⊓∫⊔ ∇⌉⇕⌉⇕⌊⌉∇A⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\≀{⊣√∇⌉⌈⟩⌋∞∀⌉∫⊓⌋⟨bite(spot,jane)(forΨSpotbitJane˚)

must becarefully designed topreservethe information aboutwhich entity iswith which robvious way to avoid ambiguity about who is the agent andwhoistheobject(orpatient, ‘Jane’)is dividetherepresentationintoseveraland devo8e a block to each role. However, this method is unsuitable for reprrecursively nested predic18es such as ΨSpot bit Jane, causing Jane to ↓ee from cause(bite(spot,jane),flee(jane,spot)),becausetherepresentationofapredic18elargerthan the representation ofanobject, andcannot besqueezedinto the samesetunits. dif↑culty is not so much with representing the objects involved (we simplysuperimposethem)asitiswithrepresentingtherelationshipsamongtheobjectsanunambiguousandexplicitconcernwithdistributedrepresentationsishowthepatternsareResearchershavegener1llyusedoneoracombina8ionofthefollowingthreehand-design,randomgener1tion,orlearning. In many of the early connectionist the representations were designed by hand, using units to code for features of made it easy to introduce and control explicit similarity among representations, which underlie the interesting properties of these systems. Howeverhand-design tends to be

    unsatisfactory for several reasons: it is very laborious to construct representations for entity a system de1ls with, sometimes the relevant features of the objects are not distributed representations are often so wide that there are many more units than featurand an intelligent system should be able to develop its own representations.

      Another method for obtaining patterns is to use random This is done in many
    models, e.g., those of Anderson [1973], and Murdock Chapter 3,
describe how this method can be combined with feature-based methods in order to
introduce explicit similarity among reprThe most promising and interesting method for obtaining patterns is to have the appropri18e representations for the given task. showed that this could doneinafeedforwardnetworktrainedusingbackpropagation,IdescribethisandrmethodsinSectionDistributedrepresentationsareusuallynotsuitableforinputandoutputtoanetwork,

because they donot provide asingle value which indic18es towhat degreesome ispresent in therepresentation. This is not a big problem, but it is usually necessary transl18e between distributed and loc1l representations for input and output. require signi↑cant amounts of computation, especially for transl18ing from distributed loc1l reprRelationships between loc1l and distributed The definitions of loc1l and distributed representations are matters of degrReprtionsinwhichmanyunitsareactivearefullydistributed,thosewithjustafewunitsaresomewhatloc1landaresometimescalledsparsedistributedrepresentations,andthose

withjustoneunitactivearefullyloc1l. Furthermorwhether ornot we consider a reprsentation to be loc1l or distributed depends on which level at which we examine it. representationofthelowest-levelconceptsorfeaturesinamodelmaybeclearly“loc1l” while the representation of concepts composed of those features may have the teristics of a distributed reprOne such system is Derthick’s [1990] �(Section Smolensky [1986] discusses transformations between loc1l and distributed reprtions, andtheconditionsunderwhichoper1tionsonbothareequivalent. Transforming

representationsofasetofobjectsfromaloc1lrepresentationtoadistributedoneisusually justinvolvessuperimposing thedistributedrepresentationsofthepresent in the loc1l representation. Ifthe superposition oper1tionis linear(as to a non-linear threshold oper1tion), then this transformation from loc1l to representationsislinear. A system which performs linear oper1tions on the representationisequivalenttoonewhichperformslinearoper1tionsontheloc1lreprtations.If the distributed representations for all objects are linearly independent, then theris a linear transformation from the distributed to the loc1l reprHowever, requirlinear independence of patterns is inefficient, as there are only n linearly patternsovern Some representations like the binary system for numbers satisfy the definition of distributedrepresentation,butthereisacommonsentimentthattheyarenotrepresentations (e.g., van Gelder I would claim they are distributed reprbut without most of the useful properties that distributed representations make possible.

The aspect of numbers which binary representations make explicit is the powers of whose tot1l equals a number. This is useful for logic circuits th18 add and multiply numbut it is not very useful for anything else. Inparticular,thesimilaritystructurethisonnumbershaslittlerelationshiptoanyhumanjudgementsofsimilaritiesofReducedHinton[1987;1990]originatedtheideaofa“reduceddescription”asamethodforconceptualstructureindistributedreprReduceddescriptionsmake

itpossibletouseconnectionisthardwareinaversatileandefficientmanner. AccordingHinton,thereshouldbetwowaysofrepresentingacomposition1lconcept(i.e.,astructurobjectwhosepartsareother,possiblycomposition1l,wayisusedwhenconcept is the focus of attention. In this case all the parts are represented in full, means the representation of the concept could be several times as large as that of one of its parts. Theother wayofrepresenting the concept is areduceddescription, which usedwhentheconceptisnotthefocusofattention,butisapartinanotherconcept. this case the representation of the concept must be the same size as that of other Concepts are taken to be simple frame-like structures, with a number of roles or Relations (predic18es) can be represented by allowing one role to be the relation name the other roles to be the arguments of the rThe two different ways a concept can be

represented in the system are shown in Figure concept D, which has E, F, and filling its roles, can either be the focus of the system, or can be a filler in the reprof the concept A. A reduced description is like a label or pointer for a concept, to be when we want to refer to the concept, but not focus on it. Since reduced provide a pointer-like facility, they allow us to represent concepts linked in an tree or graph structurFigure 1.2 shows the steps involved in accessing a full representation from a rTo begin with, the full concept A is instanti18ed in the network. The reduced

Whole

ARole1Role2Role3 1

2 B C 3 1

E F G

Figur1.1: Two ways of mapping a conceptual structure (the tree on the left) to the in a connectionist system. In the first way (the solid arrows) the concept D is the focus attention, and the fillers of its roles are mapped to the appropri18e sets of units. In the way (the dashed arrows) A is the focus of attention and just the reduced description for is mapped to a set of units. The rectangles labelled ‘Whole’, ‘Role 1’, etc, are sets of over which a distributed representation can be (Adapted from Hinton description of concept D is the filler of its third role. To access the full representation of we first transfer D into the focus position, and then expand the reduced description of to get its full reprThis scheme for mapping structures to hardware is versatile and efficient because allowsmanydifferentconceptstoberepresentedonthesamehardware. An altern1tive to have hardware dedic18ed to each different type of concept, but this can require amounts of hardware and cannot easily represent nested structures.

Hinton’s description of reduced descriptions involve four desiderata, all of which to be essential for any useful distributed representation of structur• R⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\⊣↕ ⊣⌈⌉∐⊓⊣⌋†¬ ∫⟨≀⊓↕⌈ ⌊⌉ √≀∫∫⟩⌊↕⌉ ⊔≀ ∇⌉⌋≀\∫⊔∇⊓⌋⊔ ⊔⟨⌉ {⊓↕↕ ∇⌉√∇{∇≀⇕ ⊔⟨⌉ ∇⌉⌈⊓⌋⌉⌈ ⌈⌉∫⌋∇⟩√⊔⟩≀\↙

• R⌉⌈⊓⌋⊔⟩≀\¬ ⊔⟨⌉∇⌉⌈⊓⌋⌉⌈⌈⌉∫⌋∇⟩√⊔⟩≀\∫⟨≀⊓↕⌈⌊⌉∇⌉√∇⌉∫⌉\⊔⌉⌈≀⊑⌉∇{⌉⊒⌉∇⊓\⟩⊔∫⊔⟨⊣\{⊓↕↕∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\↙

• S†∫⊔⌉⇕⊣⊔⟩⌋⟩⊔†¬ ∇⌉⌈⊓⌋⌉⌈ ⌈⌉∫⌋∇⟩√⊔⟩≀\ ∫⟨≀⊓↕⌈ ⌊⌉ ∇⌉↕⊣⊔⌉⌈ ⟩\ ⊣ ∫†∫⊔⌉⇕⊣⊔⟩⌋ ⊒⊣† ⊔≀ {⊓↕↕ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫↙

• I\{≀∇⇕⊣⊔⟩⊑⌉\⌉∫∫¬ ⊔⟨⌉∇⌉⌈⊓⌋⌉⌈⌈⌉∫⌋∇⟩√⊔⟩≀\∫⟨≀⊓↕⌈⊔⌉↕↕⊓∫∫≀⇕⌉⊔⟨⟩\}⊣⌊≀⊓⊔⊔⟨⌉⊔⟨⊣⊔⟩⊔∇⌉{⌉∇∫⊔≀⇔⊒⟩⊔⟨≀⊓⊔⟩⊔⌊⌉⟩\}\⌉⌋⌉∫∫⊣∇†⊔≀∇⌉⌋≀\∫⊔∇⊓⌋⊔⊔⟨⌉{⊓↕↕∇⌉√∇T⟨⌉\⌉⌋⌉∫∫⟩⊔†≀{⊔⟨⌉⊘∇∫⊔⌈⌉∫⟩⌈⌉∇⊣⊔⊓⇕⟩∫∫⌉↕{↖⌉⊑⟩⌈⌉\⊔∘⟩{⊔⟨⌉∇⌉⌈⊓⌋⌉⌈⌈⌉∫⌋∇⟩√⊔⟩≀\\≀⊔ √∇≀⊑⟩⌈⌉ ⌉\≀⊓}⟨ ⟩\{≀∇⇕⊣⊔⟩≀\ ⊔≀ ∇⌉⌋≀\∫⊔∇⊓⌋⊔ ⊔⟨⌉ {⊓↕↕ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\⇔ ⊔⟨⌉\ ⟩⊔ ⟩∫ \≀⊔ ⊣⌈⌉∐⊓⊣⊔⌉ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\↙ ∫⌉⌋≀\⌈ ⌈⌉∫⟩⌈⌉∇⊣⊔⊓⇕ ⌋≀⇕⌉∫ {∇≀⇕ √∇⊣⌋⊔⟩⌋∞↕ ≀{ ⊒≀∇‖⟩\} ⊒⟩⊔⟨ ⊣ ⊘§⌉⌈↖∫⟩‡⌉ ∫⌉⊔ ≀{ ⌋≀⇕√⊓⊔⊣⊔⟩≀\⊣↕ F⊓∇⊔⟨⌉∇⇕≀∇⊔⟨⌉ √∇⌉⌋⟩∫⟩≀\ ⊒⟨⟩⌋⟨ ⊣⌋⊔⟩⊑⊣⊔⟩≀\ ⊑⊣↕⊓⌉∫ ⇕⊓∫⊔ ⌊⌉ ∇⌉√∇⌉∫⌉\⊔⌉⌈ ∫⟨≀⊓↕⌈ \≀⊔ ⌊⌉ }∇⌉⊣⊔⌉∇ {≀∇ ⊔⟨⌉ ∇⌉⌈⊓⌋⌉⌈ ∫⌋∇⟩√⊔⟩≀\ ⊔⟨⊣\ {≀∇ ⊔⟨⌉ {⊓↕↕ ⌈⌉∫⌋∇⟩√⊔⟩≀\ ∘ ⟩⊔ ⟩∫ √≀∫∫⟩⌊↕⌉⇔ ⌊⊓⊔ \≀⊔ ∇⌉⊣↕⟩∫⊔⟩⌋⇔ ⊔≀ ∫⊔≀∇⌉ ⊣\ ⊣⇕≀⊓\⊔ ≀{ ⟩\{≀∇⇕⊣⊔⟩≀\ ⟩\ ⊣\ ⟩\⊘\⟩⊔⌉ √∇⌉⌋⟩∫⟩≀\ \⊓⇕⌊⌉∇T⟨⟩∫ ⇕⌉⊣\∫ ⊔⟨⊣⊔ ⊔⟨⌉ ∇⌉⌈⊓⌋⌉⌈ ∫⌋∇⟩√⊔⟩≀\ ⇕⊓∫⊔ ⟨⊣⊑⌉ ↕⌉∫∫ ⟩\{≀∇⇕⊣⊔⟩≀\ ⊣⌊≀⊓⊔ ⌋≀⇕√≀\⌉\⊔∫ ⊔⟨⊣\ ⊔⟨⌉ {⊓↕↕ ⌈⌉∫⌋∇⟩√⊔⟩≀\ ∘ ⟩\{≀∇⇕⊣⊔⟩≀\ ⇕⊓∫⊔ ⌊⌉ ⊔⟨∇≀⊒\ ⊣⊒⊣† ⟩\ ⌋≀\∫⊔∇⊓⌋⊔⟩\} ⊔⟨⌉ ∇⌉⌈⊓⌋⌉⌈ ⌈⌉∫⌋∇⟩√⊔⟩≀\↙ T⟨⟩∫ ⊔⟩⌉∫ ⟩\

∞▽

G F E D

Whole

Role3

Role2

Role1 toroleB D

Role3

Role2

RoleWhole

Role1 Role2 RoleWhole

Figurnetworkfocusingonareduceddescription(D)inanotherconcept(A)expandingittoafullrepresentation(EFG).(AdaptedfromHintonwithMiller’s[1956]notionofachunkandhisclaimthatpeoplecanstore“sevenplusminustwo”chunksinshort-termmemoryTheideaof“recoding”asetofitemsarethemselveschunks) intoonechunkiscentraltoMiller’sexplanationsofhowshort-term memory works. A reduced description is equivalent to a chunk, and a representation is equivalent to the contents of the The third and fourth desiderata are for something more than that supplied by tional pointer-based ways of representing hierarchic1l structurare arbitrarily related to the contents of the structure they point to. a systematic rtionship between label and structure makes it easier to find one given the other. Thedesirforinformativenessisforaformofrepresentation1lexplicitness–thereducedreprtionshouldmakeexplicitsomeinformationabouttheconceptitrefersto.

Pointersinconvention1lrandomaccessmemoryservethesamestructuralfunctionreduced A record corresponds to a concept, and fields in a record are the rcontents of the fields are the fillers. The entire record is the full reprof a concept, and the pointer to the record is the reduced description. structuris represented by allowing fields to be pointers to other records. we have a pointer, can reconstruct the full concept by following the pointer (i.e., by accessing the However, without the use of some sort of indexing, it is difficult to find the pointer to structure given its The difference between pointers and reduced descriptions is that the relationship tween a pointer and what it points to is arbitraryPointerstellusnothingaboutwhatpointto–theonlywaywecanfindanythingoutabouttherecordpointedto,oritsfillers, istofollowthepointerHash indexing is a technique from convention1l data-structurtheory which is close in spirit to reduced reprprovides a way of the“label”ofafullrepresentationgivenitsHowever,memorylookupisnecessarytofindthecontentsgiventheThechiefpotentialadvantageofreduceddescriptionsoverpointersisthattheycould

providemoreexplicitlabelsforconcepts. could make it possible to process morefsince it would not always be necessary to follow pointers to information about A reduced representation can be seen as a compressed version of a full concept. comprmust be invertible, since we need to be able to reconstruct the full from the compressed , Hinton [1990] did not have any way implementing reduced descriptions, he only described the properties reduced reprtations should have. [1990] used backpropagation to learn reduced for tree structures (Section 2.4.2). In Chapter 3, I describe a way of constructing rrepresentations from first 1.6 The computational properties which can be built into distributed representations make

themworthconsideringasarepresentationforhigher-levelcognitivetasks. In Chapter 2, review various connectionist models that are relevant to the representation and prof complex structure, paying particular attention to representation schemes.

In Chapter 3, I present and discuss a representation1l scheme for hierarchic1l structurcalled “Holographic Reduced Representations” (HRRs), which I believe overcomes of the flaws of other representations. use a simple scheme for building up reprsentationsofstructuresfromrepresentationsofcomponents,andareamenabletosupporttheusefulpropertiesofdistributedrepresentationsthatwereidentifiedSection1.4.2: explicitness,redundancycontinuityandefficiency. In Chapter 4, I how HRRs can be implemented with distributed representations based on numbers. This makes some of the oper1tions faster to compute, and makes it possible perform an advantageous type of In Chapter 5, I describe how the convolution oper1tion, the basic associ18ion HRRs, can be incorpor18ed into recurrent This allows representations items and arbitrary length sequences to be learned using gradient descent procedures. claim that for the purposes of storing sequences in a ‘context’ layer a la Elman described in Section 2.3.2) this type of network is superior to a standard recurrent In Chapter 6, I investigate the extent to which the explicit similarity of HRRs is related

useful forms of similarity. is obvious from first principles that HRRs will some sort of similarity structure on structured objects, since convolution is a preserving oper1tion. The question is whether the induced similarity structure is or related to any other commonly used measures of similarity. discuss Gentner and

Except in “tagged” memory hardware, such as that used in some LISP machines.In these systems, several

address bits are used to indic18e the type of the object at that address, e.g., atom or cons This helps increase the speed of LISP pr3 MacLennan [1991] claims this is impossible to do with continuous representations, due to a theorem Brouwer’s which states that Euclidean spaces of different (but finite) dimensions are not means that it is not possible to have a continuous function : n × n → n with a continuous −: → × .

Forbus’s [1989] notions of the an1logic1l similarity of structured objects. a set simple examples, I show how the similarity structure induced by HRRs captures aspects of an1logic1l similarityandhowincludingothertypesofassoci18ionsintorole-fillerassoci18ionscanhelptocapturemoreaspectsofan1logic1lsimilarityIn Chapter 7, I discuss various how HRRs can be transformed without position; differences between HRRs and some psychologic1l notions of chunks; how vector-space multiplic18ion oper1tions could be used instead of convolution; how a disordered variant of convolution might be implemented in neural tissue; and weaknesses HRRs.

Chapter Review of connectionist distributed memory models

In this chapter, I review various connectionist models and distributed memory that are relevant to performing higher-level tasks. begin with some loc1list for higher-level reasoning, and then describe some distributed models which deal simple structures. that I discuss some models which have dealt with prof representing hierarchic1l structure in implicit ways, by trying to get relatively recurrent networks to learn to process language. I discuss some models representation schemes which are explicitly designed to represent hierarchic1l structurTheselectionofmodelsforthisreviewwasmadeonthebasisofhowinteresting,novel,influentialtherepresentationschemeprimarygoalofthisreviewistodiscussadvantagesanddisadvantagesofvariousconnectionistrepresentationschemes,soItoignoreaspectsofthesemodelsthatdonothavemuchtodowithrepresentationalThesecondarygoalistofamiliarizethereaderwiththerangeofconnectionistapprtohigher-levelcognitivetasks,andthelimitationsthatmanyoftheseapproachessharthemostprominentofwhicharedifficultieswithsc1linguptolargerthantoyprThe reader who is only interested in models closely related to HRRs should just rSection 2.2.3 and from Section 2.4.2 onwarconnectionistmodels

Loc1listnetworks thatcompute by spreading activationandloc1l inhibition wereamong the first connectionist models of higher-level A unit in one of these represents a proposition, and the activation of the unit represents the degree truth or likelihood of the prrepresent interactions between prpropositions can either activate or inhibit each otherThe networks are run by them tosettle toa stableSomeofthemoreformalworkwithloc1listnetworkstrlinksasconstraintsbetweenpropositions,andan1lyzesthesettlingofthenetworkassearchforanenergyOneofthemainattractionsofthistypeofmodelisitsstyleofcomputation,inmultipleanddiverseconstraintsaresatisfiedinpar1llel.This contrasts with the sequential styleofcomputationinrule-basedInrule-basedmodelsmuchtimebewastedsearchingentireclassesofanswersthatwillberejecteden-massebyappliedlaterinpr18 represent18ionsaregener1llyloc1linthesensethatunitsrepresentpropositionsinone-to-oneHoweveraspointedoutinthediscussionoftheloc1lversusdistributed

sometimesloc1lrepresentationscanbeconsideredtobeatahigherlevel,atwhichtheunitsarethefeaturesofDerthick[1990]this point, and his model is sensitive to similarities induced by sharing reprIn all of these networks, relevant propositions are made explicit by devoting units representisthisenumer1tionofpropositionswhichmakespossiblethesimpleofEverythingthatneedstobeconsidered,including allpossibleis laid out explicitly. Connections usually encode pairwise interactions between entities, so interactions among more than two units must be expressed as several pairwise

whichrequiresmoreunits. Thedownsideofthissimpleandexplicitstyle ofrepresentationisthatnetworkscanbecomeverylargewhentherearemanypropositions.HolyoakandThagard’s[1989]ACME,whichperformsan1logic1lmatching, is an example of this; the propositions are hypothesis about matches between structurelements,andtherearemanypossiblematcheswhenthestructurescontainmanymostofthenetworksdescribedheretherepresent18ionsandtheinteractionsare

constructedbyhandorbyacomputerprogramfromaprioriknowledge,ratherthanlearned from Shastri’s system is an exception to this – its connection strare derived from frequency There are other loc1list systems which connection strengths, e.g., Neal’s [1992] and Pearl’s [1988] belief networks. Furthermorschemes such as the Boltzmann machine learning algorithm [Ackley, Hinton Sejnowski 1985]can be used to learn connection strengths in a loc1list I review six models here: three for parsing natural language, two for doing inference, and one for mapping an1logies. Natural language processing is a popular task

because it requires complex tempor1ry data structures, and more processing power provided by a finite state Explicit representation is a common theme in models–anditresultsinlargenetworkswhenmanycombinatori1linteractionsmustberepresentedwithsepar1teInterpreting and parsing language by constraint Waltz and Pollack: “MassivelyPar1llelWaltzandPollack[1985]devisea“MassivelyPar1llelParsing”modelofnaturalinterpretation,whichintegratesconstraintsfromdiversesourcesintoahomogenousTheconstraints rangefromsyntactic, i.e., wordorder,phrase structure, etc, through mantic, e.g., selectionalrestrictionsoncase-rolesofverbs, andcontextual, toe.g.,typic1lsituations. Figure2.1showsanetworkwhichintegratesalltheconstraintsparsingandinterpretingthesentence“Johnshotsomebucks.” goal of their research

is to demonstrate a system that could apply all of these constraints in par1llel during the consider this style of processing more efficient and more cally plausible than rule-based systems which perform syntactic processing first, followed

by semantic an1lysis, Their model uses different units to represent different syntactic interpretations of worphrases and different senses of words. among the units are either inhibitory,mutuallyexclusiveinterpretations,orexcitatory,forconsistentinterprWhen the network settled to a stable interpretations after fifty or so cycles.

Inhibitorylink

Exitatorylink

DET PN

BULLET

N V

WGROUP

V N some bucks shot

FIRE

ADJ

PN

NP

N V NP

DET

DEER

RESIST

THROWOFF

DOLLAR

MAN

TIRED

HUNT SYNTACTIC

INPUT

Figure Wand Pollack’s network for parsing and interpreting the sentence “John

shotsome(AdaptedfromWaltzandPollackThesystemconstructsanewnetworkforeachsentencepresentedtoit. It uses a chart

parser to find all possible syntactic parses, and translates these into a network form. standing for propositions corresponding to different parses are connected by links, and units standing for propositions corresponding to the same parse are connected

by excitatory example shown has only one full parse, but nodes are constructed for the alternative parts-of-speech of the worsystem adds further nodes and to the network to represent the semantic and pragmatic interpretations and constraints.

One serious limitation of this model as a technique for language understanding is that a conventional symbolic computer program must construct a network which embodies all possible syntactic and semantic interpretations of the seems that most of of parsing and interpreting is being done by this program – the connectionist is only choosing among pre-computed limitation is that all units and links must be supplied to the system in advance. Wand Pollack discuss issue and speculate that distributed represent18ions with microfeatures might somehow used to overcome this problem.

Cottrell and Small’s [1983] model of word sense disambiguation has many to Waltz and Pollack’s It differs in that a single network is used to deal with all

stimulus,butthepartofthemodelthatan1lyzessyntaxisundeveloped. as the network gets larger, i.e., as more words, senses, or syntactical alternatives aradded, it gets difficult to control – the network can settle into states which do not represent verb 6 verb verb verb

4 verb

VP

VP NP VP

S → VP

shorthand notation

S S VP

(c)

Key unit

(d)

(b)

rule

inhibitory main unit exitatory link 0 2 1 4

9

8 7 5

rule

(a)

VP → VP → verb VP → verb PP primitive

2 2

1 2

VP

S → NP NP

Figure 2.2: Components of Selman and Hirst’s network for parsing sentences from a grammar(a) and (b): two examples of grammar rules and the connectionist which implement (c): binder units (units 1, 2, 3, and 4) are used to three rules for VP. (d) The weights on excitatory links in part of a typical parsing network.

(Adapted from Selman and Hirst [1985].)

any sensible interpretation of the input.

Selman and Hirst: parsing Selman and Hirst [1985] show how a context-free grammar can be encoded in a tionist network, so that parsing is accomplished by letting the network settle to an energy

minimum. Waltz and Pollack’s network, their network can parse any sentence to some pre-specified maximum length). Howeverit does not incorporate any semantic pragmatic Theadvantageoftheirsystemovertraditionalparsersisthatrules

areappliedinparallel,andthattop-downandbottom-upprocessingisThey howtoderivetheweightsandthresholdsfromtherulesinaprincipledmanner, whichguaranteesthatthesystemwillfindthecorrectparsewhenrunasamachinetothermalEach grammar rule is translated into a small network, and networks for rules are

combinedwith“binder”units(Figure2.2a.) Alternative produc8ions(i.e.,theorbodiesofrules)arelinkedbyinhibitoryconnectionsandtheheadofarulelinkedwithexcitatoryconnectionstothenodesinthebodyoftherule. TheweightsarsetaccordingtoasimpleThesystemdoesnotlearnfromexperience,thoughitconceivablethattheweightsonthelinkscouldbelearnedusingtheBoltzmannlearningalgorithm. can be shared using binder units, rather than which can save many units and links. Figure2.3showsthegrammarrulesandaforparsingsentencesofuptofiveworToparseasentence,thelexicaltypesofthewordsareinstantiatedinthebottomrow

ofthenetwork. first word goes in input group 1, the second in input group 2, etc. If a word has more than one possible lexical type, then more than one unit in the group can be

NP

NP2 NP2

NP2 NP PP

#4

#5

verb

26 27 37 38

43 44

#2 #3 inputgroup: - det - - pr- verb

1 14 13 12 11 10 9 8 7 6 5 4 3 2 - noun verb adj noun noun

39

35

41

33 30 31

15 16 17

20

24 25 18 21 22

19

S → NP VP S → VP VP → verb VP → verb NP VP → verb PP

PP → preposition NP NP → determiner NP2 NP → NP2 NP → NP PP NP2 → noun NP2 → adjective NP2

S VP

28 VP

36 29

VP

40 Figure Selman and Hirst’s simple grammar and the network for parsing generated by Thenetworkcanhandlesentenceswithuptofivewor(Adaptedfrom

SelmanandHirst[1985].)

turnedon. Thenetworkisannealed,andwhenitreachesthermalequilibriumthecorrect parsecanbeextractedfromtheaverageactivationsoftheAgain, this network can use very simple computation because it has a very explicit

reprThenodesinthenetworkcanbeseenasanenumerationofthewaysin whichasentencecanbeThere is a node for every non-terminal in every it can appear in the parse tree. Forexample,Node32istheNP2thatcanbeginattheword,Node36istheNP2thatcanbeginatthesecondword,andNode42istheNP2that

canbeginatthefifthword.

One problem with this system is that there is a hard maximum on the length of it can parse. Another is that the number of units grows rapidly with the length of sentence to be parsed (n

), and the time to reach thermal equilibrium grows with

the number of Forunfrustratedsystems,thetimetoreachthermalequilibrium scale well. However, if there are high energy barriers, Boltzmann machines take a long time to reach thermal equilibrium.

1 In practice, the system can only be run for a finite 1 Geman and Geman [1984] show that approach to thermal equilibrium is guaranteed if the temperature time k, T(k), satisfies T(k) ≥ c log(1+k) , where c is proportional to the maximum height of energy barriers. we are interested in the distribution at lowy FS5 729 lineto 159968ork pe02643h 729 male shagammar units. e2510.q Ff(be)p eop %%y(17 %y(166 22o35 bop 905 -1003b(Sin 53F2643,ombined002 y(wmean)15 b(is)g(with)f 1833 y(pf)f de)f (36)doesf)f(is)i(guarg(oach)h(t)f (csn)g(pne.ic)g(or) 53 143Ch70oyakections)fS)i(os:r)o(ds(for)f(peratenf(a)h(networ6 53F152Ch70oyakeetions)fS)i(osh(Geman7]tur)o(lowd)f(thf)h(ovf)i (comf(derive)fh(saxuarg((the)g(lelst)h(enumeration)ted)h (ht)gsucs)f(w 32 53Fseed 1638 y(Selmangb(and)h(Hginked)hav)f(letarapidnd(at length)m-up)h(pr)o)q(f(letu)q(fo)q()i (upad)f(Hd00)q((r)o(ea)q(b(ar)op) q(utwor)o(ds)g()g(l)q(id.)f(w 3)153 .)27ibrit4 y(sypes)f(oir (upapeter (g(primfoy(to)d)h)o(or)os)g(time)84])h(sheked)vie])h(she)12 bo(lowd:)k (withAb(inpuCthe)g(connect(Sin )153 C(a)f (context-fr)Pnal)g y FH02 yt)gim)g(doesf C(a)f (context-ff (us)g(thaond)htde)h(42)doese)f(to)glf(ra uCthe)g(connectherib(if)binderor)o(d4 2211Tive)fthe)f (netaticnec)g(ruhead)g(e)g(to)ctangulb(gra(gyae)h(body)cales,32)g(is)h(the)f(bottom)f( lengthed002 y(wg(a)aways)f 5) 53 g(of)f(u(runeo)g(r)o(eg(non-teto)eymboortition)g(off(langu)f(a)fhnce,) h(the)f(lgxical)h(sypes)6fth) g(wor)–)g(dou y(j(!)g licate6)053 !)f FA(deteowever)o(etc(leng9 y(2031 yb(Foions)i(of)fcalesb(nodes)h(inbottom)f)12 bbovfg)h(g(a)awa)f(uaer)g(of)f(node)h(g(r)o(very)g(non-tef(wi6 53F2n32)g(isg(langu)f(a(uni)h(a)g(seni(dou -phraseoup)f(2(len2(oupAver)m(d(of)f(senth(42)y(r)o(epr)oy(lioach)h(t)f this)e(netb31b(Th7)0530rage)f(af(pe0ain,)et)g(ca(is)g(rinst)s(”)h(uodes)h(inbo(the)f( gottom)f(g(body)f(of)g((to)ctangleor)–)g(than)g2652 y(w(upe(gramcolumn.)f(w ewpa111ftem)g(o(inbonthe)g(network)g(42)f(is)o(ect)f(pt)g(intdvantage)g(of)f(the)cessing)1946 y(r)o(epr)h(applied).e.,)g(rage)f(activantage)i(of)e(f(w 8)221 2031 y(thacolumn(number)i(of))f( 7 46 y(r)o(epr)sad)g(e)int )gnces)f (fr)o(g((tafrg(oach)h(t)gottom)ot)g(ruleLthe)fer)m(onal)i(of))f(bbovfg)(right-ha8 53Fbef(at)ia f(second (!)faceimplecolumnsagmatic)i(cons)i(of)f(the)g(sytime)g(to)y(r)o(epr)er (vali(w(up833 y(parse)g()e(u0ainO6 b(Anoy(NP053Fsingaf(pe3 b)i(of))h(wad)g(du,)g(and)f(i(of))f(iFH(Ge)faceimp)fcalesb(ng(to)y(r) o(epr)es)i(of)f(amo)f (try)g(non-tby)h(itIfmachinehf(ar)o99053022of)f(senthos)g(then)f(mor(the)g(wohr)o(e)f b(if)h(thgr)o(e)f(ar)spacesb(nodes)h(inbottom)ctangle,42)f(is)o(the)cigim)g(shiftransld)11 (thanitives) 53F23lumn(nulel,)g(ang)g(the)g(netglf)29d(sytime)g(t o(eprk)gor)osed.)g(it3thacon(afuesagmun(al)g(o(inbowholeth)g(of)g(s11 (hos)lement)053Fbend)f(m-up)h(pr))f(paarse.)fer)m((the)g(wor)sli(,)g(Noe)cestion)g(of)fback)ration)g(of)fnll)g (nes)f(oir (uible)g(in terpr)o(etas) 2 b(lement6053 239i (raint )gnoach)h(t)gottom)ot.)g(g(i i)y(r)o(eumranslstag(senslmangb (36)ttom)cthe)g()f(p)o(ee.)181b(Thtoth(the(ect)f(p (36)aticndee)f(shagatoxplici2 53only)iw(is)g(i)h(uode2)f(is)o(the)g(r)o(d,)hw(so)e(f(it)fsli()g(Noe)ch)h(t)gobackor)o(ds.)1810(The)02 b(arsing)lst)h)o (este)e(and)h(imum)f(lemen2) 53 tiokh(the)f(parse)g(snd)htdS(that)gg(to)y(r)o(epr),i i)(us)e)h(t)go (in)h(sypes)h(t)go (ie)f(parse)g()f)h(so)e(getdS(puccomp hNoe)c)g(ang)gtop(lemen3) 53 c FH(Gb y(parse)g(translat32)g(isg((amo))h(waked)a(42)f(is)o(ect)15 b(is)h)sli(,)gNoe)cesh(inbo(ackorr)o(13)1040A(42)nces)g35 y FQ(Selman b(and)h(Hir(the)g(connectiional)geowev g(o(inbo(the)g(conparsarse)ghe)g)h(uodef2Ch70oyakeinput.4153 13dng9 y(S)i(osh(Hgi(the)g(netgf)h(therdoesi)f(be)f(,ff (us))h(o(ds)g()gg(to)f(Adapted)f(fr)and)f (th)f (context-fr)o(ee)g(gonnec-00530mar)gorrh(it.)181r)m(,o(e)g(ntercor)o(dhcor)f(bboe)c)g(aio(eace)03 b(network)b(is)g(htdS(ovf)i (comfs,h)g (up)y(to)d(f (pr),i2)g(isetwork)) 53 h(saxuarh)d(of)f(sef((the)g((ng(to)he)gcenumeration)26 b(Aramcohe)g(connectiional)ggorrh(it.)181r)m(memexcitatot)h(enum)g(rule61853 tioig(ang)g(the)g(net(r)o(eult(second)htr)h(ced)h(uag(seg(timeamcop(mor(ces)g3y(to)d)ical)hestion)2510 handle)f(sentebprke(gonnec6) 53 )o(e)yb(Foi6 b()f(linksIt81b(Ththat)g(the)d(corly)f 1833 y( andle)f(senhoblem)i(the)g bs)ichcor)j 1833 ydparse)g(s,utation)h(be nehf(ar)newp153 1833 ykstion)2at)h(nusegmpr)sai 2596 y(of)e22of)f(sen ystem)g(does)fdepeel,)gupon32)g(is)hexaorr)o(ect)f(ption)(belie(gonnec7)053 segmpr)s.((b).)29 b(Howeve3that)041i)h(uunag(sensoach)will)h(h(and)f (the)d(corrgo (ie)f(pnode)hceimome)h(embedd)o (esing)i(senten 184 53Fbeon)h(bg)1946 le02 bs)o(ect)15 of)2)f(is)o(ect)f(pt)g()g()f )sli(,)hNoe)c)g(ang)fback)ration)g(of)fnll)g ((Selman bgf)h(therdo(eac2510b(Anoy(19) 53Favailag(sens(and)i(shekel)i(intuglf(rar)o(e)f(ar)nee()f(p)onksIt81b(Th (36)doesf (ln)g(apppes)h(te)9 b(ar)een)f(y)f )deepnet(r)o(l(enum)hip(lemen9)0530bprwend)k)h(tt)f(ptot)h(enum)gp-down)h(f(of)g((to)laA(adjecdppeo)willcultr)f(j 1eoy)f(or)oadjecblem)i)h(tt)f e (lar))sai 259ition) onSg(a)f(s3thareasooy(leences)2953 1435f(ie)g:(j (any)h(seci(and)d(ne t)f(is)853F1523f(ie)gr)o(dseman8](ordescribe)f(uaer)cohe)g(connectiace)03 b(ne FH02 ytammar)hepeo)willciinglcitatoe)h s taarful with7 53Fbe 2.1.2se.ht-hand lar ption therse sooy(l.)39(ee.)1818(The)03 b(ngwork)f pe(nod)s(is)g(ert)11 bn(te)h(g(senf(wit4p153 FH02 ye3thatm)g(will)hed)h(using)o((is)g(ertil)hestion)a(simplg(sptnnealed,)gttom)ctgny)f(p,i2)d002 y(wtm)g(will)hed ds(csn)f (tt(r)o(r)o(om)e)cestion ,f(inlbg)1946 (sooy(lnder)s b(how)g(porti(ows)f(wds.) 53Fex(sptnum)3 y multrpar)h(rn(te)h(g(sens bo(d,)hplgwit7gcen(ocessnnod)henumeraules)h(en)g(a)g(prinjipled)g(mag(uno(dsInnetwor68)572(th)rad)fe3tha(how)26 b(Ah)cohe)g(connectiace)03 b(s,96 y(of)h(thgr)o(e)f(ao((is)goftem)f(is)g(thi(Hgi(the)g(neimple)h g(42)f(isetwor6)0530(the)d(corr8lman)swb(Ah)ules)h(slst)gcel)11 (lst)h)o (e2643arriers.)g(i9thacom)o(r)o)c)g(ang)gcos)cestion)exy(r) o(es(adn(es(nulel,en)owb(An)f(be)p eop %%4 38 %4 376 22o35 bop 905 -1004b(Sin 53F–)1b(Th.f(ie)grnthos)ao(ickrustramar)hext)g()gto)d)curreh(uode2)f(is)oe ability-exy(r)o(es(adn(es(s b(radeopeo)ion)i(,f(ie-speciitives 53 nked)Li(isqueections)fB)f h FQ(s birst)g(r)o(d1) 53 Id)i(.f(ie)gh(Hirnist)e(netwe)04 be)g(to)y(r)o(epr)e hmplg(spts,uta((is)g(ertil),ectionsh(wad)vi(ugls,(nulel,)glthe)ferthat953 1946 y(r)o(epr)net(r)o(l(enum)ntebprw(be)g(tent)f23 ed.)211b(The4thatm)g(do(eF2370oy(leh)ulvolvoy(li–)g(,)et)g((r) ochctcoremperati 2596 y(ofetwor) 53 e)03 b(ngwi(Hgig(to)f(Adapted)f(ft)gsh(eempr)sae Fe)htnd)f(wde2)f(is)onod)h(thewithknowprigon)f(tvelnder)ar)oangu)f(a)f259itio33253 2397dhe)02 bor)o(ds.)1811y(One)7 b(pr)o(oce )o (e)g(eonod)cestio(esy(r)o(ad)f(letaage)f(actenslmangb nf211b(Tf(sen y)een)is)f(e)oy(liways)f 3)053 2643 jFH(is)g(pr)o(oportional)h(to) ie th(sptuportihie()o(e)chy)-(b))f23 ed. Thengworkcansoob(Sin ) 53Fbboeertilslsingleof (bjcorr)oisrateieteg(sgp-downe)g(t o(ctgny)f(puta((is)g(pr)s)ao(g(nots)g(tentagatoxpli 557 3onlyc3y(lvoy((uode2)fong)c(o 1 )g(appeas)h(inbodep)g(estion)g(ofar)o(e()o(e)chy))fhnoit)h(can)g(p)is)g(a)g(w)o(e)f(len3ratePo(e)fvious)leme6) 53Fnod)ul(enumtituenttioh)rn(te)h(g(sens(e.g.,)ar)2540 emperatzkyh(Hgiirst6b](liwa(te)h(g(sgjce)03 b(s,9fes)18 (Ey(ofingtoob(Sin6)053Fdownk(Reitif)bih(Hgiirst3])f rn(te)h(g(sgpr)o(e()o(e)chisentences)gFex(sptnum)3 htglf)29d(ea((is)g(pr)s)k)b(is)g links)if(w e2)572ines)d)exythaf(inlbhuni)hrinl)))g(the)g(time)y(lvog(units7)1498Ajjanagaddfg)(righhh.f(ie)grhiirs91]nbodescribegp-doan)h(nh(g(smpr)ti 2596 y(rium)e)03 b(ne FH02 ytaglf)2)ferth8)2211veryThusllexisyich(is)gatej(iFH(Gh(t)go f(ie)number)g(ofytagage)f(activeatoxplic8) 53 singan)farinborrcesfrrncesthewi61ag(small)g (ngwoycleof hos)g(o(g((the)g(estion)gf(ies)k)dury(leenc 95353 FH02 yd)i(of))h(ence)h(can)gage)e.iitives7853 143DertH02krou FP)KLONElement6053 -10DertH02kh(Hgiirs90])g FP)KLONE)o(the)g(ipnode)hwithMundane((ng(to)(sooy(lnder)g )o (e)g)26 b(Ah(wry)fmpr)o(ese(lemen2 53otiod(o(g(nod)h(thelog(sef(wde g(o(g((can)g(p)isatic)i(cos)h)s)02 bor)9 ed.)20 b(Thlangu)f(a( (wry)fmpr)ransla)12 b(e(sub)e)c)f259ition2) 53 B)f h FQh(Hcbirst)a])g (KL-ONE: htglf)isatic)iucf)ex(spt(g((the)g(gng(to)he)gcenum)3 ht(in tga)geochawa),erminvect)flemen3l.s,utadownelh odescripenumther((is)gvi(,d(r)o(d13)1040.)20 workicalcestio(eg(to)(sooy(loh)and)f e)02 b(sysiansla)1i(quiteng)lst)hdsg(a)geonolf5hertilsent(ang)g(amo)f withmundane(lemen.4153 g(to)(sooy(lnderg(u43 ed.)20unitsthis)h(sywill)h(42)f(is)omod)f(Hlikelcita)e)cfengthchrsuglituentnbe(ea(articulb(grasitup(esent)o(eeAlnce,)i(1b(Th tde)h(4gobasranslo)g(be(helog(sh(thelangu)f(,utais)g lpe(nod)entences) 53 h(s2fool)g(a)g(ynder)geg(to)(sooy(log(unit)h(ow)g(t,)et)g(r)ognmpr)testion)grues)gFfaluem)ar)een)basranelo)g(bthan) omod(p)isngthprsese(l7enttio6 y(of)emar)g (rnces)fy(of)e2sh(thes)f dn(es(s btm)g(ma(,)gNso)k)b(is)itive6systemnuleAhao(Anoy(17)053 mar)g tadownelh owill)g(e)ilauepoiuibleinterpr(r)o(d1844 40.)20dOytheugl,ermif((is)g(ertil),eg(72)h(ues)f l(s,ug(72)h(ues) tga)gf)willrsdownet((is)g(ertil)hf of)2syi(Hgig(to)f(Adapted)f(ft b(e(speciwillco(ese(jotiod aptam)g tadownet(r)o(l(enum)nh Fe)htnd)f)ules)h(g(KL-ONExplicit) 53Flike)f(langu)f()g)o(ds.540 i9thane)7 b(pr)es)h(g(queryh(uagous))h(od)f(wdd)vi(ugli2)f(is)o(the)g(gobuild)12 b(is)ll)g (ngwnces)gFehf(ar)on9cfrs.0 workIn(te)h(g(sgtuentns9ition)) 53Fpe(nod)oy((unked)and)f (tmpil)g(mag( work.)1811y(O(r)o(eultcor)o(e)03 b(ne hos)aoh(g(g(of)f(g(to)y(r) o(epr)y(loh)and)f )tijunc(ese(leme207 53 tio)o(ds)f(r)o(es)f l(ch)a)h(h((g(r)o(will)g(rcf)w i(inAe)g)2)h(ous)(bthask)p FHaer)i(of)f(g(to)y(r) o(epr)y(loh)and)f )tijunc(ese(leme212653 tioes)f(r)o(((is)g(ert)11 down)h()f(r)o(will)g(rcm43 nulel,eni(of))f( 746 y(r)o(epr)ed)h(using)o((is tg(ertil)enstioh)and)f rnd)vi(ugliteme21)1498(th(se)f(or35(ee.)1818(Thlthe)fhebprw(be)e g(of)f(ugf)h(thesatic)i(coss)k)d(to)f(Ad acted)g(fr)o(om)hH(is)g(pry)f(ps(nulel,ences)3953 mar)g c8(th(se)o(oce )o(inbo(th(spts)(ested)g(in)ge)03 b((paarseSi)ul(eecii4 b)f(is)hcor)o(tm)g(us9d(sytime)se)o(e)ch)f(nodeences)9625o)olyc3mod(p)iswces)n)g(isg(l)29sn)g((of)i (enehuniFH02 yf hos)eomod)f hmplgc)i(coss)gH(),)h(satd(len2o(d2352040.)20 9y(O(r)o(y(r) o(epr)(computaunit FP))j6)p FS(KLONES(that)g(cita)ebe)g(seego(thh(eac25ch(thedownet(the)g(dif(or40 onSg(a)f(stwork09498(th(spts))h(ongf)h(thes 746 y(r)o(epr)h(appnked)singleof g(of)3 nube)cdwo(e)eter ((tvelhesati(spts)ingf)h(thes 746 y(r)o(epr)h(appnkef(wit46553 18rke(mtit0enttioh)and)f eg(a)f(f (th(spts.0 workInituenttnis)hexa(a)f(f h(s2saily(lnder)s(tm)g(origon-tlcita(and)h(will)g(rcnstioh)and)f h(s2jobnder)f(wds.2253 es)f l(Anothenodef h(s2.540td(deror)(b).)29 b(However)m((haond)and)f e)02 b(s(tm))h(fol),)g(ao)c)g.540td)e)e(32)aer)mil(o(opimperati ilayboy)-(the,o)o(dslel,ences57053 2hus)lb(Thstem)g(doesg pe(nod)s)f(tnuh(lh olagours)onod)aoh(g(liv)f(,utais)g(shift(32)g(ise(es)f l(ch)b(is)g lyaily(l(jowill)gs)g(tim)g.540td’snetwor6 553 hobby)-(theor34sed.)g(it7enth(42)yose)f(pofFbeon)h(bd)and)f job(slg(toolsgp-down d)and)f hobby)o(es)f l(ch)af)h(thereg(ilb(gowevjo(thh(eh(ced)hf(wit691530wdsh(g(sg c8tio6 y(off h(s2hos-,o(e)g(nternder)s(es)f l(.q Ff(be)p eop %%5 39 %5 386 22o35 bop 905 -100(24)moveto 1 setlinew8 5921 4 125F)lb(T 114=)h Fz(P)p 5arseG)lb(T 114=)h Fz(P)366 2p153 G)e FF(:)h Fz(g)p FF(T)q FHA(b)p FF(,)c Fz(!q FHF(k)p366to 10y 125F)lb(T 114:)f Fz(f)6(T 114T)q FHA(!q FHF(,)e FA(b)p FF(k)p366t429)173 3P)lb(T 114:)f Fz(pq FHF(k)q FHA(x)p FF(,)7(-)-87y)p FF(k)p0)g(31)p currentpoint neovet2) 572(166029 29 0.00 360.00 @ellipse stroke 93wit9904 125g)k 114=)h Fz(pq moveto currentpoint newet2) 72(166029 29 0.00 360.00 @ellipse stroke linew(f0 wor 114=)11(-)-170)1ewid3)753Fb)e FF(=)h Fz(x)-3rh(itbver)o FF(=)h Fz(y)1ewido 98y)a(s FF(=)g Fz(y)-3rh(itaver)o FF(=)g Fz(x)294 87689 96S)iucfur)h(thes1:)294 3)826 S)iucfur)h(thh(2:)1e)f 3953Fsiny)h(ser)g(ofy0)g(31)p currentpoint n966t2) 572(166029 29 0.00 360.00 @ellipse stroke ewidth currentpoint new42t2) 572(166029 29 0.00 360.00 @ellipse stroke 6oveto 3 setlinewidth currentpoint ne)96 3)151515 29 29 0.00 360.00 @ellipse stroke moveto currentpoint ne326 340 1515 29 20 0.00 360.00 @ellipse stroke moveto 1 setlinmoveto currentpoint ne374 3)1572(166029 29 0.00 360.00 @ellipse stroke moveto currentpoint ne374 1path2(166029 29 0.00 360.00 @ellipse stroke moveto currentpoint ne134 1path2(166029 29 0.00 360.00 @ellipse stroke ewidth currentpoint ne 1503)1572(166029 29 0.00 360.00 @ellipse stroke 6oveto 3 setlinewidth currentpoint neto 7340 1515 29 29 0.00 360.00 @ellipse stroke moveto currentpoint ne188 220 1515 29 20 0.00 360.00 @ellipse stroke moveto currentpoint newaar220 1515 29 20 0.00 360.00 @ellipse strokenmoveto currentpoint ne2vetopath515 29 20 0.00 360.00 @ellipse stroke moveto currentpoint ne)96 opath515 29 29 0.00 360.00 @ellipse stroke moveto currentpoint ne2ve 3)151515 29 20 0.00 360.00 @ellipse stroke moveto 1 setlinmoveto currentpoint ne224 1patstroke m)96 opat39 4551lineto stroke moveto currentpoint ne224 3 1720 576 m302 3)1561 4160lineto stroke moveto currentpoint n1194 220778 2[6 moaar3o 709 640 lineto stroke moveto currentpoint newo 7340 78 2[6 moaar22 709 640 lineto stroke moveto currentpoint ne 15022 709 781 mo1503o 709 640 lineto strokenmoveto currentpoint ne374 22 709 781 m374 3 1177 840 lineto stroke 6oveto 3 setlinewidth currentpoint ne0(wit80 1515 29 20 0.00 360.00 @ellipse stroke moveto currentpoint ne458 t80 1515 29 20 0.00 360.00 @ellipse stroke moveto 1 setlinewidth currentpoint ne(NP2t80 [1 348 mo58it80 09 640 lineto stroke 6oveto 3 setlinewidth currentpoint no 1531151515 29 20 0.00 360.00 @ellipse stroke moveto 1 setlinewidth currentpoint new142t80 [1 348 m662it80 09 640 lineto stroke ewidth currentpoint newpar304778 2[6 m446 3)1509 640 lineto stroke moveto currentpoint ne446 1patstroke m10 y(51509 640 lineto stroke moveto currentpoint ne41502014[1 348 mo94 251509 640 lineto strokenmoveto currentpoint ne41503 1177 752 mo94 3117621620 lineto stroke moveto currentpoint newp4 2515stroke mo8f(in 358o9081lineto stroke moveto currentpoint newp4 304778 2[6 mo 983o 709 752 lineto stroke moveto currentpoint n8462t80 [1 348 8942t80 09 640 lineto stroke moveto currentpoint n81528515stroke mo62 opat39 455 lineto strokenmoveto currentpoint n81523 10801810omo62 3)1509 640 lineto stroke 6oveto 3 setlinewidth currentpoint neo 1731151 15 29 20 0.00 360.00 @ellipse stroke moveto 1 setlinmoveto curreno 153115mo62 4pate446 4pateo 1731154 @ChaikinSpo 1 Draw stroke moveto currentpoint ne254 4 572(166029 29 0.00 360.00 @ellipse stroke moveto currenewo 7o 799ion24 967it4p 3 @ChaikinSpo 1 Draw stroke moveto curreneoaar52 15veto24 1w42t24p 3 @ChaikinSpo 1 Draw stroke pli 598 aF1525 y FS(FiguFF(26.4:r)osed.)271b(Thell)g (ngwACMES(wnks)iramcohc)iucf)nsoach)will)h((od)f(analog(sh(tg(mapped)h(ubprw(be)f(wi6 453 )olyc3l)g)etwor)hestion)H(is)g(pry)f(ps(n FM(f0 FHO5F)FO(NP:s)h(thf)6(T 1Srsed)g (a)p FS(,(n FO(b)p F341oy FFHO5G)k 1NP:sh FO(g)p F341ed)g (�)p FS(,(8(T 1(a)p FS(k)p0 FM(gp FHS(righh FM(f0 1(P)FO(NP:sh FO(p)p F341ed)g (xp0 FS(,(8(T 1(y)p FS(k)p0 FM(gpp FS(en2o(d7) 53 Like) work.f(ie)gh(H)e2)02 b,(n FP))j6)p FS(KLONEchstem)i(doesf 2370o)o(wi61n)h(f(of)gthe)f (neti(Hgig(to)f(Aeapted)f(ft mar)g plic852040Fe)htnd)8entn)gg(o(g(nod)h(thelangu)f()g31(-)-P))j6)p FS(KLONEo(dsllso)k)g(to)(soosh(uagous))(jus)cestre(r)pr)ety)-(the,o9y(Obe)c)gork)f 1946 y(r)o(epr)nnoy(N09498the)orhrner)associ(enum)n gwnces)gF26 b(Arues)f l(senslmangbwill)g(rs.0 8(-)-P))j6)p FS(KLONEo(dsi)h(uunag(sensoach)1946 y(r)o(epr)netis)f(exeenc 96553 o(e()o(e)chish(t1b(Ths)iucfur)h(t,ofFbeon)h(bd)in)g(pnlcita(r) o(y(r)o(epr)sad)immedi(du,)g(r)o(l(enum)hip(32)g(up)26 b(Ah)pr)etisentence102253 lel,enf(it)fnach)wae)h(body) 746 y(r)o(epr)ed)h2)aer)chawaft)gtio6 (r)o(l(enum)hip(.iitive)g(16F2K(2.1.3)50rse.)alog(sh(teratemapped)hition23753 143Holyoak)r)o(d,)hThagard:(Selman)alog(sh(tc emapped)hfpnked)atic)i(cos)h)s),)facfese(lemenoaary FS(Holyoak)jslmangbThagar) y(w(uirst9]Hgig(scribegaoh(g(l5ch(nectramcohe)g(connectiimod(p)eiFH02 yf will)h(4)g(e)good(ar)on38253 lealog(sh(tcemapped)htebprw(be)g(twone)c)iucfur)f(shah odescripenum)by)h(it.)1810rsedescripenum)nhngf)h(thesin32)g(is)hnod)stence143953Ftio6 wor)hestion)H(is)ed)g(du)3 nunces)b(thercor)o(glf)29d.ic)grse.o9y(Ogood(g(mapped)ho(tm)g(dewill)ransld)11)g()g()g()ramcohccoss:(lemen. 98y)isomorphism,verd(ny)h(ser)eg(ilb(ety)-(the,o1b(Thdowne)prag)hensef(ceimoalety)-(b))f21rse.oi4 b)mappedo(g(tre-to-ntences52040onh)f 18ired)h(unces)fy(ofg6 lempr)sahaptedfh()f(r)o(c)iucfurb).tppeduiuo(e)gitive608 y((haonef(tppransl lempr)sag(we)9 b(ar)ond)and)f eamorrcsorslg(to)(sooaf(poss2643,o(uodes)h(inbo(elief)k)b(is)g ly(to)d(o)swb(Am43 y i(inAh)uf(ar)newp153 y(to2643h)f Feis)gag,(arsing ebprke(gf )o(e)o(vere(r)o)c)gale)g)o(ds.)1811y(Oythe)g(systemg)g(por)h(wces)naousthenmoreeisha6 b(Ah)(and)h((tpped)h(uilvolvoson)H(is)ed)g(du)gga(h02 yf gf)h(thn)(elie)f(Adaa(simprio)grntoach)berectrpruembodioy((uode2)aer)coed1890040.((is)go(eeef(cn)g((AdaACMEh owe.)alog(sh(tguCthc)i(cos)lemen94753 Mapped)htaEng 1 (len32 b)ACMESelmaatic)iucf))f(aer)coheconnecti(e)03 b(ne ingga(h02 yf we)04 bh)1946 y(r)o(epr)nleme2001498(tmpe(af(pe1(Thdownesatowy FSo(oce )hyp26 bsish(uagous)fwmapped))nhnbprw(be)e y(of)e lempr)saf of)2isareor35(ThN)04 bdsg746 y(r)o(epr)ed 8(tmpe(af(phemapped)hfphyp26 bsish(uaf)h(thesatie)g(h(appnke)h(inhibitexci256rst)653Flin(s,9e1(Thdowndwe)04 bh)1946 y(r)o(epr)ed)ht r)t)f(empr)ornerthesatieh(agld)11s.ht-hand71040. Thell beFS(),)gglf nsla(pa)o(d.8653 C(acndee)Again,)poss2woneeexciar

ThgfGh(t)gowmumfh(g(of) FG ROLE1)f FS(i(of))f(onal)h(tok FG REL6f FS(i(of)by)h(it(b))1b(Thsh)f)1gisaxim1014 40ggivgntagerag(smsub)herixhta2596 wmumeprcdusinggi(p)o(ee.)181tives7026 maerixht0enttiohtgf2Ωb(eΩg)00 b(gliacΩ(up)itself)therdull,ujue.g.,eeMrate18enttiofFehf(ar)(9)0530submi(h)ncesorrd1320040.aisgtia(cd)h(us)gAeabyh2isaxiΩ2sgivdoblemmthefrg(prn)rsiondΩ(!lf)2y(led).e.,ngwtimeslstaf(posssh(ee.)o(ounAbe(6rst)053Ωe)g(prndr)ee6)wtorsdn(ested)g(in)gemtirstnch givhy259itio2t6053Ωi(of)downestandadjusesptoha(unkedΩ)insh(gtia(cd)hrmif)inbo18rke(m)ds(pa)o(d.Ω 53oHcoson)g((thcusies)k)84] shtm is teis repr aipnke of sshl averysi(ilb(gar)(is) 53Ω18rke(mtorrh(itHcoson)1r)m(duggest(32)g(a)cdwith)fΩO(r)o(y(r)o(epr)(enumehumber)h(slsupteis)-icalcjsati(sptoe(sh)ks)io(ben)h(f(ofaximum)3625set(jotio)hneafur)f(sshheb(is)g(glf)h(72)h(smsubati(spts)inioadjdeste)e)t)mo((r o(dsR l(enumtit8ateb(is)ffdepeel,hstnch)h(t)j(can)4953Ficalccntage)g(of)f(td)vi(ugli)h((do11)(can6wry)fmpr)rangld)11)ible)acenumeaob)Ex(sptnum)Selmaamarcan6wry inlevery using mtirΩGh(is)gweaospeciwillconal Theb(Thgf)h(thd)a60sed.sshFigg(6.6()onod)dngwtimetsf(ao)tdsgfugls11Ω(tfne)y(a)ceshcalorlhytimeofofwacspondedThmprbe

                                 Speciglit0 b(inle)acenumngwtime2902Clyde’ivgtatl empΩm2902133572g12Ω lepharenvofeatoxp473%%8153 177mehumbeo

31

                                       123ROLE4 -632Ωb31

                                       2021614vetop6029 29  0.00Ω360.00 @ellipse stroke moveto currentpoint ne095Ω1614vetop6029 29  0.00 360.00 @ellipse stroke31

7014vetop6029 29  0.00Ω360.00 @ellipse stroke moveto currentpoint n127Ω7567vetop6029 29  0.00 360.00 @ellipse stroke moveto currentpointΩn19957014vetop6029 29  0.00 360.00 @ellipse stroke 2movetoΩ1 setlinewidth currentpoint n199564959595029 29  0.00Ω360.00 @ellipse stroke 3ovetoΩ3 setlinewidth curreΩtpoint n12056495vetop6029 29  0.00 360.00 @ellipse stroke 2movetoΩ1 setlinewidth currentpoint n120564959595029 29  0.00Ω360.00 @ellipse stroke moveto currentpoint n127Ω70149595029 29  0.00 360.00 @ellipse stroke31

3131

                                       4695stroken95151995621620 linetoΩstroke moveto currentpoint ne8364663stroke 951Ω19959 1079 llipse stroke moveto currentpoint n9515199778 2[6Ωm491546639 1079 llipseΩstroke [59595] ay  0dasinmoveto currentpoint net6051995stroke m635 46639 1079 linetoΩstroke [] ay  0dasi moveto 1 setli moveto eto sntgray  0.00  moveto currentpoint n6455775tstroke 664Ω775t9 1079 662 7pat39 455 6455775t5 1054 lineto fillΩmoveto  moveto curren6455775t717t7902
onneafur3G

Figu0F(26.6:)1rIry’eNPggi,thoinsh(gtia(h(a(este)e(and) FGΩROLE2)fr-S)g)00 b(gor)9 ed.ked(g((runm(,(h)a)h(f6wup)(r)o(es)jΩ2397dΩ0‘g)g()gy’)h)18rke(m,(h)a)h(s)excinbo‘whitc’neimp8rke(mor)o(dsInitb(Thgno(egagugli)()i(coh(a(ee)03 b(12Ω(and)h(inle)acenum)nhested)g(in) FGΩPROPqf FS(g)00 b(g12Ω()ks)iplici2)3625((is)g(ablyhg8bean6wry)fmpr)ranppnke)f(tnke)fi(of)by)nput.g(ofhraulef2h(t)gΩFGΩPROPqFO(NPg)00 b(gok)detcors)e0f(isaxim11) 53Ωspeciglihofg6gmwaaoinsh(gtia(h(a(este)e(and) FGΩROLE1)fr-S)a)h() FGΩRELf6Anna,sig((r)0 ee.)181b(Th(the)h(↓(g(ofhraulef2h(t)g FGΩPROPqgΩFS(g)00 b(gh)e)t)l)hlemen06053Ωo)gga(had)f(an)sofg6wguencethocol empf(sdn(eg)00Ω ey1-(b))f30y(3.)29 b(Howeve6 ntClyde2gtns9itio1547Ωy)aFH(Gex(sptnumnlbgΩ lephar),)tadowne)y(ofgemic)00 bneafurresismf(iseΩwhitc)ho18rke(m,1f(ovf)ridcd)h(usingaxiΩ166053 defaultne inf211b(Tfce)k)b(is)gwClyde2sla),theorThe0 y(we)9 b(n)ad1717tys.sptuh(lhΩow)iucfursisag(mod(por1arse.)1810(Th18rke(mcd)tio(emic)00Ω bneafur)f(ssh85].))3572ioa)ert(r)o(y(r)o(epr)sme(ag(sati(sptohamcohc)itute)12Ωand)fgh(s2dimperact)g)(th)fntnderAsptsouncohciseΩh(s2associ(envof)g(th)fntnder)estionofsimplg(spt)f30y(3.coson)16eati(sptuh(lruw)iucfur)f(s)o(plhe)d(cspond)fuenceΩ3lcantd()etiohduggest(3h)h(tsf(e)a)g(Adah(s2iblegr(envonder)gia)h()Ω(withelabor(envonder)e)c)iucfurTfce,verrpisdimperactthandb)Furesermors,6rstassoci(envof)g(th)fntorofaadimperactm)etoac2anrsultsthofaawtoteg(sgielel,ences225Ω38g(of)alizo(ese(lb(Thgbilitie)e(u)oes28153 2228)tionlst)ha(conparionsΩ)h(isag(mod(p)isi)g()b(is)g(in)h)chat)gpnlcita(r)6 y(r)o(epr)nfstre(rΩfttom)l(enumn)gisprnrl(enum),gltre(r)asaree(r)6 y(r)o(epr)n1rrnrl(enum).(ΩworkAn26 b(A)o(e2394498oΩt)ha(conpd(tm)g(b(is)gwthof)h(thgrgf)h(thn)g()Ω(witaxuar(eeumbb(Ahumber)(r)oΩl(sens)ond)and)fΩe)02 be(u)orkAddy(le1b(Ththen)f(me)g)00 b(givhy259itio245153Ωi(of))cunode)hthenisrgh(usi)lconwitacultnhytimerilb(ety)heamo(loh)(r)oΩl(se(un(eeHcoson)1rery)14530suggest(3t3thab(is)g((r)oΩl(ser)atks)io(llso))bisar)gi(inAe)(the)g(dif((h)1946 y(r)o(epr)(enumm)ar(),)g(r)oΩl(-will)g(renΩybinded)s9ition62053Ω1946 y(r)o(epr)ransld)11)coarsd)f6cohjunFA(adjsimplded)itI(lb(Th(thcusi)s)she)12Ω(ca(is)ga2 yfuil)sconpsΩbe
ry(r)o(epr)(enumeun(eetm)g(veryhg8wideor)¡)an422g(of)fhrnodeAm(en44(ee.)18)0 eet13domg(r)grrpriv(unces)fycoh(a11sedoach)1946 membf4)gel,hstndjec1946 sulty tausy(le2Ωb(eΩh(s2Bi(co-sh(eeAΩ(uode2)aer)boxnder)fxim58153Ωd)03 b(a(u[Anderson)iuetne al.)o(oun1977]a11sed)as)ficalchumber)huto-associ(envof)gmemexc(len221Ω64653 A)n18 in,)poss2itlemeeestg(Perversety:g31(-d.)l((g(ry(le19lmaA(eth)lticxgwtime)gΩplic70253ΩNeu)alh(uN)03 b(nderk),ho(f(tm)g(mod(p)fsiit)fnat)(uodtend9d(gΩtoach)berh)g(e)good(h)wae)gΩof)2)ioaedyiconnectΩtisanalog(sh(tg(dihe)g(dif((h)1946 y(r)Ωo(epr)(comp)ng((do11)mod(p)eihumdo1impe(nod)(g(s.qo(oun.)181tiv8wpa11ovf)glf)9lmaehe)d(o)igu18rke(ms9h)a)h(h)and(e)rr)Ωo(l(envof)g((to)sponsr12)gi)l)hfrnode)hfllsoboriseaoquickb(A)o(e9)221ΩoackΩrdprΛdΩasuslanΛccthhaeg(ilb(g(uenceepf(bor’ivh6pe(nod)(g(s11Ω(tn)1rer98553Fh(t)gogask1guhead)2370oy(leh)multg(p)g(dnumnhwtag(s)or2o(ee.)1siguFF(2pe(nod)(g(s1gdcha)acete)erccsh(uaf)h(thesaok)dimperactnonnec041t38cohcequTfce)ea2596 g(of)f()alog(sh(tgew)iucfur)f(s)slof)2)f(iseΩO(r)o(y(r)o(epr)(enum)hhetioh)and)f6eumbb(t.iitive)67Ω3Ω143Rumtlha)f(helel,f6McClelllel:8)tionl370oy(le10(Th18st-tensriv(unceΩ)fvf)b)hitive25 53 FS(Rumtlha)f(dadowneΩMcClelllel12)irs86a]neΩ g(scribegaoh(h(dihe)g(dif((h)cohe)g(connecte(mod(p)fsFH02 yfΩl370oentence131053Ωton1b(Thy(r)ooducfnd)and)fΩ18st-tensr)ranod))hhumber)rr)Ωo(gulb(gar(),)gihe)d(cgulb(gravf)b).(24 ).)2yguFF(2(r)6 y(r)o(epr)nfh(wn(r)oh(4)g)hitive31)338phtndmnse9lmahe)gd))nhnin96 as)fdiheThpri,m9reao1946 y(r)o(epr)ransldreprpri:8thgΩn‘#’rw(ui b(n(r)Ωo(y(r)o(epr)ransld)1lemen.298y)a)etwotafΩofhelel,g(e),)gwymbolorb(Ah((bry)f(e,gaxiΩ165053Ωbus)h(l37voson)globglih)gΩ) y(b(Ah(g(y))f(exiOwi61ng(htdS(i)g(rug(e)yuzzprosstime)see)k)84])h(shthn)hrg(privta2596 ash(lo(loh))gΩ) y(wΩg)atks)i85].)07tyswillt987entioge6 b(Aowen32 eeIt816(eetm)h)yoseTforisprenum,ho(bus)onnnewp3572ioisone‘set’)4)usldn(ested)g(in)Ω(mod(por33(Th.)1817(Thell)gΩ(ngwtnes)ng)f(isaxim1820Ω3Ω(r)6 y(r)o(epr)(enumehrnode)hand)fΩ(r)oΩoesgΩces)fΩ(fretioh)vf72rry(r)o(epr)(enumegu(runeoo(iniΩ18st-tensr))hnod)sgΩ(e‘sat’))slofh(itael,f6McClelllelntence1933572ii(coh(a11sedh((eeoisy1impe()erc(p)i)e)51-shylo)g(mapxgwtimeΩ3dofgiy(ofgemapped)htafes)fΩ(feestputgieenceeoutputor2)o(198153ΩAlthoum)n18 in,)pofhell)gΩ(ngwi(intuh(an)gΩl370oend)aofgiy(r)Ωooducfnd)andintence8l370oy(len21sedEarl31b3(eeonn(ested)g(in)nl370oy(leg)ne)7 b(ps)nh itne)y(r)ooducf6rst5853Ωnoded6iheiseΩ(plhe)d(cc)ces18st-tensr6rstusreubeginsupccofcgulb(gravf)beetotensrnscoedmumfΩioadjecstveryosptnum

                                       3119559 1079 llipse stroke moveto eto 5 29 2y  0.00  moveto curreΩtpoint n84351patstroke 860o35  5 1054 8565rs8 5 1054(84351pat5 1054 lineto filly  0.00  moveto currentpoint Ωe2) 547bistroke 8584v94 5 1054 lineto stroke moveto eto sntgray  0.00  moveto currentpoint net3o 1patstroke mt4cΩ20155 1054 m

315 1079 e31

        91561pat39 455 lineto filly  0.00  moveto currentpoint Ω771b47bistroke 907520059 1079 llipse stroke moveto eto sntgray  0.00  moveto currentpoint n98o(1patstroke 98cΩ20155 1054 9735rs6 5 1054 98o(opat39 455 lineto fillΩmoveto  moveto currentpoint n771b47bistroke 9765rs8 5 1054(lineto stroke ewidth currentgray  0.00  moveto curreΩtpoint ne059 184778 2[6Ωm049e20059 1079 m0414v94 5 1054Ωm059 1847621620 lineto filly  0.00  moveto currentpoint Ω771b47bistroke 10465rs759 1079 llipse stroke moveto eto sntgray  0.00  moveto currentpoint net3o 1patstroke mt20Ω19959 1079 p1142rs055 1054 m)31bopat39 455 lineto fillΩmoveto  moveto currentpoint n771b47bistroke 11175195Ω09 640 lineto stroke ewidth currentpoint n6614-4atstrokeΩ661447bi5 1054 m311447bi5 1054 m311454439 1079 6614-4aΩ09 640 lineto stroke ewidth currentpoint nli) 550etopΩop6029 29  0.00Ω360.00 @ellipse stroke moveto currentpoint Ωe)03550etoptop6029 29  0.00 360.00 @ellipse stroke moveto currentpointΩnmt31b50etoptop6029 29  0.00 360.00 @ellipse stroke movetoΩcurrentpoint n199550etoptop6029 29  0.00 360.00 @ linetoΩstroke moveto currentpoint n771b50etoptop6029 29  0.00Ω360.00 @ellipse stroke moveto currentpoint n843Ω50etoptop6029 29  0.00 360.00 @ellipse stroke moveto currentpointΩnm059 50etoptop6029 29  0.00 360.00 @ellipse stroke movetoΩcurrentpoint n987 50etoptop6029 29  0.00 360.00 @ linetoΩstroke moveto currentpoint n915650etoptop6029 29  0.00Ω360.00 @ellipse stroke moveto currentpoint n807Ω1patstroke 807 1mbi5 1054 m

98o(opat39 455 lineto filly  0.00 )g(31)p currentpoint Ω843547bistroke 979e20059 1079 llipse stroke moveto eto sntgray  0.00  moveto currentpoint ne059 184778 2[6Ωm052Ω20155 1054 m0456196 5 1054 m059 1pat39 455 lineto fillΩmoveto  moveto currentpoint n843547bistroke m048on98Ω09 640 lineto stroke ewidth currentgray  0.00  moveto curreΩtpoint net3o 1patstroke mt21e20059 1079 m1156194 5 1054Ωm31

                                  renumm.i2iers. Howeveblmadocd enum,hi((con)h(be(htdS(i)g)fnat)f)yose pohebo m(Ω)(y41o(e236253 tiol)g(offecohe)g(conshtafes)fΩ(fl)g(ofaadihe)g(dif(((Ωeoutputtr2pldehfuoac2)g(offel5ch(nectseoutputth2plde,ne)ex(sptohld)1lemΩ241221Ωmaked)hfuy(to)d)riskke)f(ca(is)gxim(enum).(Ωlica54453Ω143Hcoson:8)tionwithFamilcii2aintressnderoennll)gΩ(nΩlica63253F152.coson)16)m(irs86]nsldemegc)i(ee)g()b(is)g ash((acky(r)Ωoopag(enum)arnll)gΩ(ng(aaneg)l370owg)good(fadihe)g(dif((itiΩ268953Ωm946 y(r)o(epr)(enumm)9 edste)e(andencokrie)ta2596 l370oed)hiΩuenceepfrnod))h)h(slgask(r1arse.)189(Thell)gΩ(ngw(ofaad(scribe)g(rul370oen0 f(be)p eopΩ%31 45Ω31 44to22o35 bopΩ 905 -103124)moveto 1 setlin480 5Ωwo5 -H(Ginan8 ee=)h)Emilio)836 643625Alfummo(p6arseSophia)926Ω517tysLucian8 ee=)h (do1encΩ2305tyssig(iwillcangan)hhinc(r)o(asead)g(off(gmour))fΩof)(Ωe)t gaf tt epr Arth FSp moveto currentpoint nli66 385stroke li66 7aΩ09 640 lineto stroke ewidth currentpoint nl
tw neh(eO(sop))eadown(Ω)Ith(naneg))(thtom))slpf(bor)gwe aoiy(torphic.npnmoveto 1 setlin226on42475 -H((6Afeg(of)))slnodeh)Person 1i2o6Ω138221ΩDihe
uafe O(r)o(l(enum)hheembodi9d(gΩtste)e(and)hawo(h)iy(torphichtafamilcifhiig()g(s)f(shown(hested)5 y FS(ΩFigg(6.8.)49(Th.)1810y(Onod))pli62)0853 tioh)y(of)e1946 l(enumm)arim)fΩ()Person1eh)RThhas-fa6 b(AhΩJa)l23065yn. nh h(slfeedforwaΩ) y(wr)e gi(inAeug(e)yerson)h(X)gadowneenummh001encΩ236253 R,(i(com(prteend)and(e)rr)6 l(enumsh((ye)houtputted)hiue(iseΩ(yerson)h(Fho)isi)g()sted)rr)6 l(enumsf(Rohebo)ewyerson)h(X.)gΩT(isaxiΩ241953Ω)o(e)chitecfur s of ngwis11(shown(r)odefΩ(5 y FS(Fighn2.9.)49(Th.)1811(Thell)gΩ(ngwusriv(u(thtlee)g(efΩ(l5ch(-to-)j(can)7 53(dihe)g(dif((h)mapped))hhumn)e)g(inh2stput)fgadownΩghoutputs)fntion.)2FS(Fig)0y(O)o(e)f(ao24fg(wad)viduals,gielel,e sixhiΩug(of)ffuil)(very)3253Fh(t)goenplded)hiug(of),hguso)e in nhΩ(musfh(ul370owfwaed)rr)6 l(envelcihhepeo)willciingfaadihe dif(((Ωeenplded).i2o(d258221Ω.coson)k6ii(coh(af)g(in)nell)gΩ(nhausy(le2Ωe(iseΩ((acky(r)oopag(enum)is)ces)fewmum)ffaad(caye)hon(r)100))ftioonne264553Fh(t)h)104ffuilst(g(ss)ja2596 1946 l(enumm)arite)e(and)hawo(hΩafamilcihhiig()g(s.p30(Th.)1816aintr(coh(aarnll)gΩ(ng(suc(ps)nu(an)onne270 6y)ne)7 b(ps)es)jΩ2397h)1946 m(coed)h))nour(e)rrenums,giΩ t poheneafur ssfitiv2rs53 tio87enti(isf(wad)viduals,gkΩue.g.,)fsd(enumnlity)eadowngag(of)aenumor33(ThSex816(eetm)ifnat)euenpldldn Oexamin(enum,hgoy(to)onn5m6b53 tiotah(t)gog(of)fisinal)g(offh(stputg(uenplded))hhunodeelpf(bor)gwwof)h(thgwnouel,hstime)st(),)gnodeΩgΩrdpr ofe odefxiΩ38221Ωg(ofhr)19ffuil pr ee. conps nn6(do11)pnlcighy(r)ooducfndinA 1Afhy(r)ooducfndfPersonenummh001inni(inAeug(in)Ω(m6 b(Afga)g)onn t78625Aer).etΩwiΩ69653Ω143HO b(Afgall)gΩ()hhsFH02 yfΩl370oeaadihe dif(((ΩO(ry((epr)(enumm))(6r106553F1525HarriHiOirs869]fw)h(fsiusie)ng(namo)))fy(ch(oqul(giin96 as)fd)02 b(geb(is)g(u370oend)aofgiy(eeegxc)z9l)g(off(Ωmeary(lfs,itive))053Ω1acc(r)oh(d)hfnentiogl)gCogofhvof)gmLd)huerc)c,gkΩue596ch(t)hrtprydnumss nntive dif((hOpr)o(y(r)oΩ(epr)(enumm))onod)dgwn(r)oh(4)uH02 yf(codosd6nod)d)‘(r)oopaeri rr t d1636Ωy(sWodefkh((eeol)gΩ(ngw(o)hg(h(slsumbb(Ahitiol)gtputg(ubl5c(nsh)Ω((mum)ffaGshoacd)h(unmar)h(can)usldn(esogl)godeerc()gnnec839a11t(anfadihe)g(dif((i(stputgΩag(r)oopups)wtimewusfnh)h(isf(oamo))Ω(dihe)g(dif((h)1946 y(r)o(epr)(enum)i2iers.)i)gax eeto)hg(hs b(Hliteme144653Ω)odvr)nopΩs)ionwit6eh)Rbjcors)ftioadjetw(ofg6wamo))adihe)g(dif(((Ω21946 y(r)o(epr)(enum)7lsuc2)gmrke(maGsHof)h(thgue(isyg(app370)teme1455tyssin8kh(t)h)gtputg,h)h(isf(oihe)g(dif((h)1946 y(r)o(epr)(enum)shΩe)t)pbie(r)odeod))enum)7lses)fΩ(frettnkeheesoueerc(),hgusel,ence145653Fh(t)gjeol)gΩ(ngw(o)hgΩl37ssr)(canmetcrsai2i8(OL37cu,)e(orkUBos(Aow,96 aDeker)gw,96i(Hendrson))fsdHoaΩ) y(whgusHubbΩ) y(whgxiΩ165221Ωmel,e8(OLJckyl)gadrs940n(Ge(y))).et)juao6 wipenulih)gersfum oqule nsf(enumm-inarior)nfxiΩ165553Fiipenulihkneafur ssfiuil i(isi)dgwod(p)fsfioh is con bhdAMiikkulcoh(nfhdtem)ihdoeshlwueal offΩeTfcfaad(crv(enues(h)cod)d)‘i(coed)htiniΩpll

22 7659595929 29  0.00 360.00 @ellipse stroke 12veto 1 setlinmoveto currentpoint n123253059etop6029 29  0.00 360.00 @elinetoΩstroke moveto currentpoint ne281 745stroke e

12Ω09etop6029 29  0.00 360.00 @ellipse stroke moveto currentpointΩne

22 7055s595929 29  0.00 360.00 @ellipse stroke 12veto 1 setlinmoveto currentpoint n1232532Ω09etop6029 29  0.00 360.00 @elinetoΩstroke moveto currentpoint ne281 7055stroke e

45s 1079 llipse stroke moveto curreΩtpoint ne02 5Ω1353troke m12033(40v 1079  inetoΩstroke Ω3veto 1 setlin4ovetoΩcurrentpoint n1(81 7m669595929 29  0.00Ω360.00 @ellipse stroke moveto currentpoint ne2385c839s595929 29  0.00 360.00 @ellipse stroke 1oveto curreΩtpoint ne0995Ω1353595929 29  0.00 360.00 @ellipse stroke m1veto 1 setlin4ovetoΩcurrentpoint nli03 7m669troke e)041Ω(45s 1079 llipse stroke moveto curreΩtpoint n1(40 2135Ωtroke m103a1(40v 1079  inetoΩstroke 63veto 1 setlin4ovetoΩcurrenΩpoint ne203 7m669595929 29  0.00 360.00 @ellipseΩstroke movetoΩcurrentpoint n1(40 21353595929 29  0.00 360.00 @elinetoΩstroke moveto currentpoint ne0) 551353595929 29  0.00Ω360.00 @ellipse stroke moveto currentpoint ne2302Ωm669595929 29  0.00 360.00 @ellipse stroke 12veto 1 setlinmoveto currentpoint n12375Ω1353troke m129a1(40v 1079 linetoΩstroke moveto currentpoint ne040 7m669troke e)41eΩ(45s 1079 llipse stroke moveto curreΩtpoint n1(41es0401ptop6029 29  0.00 360.00 @ellipse stroke moveto curreΩtpoint n13905Ω 15stroke m0505Ω)25 1054 llipseΩstroke movetoΩcurrentpoint n1(40 24369etop6029 29  0.00 360.00 @elinetoΩstroke moveto currentpoint ne041es310vetop6029 29  0.00Ω360.00 @ellipse stroke moveto currentpoint ne2302Ω345stroke )2114532239 455 llipse stroke moveto currentpointΩne2875Ω1951troke m129a13059 1079 llipseΩstroke Ω3veto 1 setlin4ovetoΩcurrentpoint n1(40 7345s595929 29  0.00Ω360.00 @ellipse stroke moveto currentpoint ne2875Ω1951595929 29  0.00 360.00 @ellipse stroke 1oveto curreΩtpoint ne0905Ω1951595929 29  0.00 360.00 @ellipse stroke movetoΩcurrentpoint n1(43 7345s595929 29  0.00 360.00 @elinetoΩstroke m1veto 1 setlin4ovetoΩcurrentpoint nli005Ω1951troke m103a13059 1079 llipseΩstroke 4ovetoΩcurrenΩpoint ne203 7345stroke )274es32239 455 llipse stroke Ω3veto 1 setlin4ovetoΩcurrentpoint n1(995Ω1951595929 29  0.00Ω360.00 @ellipse stroke moveto currentpoint ne2385c1951595929 29  0.00 360.00 @ellipse stroke 1oveto curreΩtpoint ne081 7345s595929 29  0.00 360.00 @ellipse stroke m1veto 1 setlin4ovetoΩcurrentpoint nli2 5Ω1951troke m1203Ω3059 1079 llipseΩstroke 4ovetoΩcurren point ne081 7345stroke )2254532239 455 llipse stroke moveto currentpoint Ω)225es310vetop6029 29  0.00 360.00 @ellipse stroke 13Ωeto 1 setlin4ovetoΩcurrentpoint n1(22 7345s595929 29  0.00Ω360.00 @ellipse stroke m1veto 1 setlin4ovetoΩcurrenΩpoint ne2095Ω1951troke m114333059 1079 llipseΩstroke ΩovetoΩcurrentpoint n1(22 7345stroke e)51b532239 455 linetoΩstroke moveto currentpoint ne1)3es310vetop6029 29  0.00Ω360.00 @ellipse stroke moveto currentpoint ne2041Ω310vetop6029 29  0.00 360.00 @ellipse stroke 1oveto currentpointΩne1561345setop6029 29  0.00 360.00 @ellipse stroke movetoΩcurrentpoint n1(195Ω 15stroke m0595Ω)25 1054 llipseΩstroke moveto currentpoint n11) 5Ω 15stroke m02 5Ω)239 455 linetoΩstroke moveto currentpoint ne1) 55 15stroke m0875Ω)25 1054 llipseΩstroke moveto currentpoint ne0795Ω 361ptop6029 29  0.00 360.00 @ellipse stroke moveto curreΩtpoint n13) 5Ω 369etop6029 29  0.00 360.00 @ellipseΩstroke movetoΩcurrentpoint n1() 554369etop6029 29  0.00 360.00 @elinetoΩstroke moveto currentpoint ne335545stroke e
ofhr(6r6143yssin8ig(offΩe)t)njuncnudjo2pldehfuo isf cdn(esogl)go(e)f(alic77953Ω)ognvof.fnn tis valug.(ΩwiΩ6203 7 FK)2.2.2350y(OLConjuncnudjon(madlded)hitive)6213F152.Conjuncnudjon8madlded AfeΩy397hreprt(enums9h)aiol ach ofhrHyfnΩioseofg6w(of)ffadsldn(esod)dgw946 l(r)oΩ(epr)(d)hitiveisf2prNgΩ FSg(of),hgelpdg(offΩe)946 y(r)o(epr)(enum)aroodeetiveoegal,gΩ2dprmusltiorutoidgwbadAfw,n212131516yy(r)oΩ(epr)(enumm)wtod‘blug’g(ii()p143Hb)Ω FSg‘cwT i uloadjetwoixtee(r)g(ofhsi2i(mad y FS(Fig)9Ω)..710tence68453Fiiowsoikh((eeol)gΩ(ngfl(y))).et)enum)is ahebldnjuncnuvfg6w(of)lee(ofg6w(of)ff)inisfcdn(esoglw)o(e)f(afΩ)ognvof.f72edEe1thrTthgh FO(f)8ionrFSgisfhtbeuel,hstimesofhsi2i(madno873innag6wt)njuncnudjo2p(of)6r634513Ficdn(eΩ(up)k)gofaphΩAhΩΩi(isi)dgwtotlit(ragnvoenum)i(i)gephold.andr0ieivee6w1od vid()(aphΩ(sig()go)hfubpushh)codiniΩprWn(ictyfΩlz11b(Tg-re(rOpr)o(y(r)oΩ(epr)(enumm))onvfaoybjcors),r)1(ofg6wca(is)gxpra(hn)sevalugenptd)diΩe(ise)pahr

0igL0ed0igL0

prydn(n(madbad)v)hh(uaioh)Ω41te713 V 7669696 a(1i0y(OL0)fw1)fp1ed-squo(e)f()bΩb ofed-squo(e)Ω(e’) ie Ωmea x,aephold(leiΩl397h)ar thgh FO(f)8ion FSg isf2pdeldedephold-funcnum f psrkandΩkIinte3Ωtie osbeuel,huenceep‘squo(e)f(’g(iel,hse‘blug’fnaac2Ω2‘cw)h(Ωtcr)’giele).pitepug(in)haverslaponn5m6b53yssin8jl397h194 5 1054 853520059 1079 84351pat5 1054 lineto fillΩmoveto  moveto currentpoint ne dihe dif((h)1t)njuncnudjo2pldeingholfs/illcllerfaΩIbairie prg()b(is)g(a(seaoyl5c(nsis)io8eP(of)ff)iogl)grTfoprmad(is)g(pr).hhiisefsumbb(Ahlice8)493 tioholfgΩ(sl5c(nsihrr)o(quir)f(sdnrn13edEA873inn)02 b(gebH02 yfgnm)s)irobr‘rirepholdfi(0ieisquo(e)f() f41b583a1V24Ω73206 a(1ihL0)fw1)fp1→ → ′⟩′†⊗OL′←FM⇐↑⇒△⊗∋∋▽←F∞▽∈↙′⟩′†⇐OL′⇒{⊒∞∇

∞⟩△∃⊗⊔⟩′⟩⟨L′⊒∫⇐{⇐∇⟩≀⟨⇒†⌊⊣⌈⇒⊑⌉√⟨≀↕⌈{⟩⊗L∞ ∞⟩{⊒′ → ′⟩{⊒′ → ′⟩△∃⊗⊔⟩′⟩⟨L′⊓⊣⟩≀⟨⌉≀⊢∇∫⌊⊓⌉↕⇔⟨⌉⌈≃⊣ ∇∇†⇐∇⇒≀⇐⌉√∇⊔⇐⌉\⊓⇕⇒∞⊗⇐⇐⇕⌉∫⇒}F{⇐⟩∫}⌉↕}⇐∇⇒⟩}\∇⇒≀≀√⊒|}\⟩≀⟨⇒†⇐≀{⇒{⟩≀⊓√⌉∇⇕⇐√∇†⌈\⇐⊔\⌋∈∫∈∋△†⇐⌊⊣⌈⇒⊑⇒⟨⟨⇔⊣⌈≀⇐⟩\⊔⌈⇐∫⌉↕⌈↕⇔⟨∫⌉⇒⟨{⟨⟨≀⇕⇐√⇐}⊔∫⇕⇒⟩∫⇒⌋⌉∫⇒{⌉P⊣⟨⊗√⊣⟨∇⇒≀⊗⇐⌉√⟨≀↕⌈↙⇒⊔⟩⊑⌉⇒∋∀∋⊗⇕∃△↚†⊓⟩∇ ⊣⟨ }⊣⌉∇}⊒\⊣⇕⌊⌊⇐A⟨⊓⇕⌊⌉∇}⊓}⇐≀{⇒{{⊣⌈≀}↕⇒}∇←⟨↙↕⌈⌉⌉\}⊔⟩⊑⌉∈△∋▽∞∞⊔⇐⊣∫⟩⌈⟩⊒}⊗⇐↙}⟨\H⌉∫⇒{⌉⌉⇒⊔ ⌈⟩{⇐⇐{∈√∇⇒≀⇐†⇐∇⇒≀⇐⌉√∇⊔⇐⌉\⊓⇕∫∃¬∈⟩∞⊗⊔⟩⇐⟩∫{⌊⊔\⊔⟩⊣}\⊑≀⌉\⊓⇕⇒⟩{⌉⟩≀⟨}⌋⊣⟨∇⟩⇐≀{⇒⇒⌉⊗⇒⇒}⊔⟩⊑⌉⇒△∃▽∋←⟩⌉⇐∇⇒≀⇐⌉√∇⇒⇐⇒}⌋⊣⟨∇⟩⟩⇐⟩\A⇒⊗\⊣⇕⌊⌊⇐A⟨}∈\{{⊣⌉⌊|⌋≀∇∫⇒↙ ∇⇐≀{⇒{⟩∫⟩\ ⟩∫{ ⌋⌈\⇐⌉∫≀}↙∞⊣̸⟩\\⇒∞∀∞∈′⊗⌉⊔⊓⟩}⊓∋∇̸∞′▽△△†⇐\{{⊣⌉⊔⇒\|⊓\⌋\⊓⌈|≀∈√↕⌈⌉⟨⟨}⇐⟨⇐≀{⇒⊣↕⟩\⇒↖⟨⇐⇕⇐√∇†⌈⇒|{S√⊔≀⇒≀⊗}}≀⟨⌋ ⊣≀⊔ ⟩∫⌉⌉⌈⟩⟨⌉ ⟩∫ ≀{≀⌈⊣⇐⟩∫†}⟨∞∫⟨⊒∫⇒⟩∇≀⌊≀⊣⌈|⌉⌋∫⌋⊣⇐⟩∫⇒{⊔⊑§⟩⌉⊣ ⌊⇒⇔⟩∈≀⇐⌈∞⇏′̸∋←⊔O⊓⌉ ⟨≀⇐⌉⇒{⇐⊣≀⊓∐⊓⟩∇⊑⊣↕{≀⇒‖⊓⊔≀⟩⌈}⊒⌉⊣ §↖∫⊔†↕{}⊗⇐∫⟨⌉⊔∞∞⌊⇐T}↖∫∫≀⌋⟩⇐⌉\⊑≀{⇒}⇕⌉⇕⌉↖⟩⊔⟩⊑⌉⇒∞△†⇐\⌋⇒∫\⊑⌉⌊∋\⊔⟩∫⊓←†{}\⊣∫}⇐⟨⇐⊔∫⇒⊗{\W⇒⊒⇔⟩↕↕∫⟨⊣⊒⇒{⌉↕↕ ⇐⟩∫⇕⟨{⊣{⇒⟨⇐F⟩}}}⊒⊣⌊∇⇒}⌈≀⊣

√⊔\∫⇐⟨\⇒⊒⊔≀⌈ ⌉⊣ §⟩⌈≀⊓√⌉∇⇐\⌋↖⟩⊔⟩⊑⌉⇒∞∃▽∋⊗⌈∫↕∫⌋≀\|⊓\⌋\⊓⌈|≀⊔⟩⊑⌉∈′▽†̸⟩∫⊣\⌈⊓↕⌋⟨≀⟩∫∫⌈⟩{⇐⇐{∈√∇⇒≀⇐†⇐∇⇒≀⇐⌉√∇⊔⇐⌉\⊓⇕∫√⇒⟩⊑{⊣≀⊗†⌊|⌋≀∇∫⇒{⊔⟩⟩∫⊓←†{⊓∫⟩⌉⇒⇒⟨⟨⇐′∇̸∈∞∞∈∋⊗⇒≀⟨}⌉⇐{⇒{{⇕⊣⌈≀⊒\}⊣}H≀{←⌊⇐A⟨⊗}{⟨⇐⊓⟩⇒⟨}⟨≀⌊⊣⌈⊣∇†⌈⟩P⊑∇≀⌉√↕⌈\⊔⟩\⊓≀⊓∫⇒↙⟩∞∈∈∞∋∈∞∀̸∋⊗√O⊓⌉⌉⊣{†∋∃⟨⊗{⇕≀∫∫}⟨⇐∫⟩⟩⇐⊣≀}⟨⊔≀∇⊒⊣⊗⇒←†⇐⊒∇⇒\⌋≀\|⊓\⌋\⊓⌈|≀⟨√↕⌈⌉⟨⇒⌈⟩{⇐⇐{\⌋⊗∈∋∈▽∞̸†∞∃△↚↕⇐∇⇒≀⇐⌉√∇⇒⇐⌉\⊓⇕⇕↙⟩∈∈⟩≀\↙M∇⇒{⇐∫∫⇐∞△⇐O⌉≀⇕⇐√∇⊔§}⟩⌋≀⟨⌉|⊓\⌋\⊓⌈|≀{{\⊔⇒⌈{∫⟩⇒⇒⇕⊣∇⇒⟨}≀{⇒⇒≀≀⟨⌋⊓⌋}⇐⇐⟨⇒∞⌊⇒}⊗\∞′⊑≀↕⟩⌈∇{⟩⇐≀{⇒⇕⇐\⌋⊗∈∋∈∀▽∋←⟩⇒∞⊣⊣↕{∇⌉⊔⊣\⌈∇⌉\⊓⇕⇕}⟩≀∫⌉√≀⟨⌉⌊\⌋⌉⌉⊗⇕⌈⌉⌉⟩⇐∫∫⇒⇕⇐{⊔⇐⟩∫⇕⇒⊒←FO⇐N}⌉←FM⇐×⇒{←FO⇐M⇒⊗∇FS}⟨⟩}≀{⇒⟨⇐⊔↖⇐∇⇒≀⟨⇐⌉∇⇒⟩⊔↕⌈\|⊓\⌋\⊓⇕⇕⟨⇒↕⟩∉⇒△△▽∋←⟩≀⇐⌉⇒{⇐⇒⌊⊗⌊√\⌋⊗∈∋▽′∋⊗√↕⌈⇐√∇⊔⌉⌉{⌉↕∀∫‖⌉⇐⇕⌋∫\∈∞⇐⌈∈▽∀△̸∋⇐⌈C≀\|⊓\⌋\⊓⌈|≀∈⇐⊗⟨↙↕⌈⌉⌈⇒⟨⟩⟨\⇕⊣∇⇒⟨⇐⌋↕≀⇒⇒{≀{⇒⊓⟩§⊔⌉\∫⌈⌉⇔⟨∫⊔⟩⇕⌉⇒∫⌊⊣⌈⇒⟨⟩⊔⇕⌉\A{}⊣⇐∇⇒≀≀⌈⊓⌋{⊔⟨}≀⊓√⟨⇐≀{⇒⊣↕⟩⟩‡⌈\⇐{⇐≀⟩⌈⟨⊗∫⌉↕†}⊒\⊣⇕⌊⌊⇐A⟨⊓⇕⌊⌉∇←{⇐⌊⌉⇒√←⌉≀√⊗↗∋∞↚⟩⊗∋∀∉△∃∋∈∈≀∋▽←⌊≀√⊗←∃′▽←↖∞′∋∈⇍S⟩\⊗←▽∋⇒⇕⊑⌉⊔≀{⟩↙⇐⊗⊒⟩⌉⌈EI⇒∃⊗⊔⟩\⇒{⇐⇕⊑⟩⌉⊒⇐{⇐≀∇≀∫≀A{⟨⊣⇐∇⇒≀≀⌈⊓⌋{⊔∃⇒∇⟩⊔⌉⇒⌉⇐⇒}⇐⌋≀\√∫⌉↙↙△↙∋↙⇒∃⇏↙⇒⇒↕T∇≀∫≀A{∀←⟨↙⇐∇⇒≀≀√⊓⌋{⊔∫∇⟩\⌉⇒←⌊⇐⊑⟩⌈⇐⇒←⊣∫⇒{⌈⇐≀{⇒⊣↕⟩\}|⌋≀⌈DUCS⇔⟩⟨\⇕⊣∇⇐⟨⇒∞⌉{{←⟨↙⇐∇⇒≀≀√⊓⌋{⊔↙√⊔⌉\⌋⌉∋△△∋⊗←F∋HT}⇐⌊⇒⇔}FS}⊔‡‖⇒}∈∫⊗⟨↙≀⊒\}⊣}G⌉⊑⊣¬⇐⊣̸⟩\\DUCS∞S⟩\⊗←∋∋∋′∞▽∈↙T⇒↕T}FS⇐F⟩}⊔‡‖⇒}⊣⌈≀⊒\}⊣⊣G⌉⊑⊣⌉{⊗⟩∇∫∀⊎̸⟨⇐⟩⇐∫⌉⊣≀†⌋≀\|⊓\⌋\⊓⌈|≀⟨√↕⌈⌉⌈⇒⟨{⌉∫≀}↕⇒}⊔≀∇⟨⊗⇐{∇⊣⌉⊔↖⟩‖∇⇒∇{⟩⊓⌋}FS⇐F⟩}⟨⇒↕⟩∉△∀∃†∫∫⟩\∀}↕⌈⟩{⇐⇐{⟩∞⌉⇕⌉§⌋⟩}⇐⌊⊗⇒⇔⟩∈∈⟩≀\↙T⟩∫⟩⇒⌈⊣̸⟩\\≀′∈←⌊⇐⇔⊣⇒⟩⇕⊣↕↕⌈\⇐{⇐DUCS⇔⟩⟨\⇒⟨}⇐⟨⌋≀∇⇒{⊗}≀}↕⇒}∇⇒≀⊗⇐⊔∃⟩≀⇐⌈|≀∈√{⇒⌉∞∃△↚≀↕{↖⟩↕↕⌋↕↕⌉∇⇒⊔⊔√⊣⟩A⟨↕⟩⌋⌉▽△∌F⟩⟩⇐⟩\A⇒⊗\⊣∇∇⊔⟨F⊣∇BEAK¬{}⟩GREYSEEDS↖AND↖FRUIT{≀⇐⌈∞∉⇒←†⇐∞DUCS∞S△←\⊣⊣\⌉}⇒∫⊓≀∇⌈CREST{⊒⇔¬{}⟩ORANGE↖FEA{⊒⇔THERED↖THING⌊⇒⇔⟩∈⊔⟩⊑⌉∈∀∞∋†⇐∞DUCS∞S∞⟩\\⇒}⇐⇒⌊∀∫‖⌉⇐⇕⌋↖↕⌈⇐√∇⊔⌉⊑⇒⟨⟩⇐⊗⇕≀⊒\⌉⇒⊣←⌉⇒⌈⇐≀⇒⊔↖↕⌈∇∞⌊⇐T{⌋{⊓⇒⟨{⌉∫∫⟨⇐⊔∫⇒⊗{∃△↚≀↕{}⊗∞↕←⌊⇐↕⊣⇒}⌉↕⇔⟨⊣⊗⇐⊣⇐⇐⟨⇕∋∃⟨⇒⊣⌉∇⇕≀⇒⇒⟨↕↕←⌊⇐↕↙∞⊣̸⟩\\I⊔⟩⊔⟩⊑⌉⇒∞△′△†⇐⌈≀∞∞≀⇒∇⌉}⊗}{\⇕⌉⊔⇔⟨⊣⌈≀⊒\}⊣⊣⊣\⌉}⟩\A∫↕{≀⟨∇∇⊓√{⇐⇐{⇒⟩⊑⇒⌈}⊒}⇐⟩↕⌊⇐}⟩⊓⊗√⌉∇∫{⊓⇕⇒}⌉⌉⟩≀⟨}⌋⊣⟨⊗{∃△↚≀↕{}⊓⟩↕⇒⟨⇐⟩⇐⟩∫{⇐≀{\⇕⌉⊔⟩∈≀⇐⌈∞△̸▽⊗̸⊓⌊⇒⟩⇒⇒|⇒≀⇐⌉⇒⌋⟨⟩⊔⌉⌋{⊓∇⟨⟨≀⊒\⇐⟨⌉∫⊔⌉⌈{▽←†←FS⇐F⟩}⟨\⊗↙↙∞∋⟩∈∈⟩≀\↙R≀↕{∫⟩⊒⟩⌉⌈E≀⊒\}⊣⊣⟩↕↕⌋↕↕⌉∇⇔⇒⊔⊔≀⊣⌈|⌉⌉≀⌊⊣⌈⊣∇†⌈⟩P⟩⟨⌉↖⟩⊔⟩⊑⇕≀⇐⌉▽∋⊗⇒⌋}⇐⌈⟩{⇐⇐⟨⟩\\∇⇒≀⇐⊣⇐∇⇒≀⇐⌉√∇⇒⇐⌉\⊓⇕⇕↙⇐⇒⌊∈′⟩}L⇐≀{⇒{{⊣⌈⊒⟩⌈⇐⟩∞≀⇐⌉⌉↙⇒⟩∀∞⌉\⊔⟩⌊⊣⌈⇒⊑⇒⟨⟩⇒⊔⟩≀⟨}⌋∇≀↕{∫⟩⇐⟨⌋↕⇔⟨∫⌉⟩↕↕⌋↕↕⇒∐⇐∞∞∫⇒⊓≀⇒}⇒{√⊣{⇒⟨⊣}⟨↕⌉⟨⌉⌉∇⌉⟩∫≀{}⋣≀⇕\|⊓\⌋↖⟩⊔⟩⊑⇕≀∃▽∋←⟩⌉⌈⌉↕⇔⊣}⌋†⟩↕↕⌋↕↕⌉∇⇔T{⌋{⊣⟨≀∇⇐≀{⇒{⟩|⟩\⊣↕⊗‖IT⊔⌉\⊑≀{⌈≀∞∞‖⌊∇†∃⟩≀⇐⌈|≀⇐⊣∇⌉⇐∇O⊗\⟩⇐⟩\A⌉}⌋⊣⟨∇⟩⌉⊣∇\⊓↕⟩⟨⇒}⌈⇒⊣⟨⊒⊔⇒∇∇⊓√{⇐⇐{∈√⌉∇∫{⊓⇕⇒⟩∈⟩∀⇐OL⇒∞∀∞⇐△⊗⟨↙⌉∇⇕≀⇒⇒⟨↕⌉⇕⌉§⌋⟩}⊓≀⇒⟨}⇐⟨∞⇔{∀←⟨↙∌∀⟨}⊓∫△′′⌉\\←∈⊔∋▽̸∋⊗⊔▽⟩\‖∫⟩∞∈∈∞∋∈∞∀∋′L⇒∞∀∞⊗∞∃△↚†⇐∇⇒≀⇐⌉√∇⇒⇐⌉\⊓⇕⇒⟨⇐⟩⇒⌊∫∀∞̸⌊⊎⇔⌉⌈\H′∈←†{⊔⟩⊑∈∇′∞△†⇐⇒⟨}⇐⟨⇐∫↕{∀∫‖⌉⇐⇕⌋↖↕⌈⇐√∇⊔⌉⊑⇒⟨⟩⟩⇕≀⊒\⌉⇒⊣←⌉⇒⌈⇐⊗≀⇒⇒≀⇐⊔↖↕⌈∇∞⌊⇐T{⌋{⊓⇒⟨{⌉∫⌉⇕⌉§⌋⟩}⇐⌊⇒⇔⟩∈⊔⟩\\I⊔⟩⊔†⇐O⇒⇕⊣∇⇒⟨∫⊓≀∇⇒{⇐∫∫⇐⇒⌊⊣⟨⇒⊗∫⊓⇕⌊⌊⇐A⟨⟨⇒⟩≀∀≀{F⟩}⟩↕↕}⇐⌋⇒⇐⟨⇐≀{}⟨⊗⟩}⇐⟩↕⌊⇐}⊔†⇒}⇒⟩⊑{⊣≀†∋∃⟨↕⟩∉⇒†△∋∋⊗√↕⌈\⌋⌉√⊔∫∀‖⟨⇐⊔⇒†⇒†⇐∇⇒≀⇐⌉√∇⊔⇐⟩∈∈⟩∇‖U⇒⟩⇒}⊣∈⊣⟩\\⌋↕↕⊒\⟨}⟩\A⌉⌉\⌋⌉∈∋′▽∋⊗∞⊣\∀∞⇐⇕⊣⌈≀⊣⇐⟩∫⇒⊔⊑§⟩⌉⊣⇒⊓⇕⇕≀{}⋣\⊣≀O⌉§⊣⇕⟩≀{{⟨∞≀′∈←⌊⇐}⟩}\⌋⌉⌉√S⇐F⟩}∃⟩≀⇐⌈|≀∈√{⇒}⌉⟩↕↕⌋↕↕⌉⌉⌉⟨⊗⊗⌉∫⇒{⊗⇐{∇⌉⊔∫⇒⟨≀⌊⊣⌈⇒⊑⌉⇐∇⇒≀⇐⌉√∇⇒⇐⌉\⊓⇕⇒∞⟨⌋≀⌈≀{∐⊓⟩∇∫⇐⇐⟨⇕∋∃⟨⇒⊣⟩↕↕⌋↕↕⌉∇⌈⇒∇⊑{⊣≀†∋∃⟨G⌉⊑⊣⌉{⇐⊔⟨⌋≀⊓⇒⌉}⟩⟩≀√⊒|}\∞⌊⇐T{⌋⊓∫{⊓⊑⇒∇{⟩⌋⊣\⌈̸⊣⟨⊓⌋}FS⇐F⟩}⟨∫⌉⟩⟩↕⇒⟨}⇐H′∈←†{}\⊣⇒⊗{≀{\⇕⌉⊔A{⌉∞{\⇕⌉⊔⇒⟨⊗⌋⟩↕↕⌋⟩⊓↕⊔⇐⊓↕⌊|\⇒⟨⇐⌊⟨≀†∋∃⟨⇒∞∃△↚↕⇐∇⇒≀⇐⌉√∇⇒⇐⌉\⊓⇕⇒∞\⌋⊗∈∋▽∀▽∋←⊔⟩≀⊔⌈⌋⊣⟨⊗{≀∇⇕≀DUCS↙⟨⟨⇐T⟩⇒⟨{⟨⟨⟩∫⟩}∫⟩√⌉≀≀{†⇐∇⇒≀⇐⌉√∇⇒⇐∫⌈⇒⊓⟩↕F⟩}⊔‡‖⊗∀⟩⊗⊣⌈⌉∈√̸∇∇⊑⌈

≀{≀{

F⟩}⟨‖↙↙∞∋¬DUCS∞⌋⌉∫⟨√⊣∇∫⌉}⟩{S√⊔⊣∇⟩⊔⌉⊣⟨⊗∀⟩≀\I\≀∀∞\⊔⟩⇐⟩∫⇐⌉⇒{⇐⊣{†≀⇒⟨⇐⊔⟨}⇒⊗↕⊣⇒↕⌉}⊣⌉}{∫⊓⇕⌊⌊⇐A⟨⟨⇒⟩≀∀⊔∫⌉ √∫ ⌊⌉⌉⌉⊣↕ ⟩≀⌈⌉√\{§⟩⊗∞̸▽∀∋⊗√⊣⇕≀ ≀{{⌉⇐∇⇒≀⇐⌉√∇⇒⇐⌉\⊓⇕⇒∞⟨⌋⟩≀⟨{⇐⌈≀⇕⇐√∇⊔§}⟨⟩⇒⟩⇐⊓⌋}FS⇐F⟩}⟩∈⟩⊗←⇒↙⇒⇒↕T†√∫⟨⇐⊔⊗∈⊣⟩\\↕⌉\}⊓≀√⊗⌈}⊣⇐∇⇒≀≀⌈↖⟩⊔⟩⊑⇕≀▽△∋⇐⌈√∫⇒⌉⇐↕⌉∈⊗⌉⊔⊣∫‖≀\⇒⊒≀⇐⌉⇒{⇐¬∈⟩←⇒R⌈⌉⌋⟩⌉⌈⇒⟨⟩↕⟩≀\P⊒≀{←⌊⇐A⟨←⊣∫⇒{⇐∫⟩⟩⇐⊑⇒⟨⟩⟩⇕⇒}⇐{}}∇⊣⇒⇕⌉\⊓⟨⇐⊔⇔⇒⇒↕⇐∇⇒≀⇐⊔⇒⌋⇐⊔⌈⇒⟨⟩∇⟩⊔⟨∫⌉⊗∫⊓↕§ ⊔⊗∫↕{⟩⟩⇐⊑⇒⟨ ⇐∫↕{⟩⟩⇐⊑⇒⟨⟨∫⌉⟩⟩↕↙⌉↙}⟩⌉↕⌉⇒⌋⟩⌉⌈ ∞≀|⌋≀∇∫⟨}⌋⟩}⊔⌋ ≀{}⋣⌉ √∇O⌉⊔≀√A⇕⌉\ ⇕⊑⌉⌊▽⌈∫I⇐⟩⇐⇒←⊣∫⊣⇐⟩∫⇒}§√∇⊣⇐⟨\⇒}≀⊓⊔√⊓⊔⊔∇⊗⇐∫⇒}⊓↕⌉↕†}⊒⊗⟩⌉⊣∇\⊓⟩⊓↕∇⇒{⟨{⊔√⊓⊔}⇐⊓}∇⇒≀↚⊣⌋⌉⊑≀{⌈⟩⌉∞⌉↕}⊓↕⌉∇⌊⟩⊔∇⊣∇† ⟩⇐⟩∫{∇⟩⌉⊣∫⊔↙⇒⊗∈△←⌈EA⟩↕⟩≀\I⊣↕ \\⊔⟩⊑⌉∈∞←′†\≀H′∈←†{⊔∞⇐O⇒⇕⊣∇ ⇐⟨⇒∞↕⌉\}∫ ⊗⇐↕⟩⇕⟩\⇐⇐⟨⇒∞⊓∫⌉⇔⌉⟨▽≀⊒\⌉⇒⊣⌉↕†}⊔⟩⊑⌉∈∞̸∈▽A▽′≀⌉⌈⇒⟨⟩∇⟩⇕⊔⟩{⟩⊔⌉⇕ ⟩↕{ ⟨ ⌈⌉⊣↕⌉←∫⌋⌉∫ \\\ ≀⟩‖∇ ⌈T H≀⊒⌉⊑⌉∇⟩\⊔⌉⇐⟩∫{⇒⊗⟨† ⌉∫∫⊣∇† ⊓√ ⊣⟩∇⟩⌉ √∫ √∇⊔§}⊗⟩∫⟩⊣⌉⌉{⌉↕⟩\≀⌈A⟨←⊣⊒≀∫⊒∇∞△⇐O⌉\{{⊣⌉▽′≀⌉⌈⇒⟨⟩⟩⊗⊗⇐⊓√⇒‖√⌉∇≀⌈⌉√∇≀⇐⌉⇒⌋⟨⟩⌉⌉△⇒⊓∃⟩≀⇐⇔⌉←∫⇐≀⇒}|⇒⊗⊣∫⊣⇐⟩∫⇒}§⊣←†{{{⌋⊓∫∇\{{⌉≀\⇐∇⇒⊗†↕⌉\}⊓≀√⊗⌈⟨⇐⌉⇒←⌊⇐√∫⇒⌉⇐↕⌉∈⊣⊣⊔⊣∫‖↙⟩∈⊔⟩≀\↙R{⌋⊓∫∇⇒≀⇐{⇒⇐⇒↕∫⊗⟨↙⊣↕⊒∇⟨\⊣↕H′∈←†{⟨⇕∋∃⟨≀{F⟩}⌉⊣{†∇⌉}⊗}↕↕\}⊒⟩∫⟨⇐⊔∫⇒⊗{⊓↕§{⌋†⌋↕⇐⇐{⟩∞⊣∫}⊓⟩↕⇒⊓⊔}{{⇒⟩≀}↕⊗‖I H≀⊒⌉⊑⌉∃⟩\\⌊⌉{≀ △▽∫′▽∋←⇕▽̸←▽∃ℵC⟨⊣⟩‖⟩\S√∃←△▽D∇⊣⊒⊗⊔∇≀‖⌉←⇕△▽∄⌉∈△⌉←↖HFCF⊓{⌋≀\\{⌋{⊓⇕⇕⌉ ≀{ }⇐∇⇒⟩′∀∞←←▽∋⊗H⌉⊣{⊓∇ ⊣⟨⟩⇐√⟨≀\⌉⌉⊔⇒\∋∋∀⊗∈∀̸∋⇐⌈∞′⇒{▽⟨⟩⌈⌈\A ⌉\⊓⇕∫∃⟨§⊣⟩\\⌊⌉∇}⊒\≀\↖∇{⌋⊓∫∇ OLNon-reoveto c1(6Thell)g (nffxi 163374 F3HSejnowskiecdowngaaRosnAbryg:(6ainnNETtalngbnec84261y FSgSejnowskieidowngaaRosnAbry)o(g’ff)irs866])enNETtalngw no02 b(,ajlH02 yff)570oeg i(Englis)fbnec84853 ttlx wrggll ngwiw02 yfe looksha (a((fwag)suqven-thara(cerg)bwlndow)h5nffae(lx)i26ainnItfich(askhgn)g( nnnew5321 g(odioutputtr ((isfriehoneet)hy()r1b(Tfsponed)hfesogl)gnd(eg gco c)(t )1thara(cerg)bl)hg((of)g(tputg(ugwlndow)l,i225).)181(6r715943Fho(e)chitecfur)f(s)d9innber)((ts) fNETtalnge1o02 b(gi l(.ftillhusc)(n((h)1defg5 y FS(Figh(6.714( wiedEE(r)i9rkUdeutthulbueo)f211b)1946 l(r)o(epr)(g)li6216453 ione jtletp(Afet)Sd)di lpuncnuenum)f lmark))slnnal)bah)p5ch(nde1amh00np,h)a)h(pug(ts) futputtr gn)g()b(isegSprtifivfahHeafur)f(ssfifoodeetive)7073 p(isfriehoneet)i nodeelp(ofg6woo c)(t htletp(Afw,n2k2Fdee11(O)mas),)ttHis(e)f(afymen)fFigggw(ism)htre(r)nletp(Afet(of)altfsiuso)lsongleoitivmo7559 iehoneet,h(i(isfriutputtr (ehoneet)g)oon)agofalh(hsbu)fewre(rOpber)((ts) fletp(A)i2o(d168203 t)181(9 timdctseoubviouffadiimi(enums))rvfaoy39)g()bwlndow(le2 etechniqut)riis(r)oodnuni(envm),ajlihnm(ftom(prtxgi alenguop dxi 210625Ae)7 b(ps)e(le2eatask.i2i2edEMs(e)f(n)-t3rkUdee)7 beas(lei l397hebwlndow)h5sizhfuoiws)irobofa(is)hlill2emexcider.hfwfhr(6r618773(d(r)o((vid(s120 ets11(shoricflygg(limin((hnaac2 2l)utgffim(is)eodoccusr)o(fn(h)ces)ted) (ah)aillcxfn(h)ambb(Ahg2nffae)um),tepsi2tion.)2Fhxi 169233 tnl)g (ngfloaf)(bnofaedtcry)lit2asiaee( 31(O)O)()gn6 h.ow)e(tputg(rieas(fsigsu(ns)ivfaoy397h fwlndow) gfh(gimar)hgoadjechnof tive)1903 tneo)f21c)fewre()b(isegSutputti2i8(OLWhieoitorkUoad(le2epagcs)e)hgnceep(oefhm39r)o(ffg6we)7 beviouffe(tputg(r symbolg()bmoght)agof)tive20463Fiodlui(hn,)hinal)gmossgh)maspra(coh(t 20onwit1neae(ofg fwlndow) twws)irhnlf((h(aoidgwbsf2pquihn)sele)h(gaegwnime)sbefgele)h(gaeghFignoughdgamesthg2nffae)oefhm3im),itiveo(d53 p(is)f(s)di)wws Awtshfuoreasonbanef( mdeuttsihrw02 yfuois(e)f(afyoimeetle)h(gae.)121 2328 y(An6 b(Afddiimi(enums)Opber)((tisg fwlndowd)hfesoechniqut)e )hfep(os)g ggfh(ui)hghoipeo)fillciultfugncediegli6 23453Fiiojgn(is)gwnfh(gimar)gn1b(Tfcognizhfadowngaaexploith( mdearior)()h(uil)h(i(isf(odeutti2tion.FoAf8 h.xami))),ihsw(r)oh(sdf tiotd)f)1meoniisygh1op370ode,fimowneisfduplc(ee)lenddif((h imapfihonal)gtputg(ugbueo)f211.p305on.)29 b(Howeveb7 ti(isf2p(is)g(pr).hhi)g()bmen)f(m(ftipeo)fillciultflica63111 g(oddsorldjo (s)gulhigof)hhll b(l),r)1.g.,w(r)oh(s.1 f(be)p eop %319 53 19 52322o35 bop 905 -103294)moveto 1 setlin467 33225 -HFCHiddnAInutg(ug(of)f)pmoveto cgraym29 29 etograymoveto currentpoint ne995 75stroke e26b58053troke m1061y859 1054 llipse stroke moveto cgray029 29 etograymoveto currentpoint ne995 75 troke e

10753459 1079 130953325s9 455 1fyll3troke etograymoveto currentpoint ne020754549troke e10 734699 455 2s0953325s9 455 1fyll3troke metogray4oveto currentpoint n 15 d174239 455 e2207 45499 455 1fyll3troke metogray4oveto curren 395 292s1081 586e22075586e226b531ce526b5381e22075453 69@ChaikinSp9 45Draw troke moveto cgray029 29 etograymoveto currentpoint n 126b54549troke e

1561325s9 455 1fyll3troke etograymoveto currentpoint ne96435449troke e1039 345y 1054 llipse stroke moveto cgray029 29 etogray4oveto curren point ne20953325stroke m0093734699 455 l0085s3419 1079 (1953325s9 455 1fyll3troke metogray4oveto currentpoint n 96435449troke e1089 3439 1079 1lipse stroke moveto cgraym29 29 etograymoveto currentpoint ne00953325stroke m0105 34699 455 l009253459 1079 130953325s9 455 1fyll3troke etograymoveto currentpoint ne007235449troke e1097534 y 1054 llipse stroke moveto cgray029 29 etogray4oveto curren point ne20561325stroke m055253459 1079 13043734699 455 2s0561325s9 455 1fyll3troke metogray4oveto currentpoint n 107235449troke e1047 34699 455 llipse stroke moveto cgraym29 29 etograymoveto currentpoint ne295 325stroke m0502 3439 1079 l993734699 455 l995 325s9 455 1fyll3troke etograymoveto currentpoint ne007235449troke e9975345y 1054 llipse stroke moveto cgray029 29 etogray4oveto curren point ne937 325stroke m95173419 1079 1943734699 455 22371325s9 455 1fyll3troke metogray4oveto currentpoint n 107235449troke e947 3439 1079 1lipse stroke moveto cgraym29 29 etograymoveto currentpoint ne937 325stroke m948 3439 1079 l939734699 455 l9371325s9 455 1fyll3troke etograymoveto currentpoint ne001835449troke e9435345y 1054 llipse stroke moveto cgray029 29 etogray4oveto curren point ne995 325stroke m998y3459 1079 1989 34699 455 295 325s9 455 1fyll3troke metogray4oveto currentpoint n 101835449troke e993734699 455 llipse stroke moveto cgraym29 29 etograymoveto currentpoint ne20561325stroke m0547y34699 455 l103853459 1079 130461325s9 455 1fyll3troke etograymoveto currentpoint ne001835449troke e30437346y 1054 llipse stroke moveto cgray029 29 etogray4oveto curren point ne20953325stroke m0097734699 455 l0089 3439 1079 2s0953325s9 455 1fyll3troke metogray4oveto currentpoint n 101835449troke e3093y3459 1079 1lipse stroke 403603466 adHold(leigL(of)fffgod)dpmoveto cgray029 29 etogray4oveto curren point ne2305s559troke e)322 359 1079 l0325 3939 455 2305s5599 455 1fyll3troke metogray4oveto currentpoint n 13603229troke e

235736439 455 1(216336499 455 1fyll3troke metogray4oveto curren point ne043 73059troke m123333659 1079 llipse stroke tive7025 -103 y FS(Fighi6.715:)knAfn( h.r)o(fcusr)o(f)())1alh(ofgh iulx)OLReoveto c1(4 hell)g (nffxi 130461y FSgRumelharfhgjgHrennalegowngaaW)w,illiamgd()hgopwjgn1b(Tfcusr)o(f)()wrf1al9 tiIndb3ntiafewrfcuseaePfeiroboa(nnharenng(h(ts) ful)g (ngf yac)(h(ofghiulx))gp(um),tepi2tive12543(d y FS(Figh15)..715reasopwsh(i(isfrio(e)chitecfur)f(s)d)rvfaoyre(r)nsu yfe afe)cul)g (ni224edEA1S4 naad(prten)fgod)a ) y(wrhn(is)gxpage-itivmo2753 i)unp,hfrep(oefhmtputg(ugnceep(oefriutputtrh5(of)f)hhisdf tinefae)um),tepi224edEleder.had(of)f FSgIndcm397hul(oefrihold(leihn(of))g1agnvoenum)hhfyoofeoftsngfafyconnfcfe(h)ano.gn6 h.Ttfcycl((fharenng(h(ts))1al)aoyac)(6r7155330d(ofghiulx))gp(um),tep helld()fgopwjgnoidgwcaliulreef(e)h(gae)ffrido11mel,eePlole2 earill2unfold(leig il)hee ofgfell (ecyoygg((isfgaillcrcthgelel,e s(ofggbillcfs)g)(owne) esixt)fiaoyg s(ofggbgeconnrn16(OL)181(4onwit56rcts)b)g g isymbolg(hhaS( Fig)nc 20553 i(r)o(epr)(sd)d(nng(h(ts) ful)g (nges)hg(htputg(ugathe y(of)e1it56rcts)b)g g i)um),tepsi2tionI)ijon2 h.r(of)altfofgfell cb(s(fsieLvfait5inks)e(altheeeh (ism)fwhold(leihn(of)f)jgsbu)foy397h)1946 lsulthhfyo (r)oh((Ahtive)943Fhtofaedtieftigat()hgopwjgnwelh(u a(isygh1mar)h(e)7 b(ps)e)gwlenguop ( 8ionI)ijon( h.r)o(fsulthhhasopwj) etoac)(hsi(prtfgn1b(Tfcusr)o(f)()li62)5125Aldnnfcfummectsl9 hell)g (nffeido11)(cuild)renum h.torfn(g yr)o(fleva)() iacfrli623073(d(r)o(evioufft2 ettputg,diP(is)eda(issfgugr)o(y(r)o(epr)(enum)g()b.eem)wnime)s(se)s)egi edtcry rs(((ftive4763 io11dio(e)f(afysi(prtfimowne)asmalh,h(i(isf) er)o(y(r)o(epr)(enum)g()bo)h(thg)Sipeo)fillciultfhhtofaedtcry(r)6 yt,ga (awngaa(i7h)1ucal(le2 ear(ftive53330d(of)allizenum)iepe)7 b(pery)g pf bo)h(thg)Su)cer)coni2o(d158930dElmanh)ksfnsgugr)o(ycusr)o(f)()f al oefrihiddnA thgt h of Oetaskh r1 fFO()igivealwrf ilrrhch(pu((ghFigxa(c)(h e)d(o))ofygradingfs)hbl)hg((of)g(al)g (nf.)(6 h.Rltheee9(OL39ar)gn1uned)hi(i(isfxi 134363 tnl))gpbacka ) y(wsihm39r)o(moughdga(of)fntrain(le2)Spruir)ce(stime)b()r1b(Tfcflygg(ch(pu((ghh e)d((morghg)gElmanhhdtru)cee)h)tive)49330d(ofghiback(is)tvpagenum)iOpio8) n e9 ti y FS(Figh13inn.716b)lsoopwshhnadmakOL efsultvndg ilOL Howeveb4(OL397hhygradingfs)g2o ritof h e o6r6183125Asignalhhhyes frfna iutputtrh5nceepanf( mdeuttfhrw02 yfgnoccusr)o(fn(aam)ifg(r)o(ecedd)hign(um),tepsi2i8 ti)i os deuttfim (of)fnfugFS(Fig,hjl397he fnl)g (ngflilf)ihiloctprrdjegytpod cjech(ts) ngflac21i62 (of)fnhiddnA huseful1goodeetive21543(d397hebcusr)o(f)()h.utputti2 538 20974y FJ27 isffcusr nge((is)gul570oeengaa(i7hh igq-)tive22373yduir)ew(ain( h.XORrch(aski26ainnInon( het9)g(fh(askhgnag)sui(v)hhsebereabf)fisi)g(fh(r)o(epr)(sd)esogl)gnd(eh)cul)g (n,hadowngaa(is))1nl)g (ngtive228330dmuctsipe)7 bt t (of)f yllx 8ionIEverydn( h.thi) y(wre bit)gn isefsXORrh 570oeg 1oglepe t(of)fnii(v)hhseill20111 ft6i6 2346e23 3 v -1 w(1101 ft75832346eV -1 w(1011 ft785s2346yVeil74der.hfw(of) ftive2313y720 3 v 2033241sea FI26)217 24273F FHEJ(r)oh(anhfyrs866])fysldn(esr)o(ycusr)o(f)()f al)g (nffiinal) (w02 yfgnutputtrh5agnvoenum)hhedo(e)f()iSrfcycl((.gjgH29 b(Howevee y(o)hfep(yp(rOpberwnal)ative24731 g)hfjiloc)h(verydfwsuit(or)f gfd)di lp)7 b(ps)ev)hifmlenguop dnsii(v)hsgfquirfhgl(ofgiar)6 ytr nng1oopsis Tfcflyge(ch(pu(v)hhs n e)d(o))ohygradingfs w02 yfgntemfquir 8i). Howeveb2(OL397hegalgorithmfhr)hghongn-5ch(nhgelel,e sexpensive- hybo bh)al be d17359 1054 l441977359 1054 l441977729 1079 t2(d177a19 455 1lipse troke 4027514649 (Inutgy1)gp oveto cgray029 29 etograymoveto currentpoint ne03837048 troke e)373316439 455 1(36731i8e 1079 l(3837(45s 1079 fyll3troke metogray4oveto currentpoint ne03d1 2259troke )375916119 455 1ineto stroke m3veto 1 setlin4oveto cgraym29 29 etograymoveto currentpoint ne234792259troke e)355 20039 455 1(367320819 455 1134792259 1054 lfyll3troke etograym[ 939 ] 9 etodash4oveto currentpoint ne04197048 troke e)343y)0439 455 1lipse stroke m[] 9 etodash4oveto 1 setlin t2751)489 (Inutgy2)gli629183F-103 y FS(Fighb2(OL.716: 8i).(o)g11 ad)18)gp(yp(rOpberewr)o(fcusr)o(f)() fnl))fysldn(esbyrh gElmanhgyrs890].gjgi(b)gdd)18)fiunfold((ee1nl)g (nntiv 974yssoopwv)hh7 ti(isf2p(atp(A)hhg2nffulf)q(rwa ) y(wrggowngaabacka ) y (wsi2p()q(is)tvpagenum)f.)(9 ad)18)7 tiumbb(Ahg(htpi2p()q(a1bo (f)(2Fs7ffxi 1303125Ao(e)f()kd(ts))1tum),tepsi2tion.Ee)d(o))ffn( heo)h(thg)Slocback(is)tvpagensdisfxi 130873 ihiddnAofofodgr 1 sn(h)ambb(As)g2othgfn(is) (t)c(t(or).)(9 adFdee12 h.(oe)7 bt)c(tbanef( bithhghl397hebtotlitfi e)d (o))ohyov(Affl(ofgiatrain-itive)2731 g)w0e h.nlnntiveaskhg yafp(Afgnafewmod)altflygg(lolei l3rain(le2aaperiod:)22 etadb3ntisi(v)hhipberewap(is)tvximaenn)-h(3000htive)186 y bith.hip 8ionI yp(rf tio) ful Ahwe. Aff.xaperimsnthhntpvolieffg.570oedis t rof i(wo-)uqmancoh1iichc prtfhi(r(pree)l)ggrammaS( hrwes)ff(ag)svocabub(gigumber)(29)g(w(r)oh(s.125 ).)97hli6 15553 pgrammaS(6ainnincorporates)gh.roishhEuubjecthg2nffaeill2eatder.hadmuctseob7hli6 16123 pawon( h.animaenihilouni2tion.Elmanh22 h.(of)altfngfe10,eda000hh igqntl)ceh (eli6165621 g(o).hhiwes)fgnnidgwbsgl g2goodeis tum f1diruqthknvfasLgqntl Afwne portum(of)fnfour bhhmse train(le2)S1bo (fgime)essary fdh397hnig(to)fn570oeg(i(isfri(aski236 tiAt 8ionI(isfriewngaaber)((tefhttrain(le2ug adbi632323 y13otlit13 h.vfasL200hg8inn000hkAuqntl)ceh)i((r)o(epr)(enum)g)g(i(isf) ell)g (nig(570oesd)flalh(havfaoy397h(oabovs))1e)7 b(pery)g ,ntiv2337930di.e., 8ionIi)edae)7 bt)c(tf) fverbh)fy39at2 eagr)o(ff)uil

262pmoveto cgray029 29 etograymoveto currentpoint ne89 3715stroke m9029 369 1079 89377359 1054 l89 3715s9 455 1fyll3troke etograymoveto curren point ne89 35081troke e89795359 1054 llipse stroke moveto cgraym29 29 etograymoveto currentpoint ne9873292stroke e977 30819 455 19713302e9 455 19875292s9 455 1fyll3troke etograymoveto currentpoint ne89 33829troke e974y305e9 455 lineto stroke m1875786e -103 y FS(Figh13inn.718:2j1Elman’s)b1).rfcusrel,e suqntlgrammaS(we.e s)181c(57ng bhgytem)i fSloc(wmeehd)dht39rffw(r)oh(s,h)hoofaedt p(oliken)-h((is)eodmahyfheber)((tefgbooprt(Afg)gqntl)ceh)h.in1g((of)f yteftile2tive)7i8e igqcs(tefhtteftile2ugsythg(wf)h( thgfnloc)gbacnueln)-h(l)hg((of)fntrain(le2)Sprt.1(9 ad)18S(Figh13rkUo(e)f(afynnn)-h(440)eidieo)f211bo(f)()i(uqntl)ceh)tivmo70se inhg((of)fntrain(le2)Sprt.1i2b 18d43 pAn6 b(Afugr)o(yasm))g(fd)d(hqueftion(le2j1H0e b(Afdb(iseg Pal)g (nng1tem)ifamor)o(fhhg(osnaugr)o(ot7heb570oed)hiji)hgnivmo8753 i(is)e l397h)asizhfhavfaoy397h)svocabub(gigg((iieffg.arf tmis570d(leiinim(r)o(epsum)iOpio8da(ishhEom(prtxtyydheber)((tefxi 169273 piautti230 ad)18S(Figh1ion.o(e)f(agbacnueln)-h(nnn)-g(11)fidieo) f211bo(f)())1cb(s(fsiheber)(vocabub(gigumsymbolg()b(includv)hiim(isf tive)98430dperiod)g13 h.wh2 yfe mucts)sbefgediciv)huish((hinialego)h( td(Aff.tglhamaks(f2np(um(aihs(is)bt)c(tum)h,2i2 adFdee13 h.xami))),inc 204030d‘boy’,hel‘girl’,hg1‘cat’,))gowngaa‘dog’gf)oon)i nalh()sbefgetr)o(yatfngfeah)hi(ofggaomet)rifd)d(h397hh(pur(osefgaaber) s(is)bt)c(tum).)nc 20963FaThughg)golsthgg2othgfn400includshg((of)fnperiod.)tives,hritofggatp(A)hhg2ihhg Ismalhhglom(paAfo(fn(fw(ofnive226625A397hkasizhffivfasL397hfntrain(le2) Sprth,)gptd)dfwgqntl)ceh)g(Hes)gg(upig(to)fn2)(i)atp(A)hhe(ed)dhtgqntlvfaoyvarioufff.57ng bs.o570oedisbe

PCAfn( h.1db68416783yfboy)b684e

uqntl dge(Hes)ghhill2]Sder.rnfwi(Adapt((exi 185430des)f (frcgElmanhfyrs891])gxi 130033y(aS(Fighb8 tioopwndhil)hg3 y FS(Figh(6.719a( 810 ).)181(8 h.39r)o(ff)g(verbh)g goadjegsipeo)f211bo(f)()h(o)h(tgumsnt fi)i(ucgFS(Fig)hgel,ence 10553 )afp(Af13innr)o(fceivd)h)hi(ofggaverbofh(ts) fhiddnA) i(of)f)h haS(Fig)eml)h(iarfiipeo)f211bo(f)()h(r)o(ygim)iOpio8etsiaeefaaspact.124 nI‘Coafes’gxi 131161 gr)o(fquir)o(fsh10 h.arfiip1b(Tfcfhgyobject)js n‘sees’eeh(ak)h)hna inp(um)liiOpibject is 60lt1pa11(risegptrajectorieh at2(aleacts)boeg(i(issf)f ytwoitive)2453Fiom(ponegfs)i2i2b1134a11Obprrdv)hh7 ettrajectorieh od c ntre- bb(ddengaaclausjs) g((iieffg.a)i(inpport(of)yhtive)198 ydodeetiedEgain(le2)Spro) der.h18onwi()2Fs7hl2 etgqntl (of)g(train(le2ugcorpuf.)go0 ti))lToeb( h.()r1b(Tfcflyghse)7 bvps)e uqntl o irelenuvf 60lt85030dclausjfk1mar oadjegsmorfhgl e isgugr opwjgn39fgfell isf fb(perenum)g(fivfasLafewsiack.)32 h.Elmanh7c 20194y(utee)henum (eesoglgadegrad7h(oafp(Afgnabottr ht39r)o(ff)g(57velhh)1vfaoy bb(ddd)h,helsc21i62)0763 iit2cgihhg I(se)f(pohhiih7hebal)g (nnhSipd)fSloc)h(570oeg 1oglf1pufhhelownef(popeg Pambb(Ahg2tpod))enum)f lbut2(am11bo(fly)nc 21323 t570oesd)db(iseg P(atp(A)hhhptd)dfwgqntl)cehc ntrsti9ac al OL3glf1946 l(r)o(epr)(2eoom(prtxhhi)i(ucgFS(Fig)fhtpi2 na)hg(ren11bo(fftile2ugwa)--5 ).( tiedEHih)9(OLal)g (nf)gadeit56)ienn atp(A)hhhp ch(pu(enum)(aiilprvminuvfff gfd)df fewcodd)hihlawnef(decodd)hihlhi(Hl)do(chsh(t h()i(ucgFS(Figf.)tiv 24843y FQ(StrnfwJohnhedawneh(McClellawn:)27onwuqntl)ce)n0 h.ch(prehensim)hli6325pa11-103St.)b5on.JohnhggowngaaMcClellawn(r rs890])ewap(lyghsr)6 ycusr)o(f)()g(al)g (nf)wnimeislyghs570oeh frai(aeeiill2gfftaltder.hhnmeaev)hhseber 100 h.Cusr

62216499 455 l(622110639 455 1(35531059 1054 llipse stroke moveto cgraym29 29 etograymoveto currentpoint ne148131059troke e)486 t27s9 455 114763t27s9 455 11481310599 455 1fyll3troke etograymoveto currentpoint ne148132111troke m04813127 9 455 1ineto stroke moveto cgray029 29metogray4oveto curren point ne054432539troke e3564e6319 1079 055892759 1079 t544325399 455 1fyll3troke etograymoveto currentpoint n 26913355stroke m053192659 1054 llipse stroke moveto cgraym29 29 etograymoveto currentpoint ne143932539troke e3425 2759 1079 lt41932319 1079 0439325399 455 1fyll3troke etograymoveto currentpoint ne1292s355stroke m04229255y 1054 llipse stroke moveto cgray029 29metogray4oveto curren point ne57832539troke e564e6759 1079 l55892319 1079 578325399 455 1fyll3troke etograymoveto currentpoint n 4313355stroke m53192659 1054 llipse stroke moveto cgraym29 29 etograymoveto currentpoint ne68332539troke e703 260m 1079 e698o2691 1079 e683325399 455 1fyll3troke etograymoveto currentpoint ne8513355stroke m70se264e9 455 lineto stroke moveto cgray029 29metogray4oveto curren point ne64131059troke e6463t27s9 455 13263t27s9 455 641310599 455 1fyll3troke etograymoveto currentpoint n 64132111troke m64131279 1054 llipse stroke moveto curren point n1233432539troke e333432119 1079 1364932119 1079 364932539 1079 1033432539 1054 llipse stroke moveto curren point n1494y 94stroke m494y6439 455 178836439 455 1788 10599 455 1494y 94s 1054 llipse stroke moveto curren point n1494y2539troke e494y2119 1079 178212119 1079 78212539 1054 l494y2539 1054 llipse stroke moveto curren point n1305e5009troke e305e355s9 455 157833589 1079 578350099 455 1305e50099 455 1lipse stroke moveto curren point ne68334009troke e6833355s9 455 199833589 1079 99835009 1079 683340099 455 1lipse stroke m29035823a 103 y FS(Fighi(2.20:2j1St.)c.JohnhggowngfaMcClellawn’hhhprs890])e suqntl)ce nl ni21ive7233 p y FS(Fighhn.720.)23onIIc1(3 h.()nfhciseiaber)((wof) ell)g (ns,helnnf)eyaghsr al (tefht6 b(Afeyaghseaedfrwa ) y(wr) ell)g (nihhw02 yfe decodsh)fy39e 25 rs includv is sd. yetees(is)btprthcoov(Afhhis) (thub(gtyiesgg2l)h(igqntl)ceh)fhw02 yfe allowefnn OLal nhhd(erod)e ih add oomlrtcfummole-it56lrtehhd(airh,gg2l)hfw(tsf) fcafed bf off coddhyung (nbane)js nowne(a(isygg(want((eesoglgasff)uiifai(aef(back-itivmo6273 p(is)tvpagenum))fmul)g (nifdcps)irgod7velop)gnafewmoS(Fighh mslbanef( r)6 ypr)o(epr)(enum)i2tion.I()b( h.tem)igoseemhglehhgg(ootghd tive)6833 tih7h2pll)g (nifdipd)hod7velop)f(goodeg(r)6 ypr)o (epr)(enum)g(ihtd)deh(ts) f(ask,gg2but2g(unfort(oaenn)--5 nIveb3 h.St.)e.Johnhggowngtiv117403 tMcClellawn)jSiogf1ngc inveftigenfgfe(ts) fuagFS(Fig)fhvfahA39isenum Af14inniogf1(isygg(addr)o(eps)tiv1179625A397hf(ipeo)fillciultfs nowne(ai(portanc)gb()7 bvanem))1vfaoyopwjgnr ucgFS(Fig) re()fnil61jh((ofg(60lt853 0dmod)ndfnnnn)-h(dealh)fhwi bhhmsentl)ceh b al n w02 yfe mar e y(r)o(epr)(v)higA397hf(hi(Hl)do(chsh(t i()i(ucgFS(Fig)eivfah axbb(ddjdge(gqntl)ceh)iaby)nc 21803 tuev)higoaeeisruir)ce(seberg sui(prtfgiclausjeglfram),gf.og( soo)h(tg()f.)(9 adAse13 h.39fgfell)g (nihre)7 bvps)eeh)g(xa yffiw(r)oh()tivl2236 y ialegaff(uqntl)ce,helite sutputtshelknow)ts is enf,gli6 229330dop nt,ekAibject num uqntl s becomsh of clausjhghEownee((is- hS6 b(Aff.ig(ihtd)deh)iorv)hih2tpod) clausjs. be fofof

EVh 92 adX(ihS)-94 ad45s 1079 1785 (45s 1079 178931359 1054 lfyll3troke etograymoveto curren point ne78932259troke e7893145s9 455 1lipse stroke m1869 3033 (Ewne-8933b(Bsgl)ht40114253 )#.h161737923 p#4)1743 2674y(#5h1653 604y(#31(374y 323 p#1)125232574y(#0fn302 4833 tTfn302 4a11Sgpmoveto cgray029 29 etogray4oveto curren point ne2374y574troke e3390357s9 455 113933669 1079 2374y574 1079 fyll3troke etograymoveto current2356 6731329 5831329 22e2374y43(410 22e240295731375e66979@ChaikinSp9 45Draw troke m32393375ea.P)323931779y(T)4i9 adS)17433375eydV()599 2674y(Ph 69 adX(149194833 tV)14733653 )X(1113y)453 )B)713 h.Egpmoveto cgray029 29metogray4oveto currentpoint n 1374y4457troke e3393 447s9 455 11390 45539 455 11374 4459 1079 lfyll3troke etograymoveto current23653735 1329 45491329 4893136535071t4011489314011453 1375e444 79@ChaikinSp9 45Drawstroke moveto cgray029 29 etogray oveto currentpoint ne5 bop586etroke e188752319 1079 1887525a19 455 129bop586e 1054 lfyll3troke etograymoveto curren point ne18d53586etroke e1887525619 455 1lipse stroke oveto cgray029 29 etograymoveto currentpoint ne1805924i roke e179ve23719 455 127962231l9 455 11805924i9 1079 fyll3troke etograymoveto currentpoint n 1635 763troke 17933234s9 455 1lipse stroke moveto cgray029 29 etogray oveto currentpoint ne180592657troke e379622819 1079 179ve275l9 455 1180592659 1079 lfyll3troke etograymoveto curren point n 1635 7359troke e37933275s9 455 1lipse stroke 270eto 1 setlin4oveto currentpoint ne23653735 535029 29 369 29m@ellipse1lipse stroke moveto currentpoint ne2185 2561535029 29m369 29m@ellipse1lipse stroke moveto curren point ne23653761535029 29m369 29m@ellipse1lipse stroke oveto currentpoint ne1635 763535029 29m369 29m@ellipselineto stroke moveto currentpoint ne0635 7359535029 29 369 29m@ellipse1lipse stroke moveto currentpoint ne2815 2561535029 29m369 29m@ellipse1lipse stroke moveto 1 setlin oveto cgray029 29 etograymoveto currentpoint ne1374y42i roke e138194109 1079 11388 41539 455 11374y42i9 1079 fyll3troke etograymoveto currentpoint n 1635 763troke 138534139 1054 llipse stroke moveto cgray029 29 etogray oveto currentpoint ne16173759troke e35999819 1079 0599 7a19 455 126173759 1079 lfyll3troke etograymoveto curren point n 13653761troke e35999759 1054 llipse stroke moveto cgraym29 29 etograymoveto currentpoint ne1635 949troke e3640 11219 455 12631e11219 455 12635 9499 455 1fyll3troke etograymoveto currentpoint ne1635 7359troke e3635 112 9 455 1ineto stroke moveto cgray029 29metogray4oveto curren point ne061737359troke e359994411 1079 0599373239 455 l2617373599 455 1fyll3troke etograymoveto currentpoint n 23653735 troke e359994359 1054 llipse stroke moveto cgraym29 29 etograymoveto currentpoint ne235634274troke e3340 417s9 455 11346 41se9 455 1(356y42i9 1079 1fyll3troke etograymoveto currentpoint ne11853286etroke e13433414 9 455 1ineto stroke moveto cgray029 29metogray4oveto curren point ne0356y857troke e33463t019 1079 13340 95e9 455 l0356y8579 455 1fyll3troke etograymoveto currentpoint n 21853286etroke e1343395s9 455 1lipse stroke moveto cgraym29 29 etograymoveto currentpoint ne11673586etroke e1149 2319 1079 0149325a19 455 11)67p586e 1054 lfyll3troke etograymoveto currentpoint ne10953586etroke e11493254 9 455 1lipse stroke m150e648e -103 y FS(Fighi0 kU2.21:)31 tiSqrvan-Sc9r(Ahg2fd)d(h397h)allnig(to)gob7htpodcase-rcgowngg2nov(lig(tempree)hi2tion.)181n( bwnl)g (nig(nnn)-h(hadhf(ipeo)fillciultieh)iawhealewgqntl)cehffhmorc ntrAfgn(askgaa(is)h(i(is)bt)c(tum)(gatd)dfw(rain(le2ugafewr)o(fcusr) o(f)()bive)4073 pnrt.1(9 adI()b2innr)6 yquir)o(fshhS39at2(a(iseg Pal)g (nng1r)o(fmebb(Ah(hmor)o(fhgltpod))enum)f ldu(v)hhge(is)ftvps)ev)hhghEownee(also)biveFighf ilobackni21ion. Howeve9(OL3he)in(askgtive)5203 ttem rfhhiih7hebal nnhS3glf1946 l(r)o(epr)(2eoih7h2pr)(vS(Fighg nmeaev)hhsebereh(ts) fuqntl)ce prtt7h nclausjs. i(isf(oal)g (nng1o(e)f(a tive)63330dsmeehlo)h(tg(hg((it56vs))1tum),rgtih7h2petlin) clausj)gia39at2(a(isegoal)g (nng1chs)irgob7h)1570oed o htivefsolunum 60lt8033y(loc)j((iie-hbenotghdgod7tailf)wnime) td(ttemin()g(w0e b(Afg(ang1r)o(f211bo(f)()h(lieh)g(vutfhd))febergA397h ncusr)o(f)()g(owngtiv118553 )inom(prtt7hb2innclausjs.)ti 169453F FQ(Sqrvan-Sc9rfib(Ahd Fv(ythi(algpm1Q(:)27onwGrad7d)n0 h.Siaeefh(Ma yinjs)nc 20739y FS(Sqrvan-Sc9r)o(fib(Ahweveh(Clef)h( th)a)s,hhlawnef(McClellawn)hS[)191]fefmdnducthh)a)g1teeperhf il)veftigenumm)ipin(ofnive21359 tih7h(9 adgrammaS()g570oed)h)i nabilitieh)ffofh al (el4 h.ar)all (of)g(acquisitdm)hi.berea(iseg Pren11)lit irenum a(isegoal)g (nng1(is)ftvgr)o(epsiveligtive23i625Aewcodjs)n1 admori .berea(iseg(od))(g(it52gpm1O(Thk FS(<)em1O(S)i FS(>)e 1O(Thq FS(der.he(owngtiv11063 pit52gpm1O(P)c FS(<)gm1O(S)h FS(>)fm1O(P)p FS(der.,)uiw0er)o(fhglit52<)h FO(S)h FS(>der.hcgihhjoaee ssi(v)h(ih(of)altfngeeoygh1397hf(abovs))1FSM.gh1))lToefisucps)efuln)-k s(is)bt)c(t)tive)629 tih7hi(5ast2(aletp(AfgnbergA397h ssi(v)h,ai((of)d pll)g (nihrmuctsg1r)o(fmebb(Ahfe(ts) fillcrct( 29 tiSqrvan-Sc9r)o (fib(Ah16ed FO(yth)gol)nc 2199y FS(r)6 yportj10 h.(is)ee 397hf pll)g (nihr)hghounbanefiioglep(erod))(gA397h s(askguiifahn(isegptwof) e bb(ddengfnsi(v)hs(j(oadjee((ofg(60l275eydumet)j(moara(cjricivcs.)23 nI)29 b(Howeveb2innifai((of)-ewoadjegsipeo)f211bo(f)()g(uteeicivcol)h 1e)7 b(pery)g )fni.es)f (frhnipeo)f211bo(f)()(60l332 Fa3ransitdm)h f()7 bvbabilitieh))bo)hg((of)fnl)do(ch)gg2(ts) ful)g (nh fn)g(gibanefg(to)go570oeg(i(isffi(aski225 ).)1ih)tidsIshows)gy39eftivm3483 tul)g (nh9 tihaf)g(aig(tendr)cyig(to)fsod)h(tgeh(ui)euttsf p(ols)e)hl(of)-e(aS(Fighfl1b(Tfleva)(nhS3glf1e)7 bt)c(td)hhir397hf pfollowd)hi(60l4443Fhitsmi222 ad)1ih)t4inndeabilit)-uiogldl570oegi (lole-rang(hg(depewnr)ciesgg2ls)h(e)7 bvblbn)-h(due)ewimegiah)aler)o (g(hg(lx)f)()g((ofnive5013 tih7hebtruncatum)))1vfafe(ts) fee)d(o)v h.nl nig(nnn)-gyback(is)tvpageneh ath.ikS o 60l5574y(tum),tep;ekA39uhfhglthha bhhmfd h397hfe e o rfmebb(Ah bt)g(60l6d43 pabottrci)eutt tum t al n Ah(htpod) r (hngc)gbnaed((eeso)hg((of)g(nlx)) g(tum),tep;eh(ra b(Aff.ic)gbmeaes)gy39eS(Figh1ive727 pls)h(nglf1e)7 btssFS(Fighi(td)dehi(nhS3glf1so.)b5on.As19 etic)gbhappews,helbo bhdgElman’s)hgawnef(Sqrvan-Sc9r)o(fib(Ahg FO(ythe al)pm103’ff(onl)g (ns11ive7833 toftengknioggwr)o(ftai)hg 2tpod))enum Hlitey(um),teph(ihl61jaedt)gn tomfviouffhi l Howevebive896 y whealii (of)doal ri eprrve tg(hg(lmbb(Ahh1vfafe(um),tephi225 ).Sqrvan-Sc9r)o(fib(Ah1ce 10099y FO(ythl4 h.al)gm1Sisuggfftgia39at2efuagFS(t h(lenguop )g(moghthh (oadjee((ofgg1e)7 b(pery)-h((is)efe(ts) fl)od))enum)fganaed((e1ce 106530dimek.()r1b(Tfcflygi(e)7 bvps)e)f(lole-rang(hh(depewnr)ciesgfn)g( h(also)fmsldfulhhmfd)dese)7 bvps)ev)hijil)cryveed)hi(60 11229 tylemsnth,1n( h.owne(a(iuffi1chs)irepbffhs570oesd)fsoygg((oih)i sui(prtf(a(ypg)fhvfahAnl)g (ni216on.)29 b(Howeve9(OL3heygi(iogf1ngc)(60 117811(r)o(epsnt i(ahyfgs((rcicub(gligglom(pelli)h)hievidr)ce(e(to)2 nsupport)(i(ii phrsuggfftum).)nc 13043y FQ(O b(Afeyreoveto chebal)h)i std)d)1570oed)hiwnrfhub(g))gawneh(chctlx)-frff)uilenguop h)tivmo3939y FS(A)h(lmbb(Ahh1vfae1946 lsel)do(ch(As)heoadjegsmdntinuengaa(i7h gil)veftigenumm))1vfaoyopwjgnwellifer)6 ycusr)o(f)()ionl)g (ns11iv 144930dcs)hj(570oeg 1lenguop h)h.es)f (freyxami)nng1csoufff gowngg2Kuhnhhg1992;ifeGileh yth rkefssopwshhn(iat2e nr)6 ycusr esoygh gElmanhfyawngtiv115629 tSqrvan-Sc9rfib(Ahj FO(yth)gol)p FS(,)e mar rTf(r)o (epr)(enum) inhg((of)g2hiddnA)fnleyeehh1vfafea r(pt((ee(to)iptraineg Pal)g (nf)wnime)sd7velop)gnrenum sfd ofnive25693 pawalyzfhn4 borenum (a(isegoal)g (nng1tem)igod7velop,hg1nr(fw(ofniv 26259y(maks(eadeit56)ieiie-hb(is)b(louncemsnthghSabottr)((teff(opw-h gwellig(tisf(oal)g (nng1Hilliir(of)allizege(to)gonov(liniv 2682 yddataeiid)dhtgh(n7hhS3glf1lo)h(tg(Afgo(asks.)16 etI()b4 h.also)gptd)do(ceffhy397hf(usj(hyber)(veryfgngef)allfgoal)g (nn h(aS(Fi yitecgFS(Figf,s f(be)p eop %348 62 48 6b5b2o35 bop 905 -10348s f921 553589 2 vf920 112 29573vf946 95ea(D4)mo00531121V 5( wsO4)mo093 6121V 52 w(C4)mo17816121V 920 1681V 94791512a(C4)mo00531681V 53 w(G4)mo093 6681V 53 wsK4)mo17816681V 92ve2241V 95122075 (F4)mo00532241V 60 w(L4)mo093 2241V 57yw(R4)mo1781224 V 92ve2813Vf946 264ea(A))mo00532813Vf50 w(H4)mo093 281 Vf50 w(O4)mo17812813Vf920 3379V 950 320 a.Egpmo0053337 Vf54 w(Q4)mo093 3379V 553w.Egpmo17813379V 9i0 3941V 950 3779a(P)p o00533941V 583w)Y4)mo093 3941V 583w)Pgpmo178 3941V 921 3953589 2 vf(60l524ea())lTbaneft0 kU2.2:gn6 h.Afn( h.xami)))sgbr)6 ycepnuvf)g(it56elne(a(banef( td)dfwar)a(of))i inal)g(off)(memoryfgnber)(DCPS.eiiA)fn(of))g1h0vv)hiniv 58030d(oih)ha(baneffiw(s)irh(r)o(yspon(eesoglffiiDhggGhggR),helbut2e nloc)h(gGhfiDhggR)i21ive7223 tw02 yfgbmeaes)f((is)efe(ts) f570oed)h)h ge)7 bvpsdFS(Fig)frmuctsg1mdnducthh)a)e(lole,eipslowefnsel)do(chig(tir) o(otghdh(aef(lo)h(tg(h1ive77811�uncnum))20 kUspact(eml)h(i(r)oh((Ahf soglffit56)(ei1suitbanefg(om(positdm),eipmanipulaeum))fmawnee deco(positdm)ebive8354 )funcnum)s.)i2b189125AIn)7 h.(ils)gSptcfumm)g PIrh(r)o(yviewefnsro))g(dps)q(tribunfngaamdn)q(ne(tdm)i)q(ctsg1mod)nffh gw02 yfgbdealoplicd7fhgn(As)b1innvfaf((ofs7hrimod)nffg(accepnhg((of)g (clai)(gA39atsg1mdnne(tdm)ist2himod)nfffdmuctsh(oadjee(prvminuvfff(60 1173 ydodeeg(om(posiahii(swnee(manipulaeule2)Spi(ucgFS(Fig)fhtergA397hf imod)nffg(ar)o(fhglto)gob7h)1bdequate)gptd)d)1oigheS(Fi-57velhtiv t2303 toogninuvf)jo(asks.)17 ).)1ih)t2innis))gl om(msnthgh oomldurfuln)-gy39at2(adeco(posi)hihlawnegyr)6 yco(posi)hitivmo34330dsymbolic ucgFS(Figf) t g(al)g (nf)fn pit52juctsuteule2 frfsyfe moat2(anff2p(al)th(i(m))1vld,)Ma Lennae Figtzky ucg((ei1alffit52DpstribunfngaaCdnne(tdm)ist2i.Pis)tvductdm)itivmo67125ASys(r(der.he( DCPS)ghnime)sd7mmn)i(enfgfe(tatfhemdnne(tdm)ist2 ionl)g (ns1e(ar)o(fhglpowerfuld)1lnotghdiiogldldog1iv 17221 gsymbolic)(9 adis)teeson(lei237 ).In)t8 h.laeere)spapers,ej()25oaf it56elnder.hhnbergA216r fd3ripleh,ej(i.e.,hggo1dp((rcicub(ghiA(of)sfn)g(xi 2010 Fa3uoesd)t0 kUo)h(iw0e)h)bo)fgfnbergA397hg(216rgd3ripleh)h1ltsfdrit56elnshh(aS(Fighf oomn)i(ucg((ehil)hg3al)gfactori(t g(fashum).1t8 h.Ea yf10 h.(of)sh(oaf)ggafewr)o(fcepnuvf)h(it56elne(a(banefgnmdntaini)hitivm21233 psix)k()ymbols)gatd)dfwxa yfgnpositdm)ehinal 3riple. xami it56eln.off baneffii d122923 pAahA3riple ls Figdgfel i(isfgnmemoryf(aoygh13uoed)h)hioal (of)shg y39at2(ar)o(yspon(e soglgait( 16 ).OA)t( h.ab(Hlgf,gli6 234930d28ij.ber(i(isfgn2000hfA(of)f-ipwillifer)6 yspon(eesogloya)f ((iien(h(3riple.)1174 233a11-1J(8)12583234930 FS(A)h(3riple)f(ls)g rdeletjdhfles)f (frh(memoryfgnby)nc 24053(d3uoed)h)fnbero(er)((teff A(of)f-ipw02 yffnr)o(yspon(eesoglffit( 20 kU))lToeb2 ettectsg(w0e b(Afg(ang13riple)h(ls)grsior(Figdgfel)h(imemoryf(awe)tiv 24629 tch(ck))1opwjgnmanyf(anffhy397hf(uof)f-ipr)o(yspon(d)h)fnoglffitn h(aS(Fijfegacnuvfi2tion.If)t( h.397h s(riple)f(ls)h((r)o(epr)()gbi)hg .memoryfbive)51830dawn)elngloyo b(Afg(3ripleh)h1oadjefsbeenhggdeletjdhf les)f (frh(memoryf-5 ).,21i(OL3he)hg3allifebergA397h s(of)shgbr)o (eppon(d)hiwnimep nive2562e720 2 vf203325905 -1I(8)2(7 26063 FH.)1efftgys(r(ng1tem)ihnloc)f(g (nihhwellifeifahnmanyfenmo)h( tegi(d)d)157ssff.(is)hgd28ifi(of)f)h.r)o(yspon(e soglgasro))fd3ripleh,e itasdehis)gy39eftiv926529 tcafeh9on.wes)fiprawn(freyr)6 ycepnuvf)i (it56elns.ikS))mToFS(Figtzky)9 h.owneh2Hinton)gyrs888]rgod7hcribeff topwjii(isffer)6 ycepnuvf)g(it56elne2p(baneh)fhweS(Figh1iv 26974y(caS(Fijfuln)-(acoosen(h(so)gpaf)ggkeeprgo(ils)gSlmbb(Ahfnclosjeh (ime(i28.1 f(be)p eop %349 63 49 625b2o35 bop 905 -103494)moveto 1 setlin41433 765 -HF..Afn( h.p)f(q)gx433 )443Fh B)h.r)f(C)gx433 160 Fa()dhtqhfiD)gpmoveto currentpoint ne7412739troke 678y 94s 1054 llipse stroke moveto currentpoint ne741 739troke 804y 94s 1054 l74121691 1079 elipse stroke oveto currentpoint ne804y 94stroke 86731691 1079 elipse troke moveto currentpoint ne74131691troke 804y23239 455 llipse stroke moveto currentpoint ne74131691troke 678 23239 455 llipse stroke m856l223ea(D473ve234y(p)8n4 97 pq)66731603 pAa76b118130dr)793328625AC)-15532(B)4iv 42430 FS( y FS(Figh12 kU2.22:)27onwAh12 kUbinaryfgn(r)o(ffhfgowngg2(i7h gi3ripleh)h1w02 yfe 946 l(r)o(epr)(2ffit( (60l56625A39at2gg(riple)h bHillig(b7h(oacnuvfi2t9 nI)29 b(Howeveb2innifaoyo b(AfhA3ripleh)geoadje fsbeenhggdeletjdhfles)f (fri(memoryf-5 ).,213 h.uomgh1iv 6223 tbergA397hg((of)f)h.ma)-ewoadjefsbeenhha3uoesd)gnbero(e.)22 et))lToFS(Figtzky)b2innrs890])hrsuggfftshhn(iat2eea)hd39r)o(fsopln(h avfae175%)tiv 6753 )vfaea(of)sh lsopulne(ab7hf(usj(eesoglgadechd))) pwhe b(Afg(ang13riple)h(ls)gr(r)o(epr)(2ffinrh(memoryf-5 nI.)17onwDCPSgt( h.(ar)h(1b(Tflilbn)-1ive7354 )sior(Fig(ihaS(Fiouwn)) p6rgdd)dfw7fh(dicivnct2gg(riplehi2(9 ad)1eft2inn()7 bvbability)h2nfff t e)d(o))ogpor)gt946 l(rievalo)svncis)teeseh)iawes)af(39fg1iv 7923 plmbb(Ahg2nff2p3ripleh)frsior(Figd,hhlawnef(wi bhhmsimib(gity)g gommngrgA397hg(sior(Figdge((riplehi2i2b18483 t)1ih)t8 ti(riple)f(memoryfhr)hghouldn(hyag((a(isegog (nd)h)himemoryfgni)hg .DCPS.egiDCPSgg(oaf)ggtdure)s6 b(Aftive9053(dgS(Fiouphh)1vfaf((of)shg yw02 yfe prrve)e(ime(i946 l(r)o(epr)(22(rules,h)hex)ra(t)fnclausjs,)i nawnedUbinn(hyvarilbnef.)30 et)ijoni 196130druleh)b2 etDCPSgg(g (nf)fnwi bhhmaS(Fighflalhhh(i)hg((of)fnfollowd)hii(td)m:)473 10674y(Rule-2:)28onwi(=xgt( h.A)h(B)gf.i(=xghAC)fiD)gh FM(!)gm1Si+i(=xgf(Ehg(F)ghn+i(PhfiDhh(Q)gf FM(�hp FS(i(=xghAShfiT)go(d1t1744y(Rulesdehmar)gtoadjegso)fgfnvarilbne( pi(9er)o(fhffit52=xder.),helw02 y,sg(w0e)hg(tt2eeappearh)h(in)sLafe i(riple,eipmucts)sappear)tive)2303 tinekA397henillcrctsi(positdm).)t9 et)1ih)t3 h.rulegf.seysjgn39at2ggtergA397r)o(fhglaS(Fighfl3ripleh)i .mat yinh)g(i(=xgf(A)g(B)gg2owngg2i(=xggAC)giD)gtiv t2879y(iyw02 yfjiw(s)irf.mat y)h(gFgf(A)g(B)gg2owngg2i(FggAC)hiD),)f 2but2g(ngc)gbi(FghlA)fnB)gg2owngg2i(GggAC)giD)),)gL3he)hhy3wmee l3ripleh)nc 134330dsh(s)irh(b7h(oaddengfnime(i(isfgog (nd)h)himemoryf -5 ).,214 h.owne(ao)fggndeletjd,sg(wes)fgn(of)g(ap(is)tvprvaenih nvarilbne)bive)4003 tsubftitinum)s.)i2b114i625A))lToFS(Figtzky)c yrs886a;hfls886c;hig1990]le.laeereh(d7fhgn(ngg2BoltzCONS,fg(ang1gys(r(n g(w02 yfipmanipulaeeh)nc 15123 pLISP-likerj()i(ucgFS(Figf)h(gi.e.,hg Ubinaryffw(r)o(ffs)i226 ).)1ih)tidsIsys(r(ng1useffg.(ofggaomet)f 13riple)h(memoryfgn3glf1946 l(-itive)5693 pr)o(epr)(2ii(isffe)i(ucgFS(F (eh,ej(awnedUhog( smu yfe additdm)(t odma yinjryh l3meednan11(r)o(e(22 nruleh)hlawnegymodify)tive)6259y(memoryf(amdntlnth( 26 et)ijoni(OL3r)o(ffhfgr)6 ypr)o(epr)(enum))gsi phrsiraoghtfrwa ) y(wr) pil61jae a yfhPren11)lit inodegfel)h(i(isftive)682 ydpi(ucgFS(Fig)gn)g( h(1b(Tf(r)o(epr)(sd)fsoygg(ang13riple:224ynIleft-mdntlnth,2(7 n.label,hfgowngfgroght-mdntlnth( 29 ad)1eft5ynIleft)ggowngtiv 17383(droght)camdntlnth)f(ca)hg(bf)g(aw6 b(Afg.labelrgdd)dfwan(i .atomic)ensymbol.)17onwNodeg9 n.labelg(ihtuncnum))wnlikerf(urren(As)biv 1795eydd)dh(addr)o(eps)hi2tion. y FS(Figh12 kU2.22)fssopwshhna)f (xami)))shn(r)o(ffhfgowngg2(i7hh.seh(f2nff2p3ripleh)hy39at2(ar)o(ypr)o (epr)()h1lt.)i2b11851 yp)ijo19 n.label))1vfaoya)gA3riple)h(ls)g ryquivalr)(2ffoglga(ts) faddr)o(eps)f2nf,gi(d)de(urren(Ae sog,)sLafe iCONSlgacellig(in)bive)9083 pLISP)enmemoryf-5 ).i232 b.On81tion.adva)(op )e)vfai((ois)gbr)6 ypr)o(epr)(enum)))1vv(AffSahg I()nvr)(vm)(t i(urren(Aeo(-basjdgbive)95430do)fgdhis)gy39at2gg(off) pmemoryfgnfd)d(h3ripleh)h1l,gf.ogsocienuve,(h(so)(ao)fggnoon)hdr)o (e(rievsfea(ri)))h)h1(iien(h(anyf(anffnc 20213 tih7hgtylemsnth,1i1ngc) eyjuctshy397hf(label( 29 ad)1ih)t6(OLallows)fw(rav(AsalifeberiUbinaryfg w(r)o(ffs)fnwi bottrg.additdm)(t nc 20779y(memoryfch adhwsiack)fn)g( pusulin)-h(r)o(fquir)o(fd)fnoglff(rav(As7h(oa)iUbinaryfgn(r)o(ff)i2221 21333 t)1ih)fgr)6 ypr)o(epr)(enum))ewed)dhtpi(ucgFS(Fig)fhhog( stwof) ebergA397h stdure)sd7fhd)alta)fsod)hibAh bt)uceirfgr)6 ypr)o(epr)(e-e tive21903 tnum)s.)i1onI)ijon3onIlabel))1)g(gib)hg3adequate)(ar)o(ypr)o (epr)(atdm),ehtl AffS397h ssi(ucgFS(Fig) )a(iien(tive22463 tih7hgtlabel,hhlawnegyih)fgr)6 y Howeveb2inn(ts) f5abel ts h.(allf)wni1ih nl nng1ol Auto Agsocienuve Memoryf1iv 14989y(iyRAAM).)i2b115549y( y FS(FigheI2.23ng1ghows)gy39efglaS(F i yitecgFS(Fig)hnvfaf((offfell)g (nihrtd)d)1binaryfhn(r)o(ffh,hfgowngg ( y FS(FighhU2.24eeisopwsgtive)6113 tih7hb2inn(tr)o(ff)h pauto-ogsocienum)g(g(tisf(oal)g (nng1muctsh(le0oegffoglgaewcodj)gyahg Iui(prtfit(r)o(ffi2(9 ad)1eft2inncodjs)gsod)h1cee)667 pttemin(t i(nodehf(a A,hhlB,hfgC,hhlawnef(D)ghlaS(Fighflsupplifngi iogldltisfionl)g (n,fg(bttr)((tefhanl)g (nhf)muctsh(le0oeg1iv 17244y(uuitbanefdncodjs)ewed)dhttisf(oren11)liti(nodehfe( p,helq,ff gowngg2r)i216 ).)1eft( h.3rain(le2ugl,gf.ohf)movd)h)hi(o)h(tg(ts)s(S(F ivanem,gxi 137803 tbgcausjfjiw0e)hg((isfgogeoghtffg(ar)o(fhgladjuctenee od)hibo)fggnxami)))sgbii.g.,)f( td)dfw B)f(C)gh FM(!)g FS(r)g FM(!)gm1Si B)gSC)),)gL3hi)i(60lt8379y(chang(g(ih397he(r)o (e(r)o(epr)(enum))h(td)dfwAhweveh(w02 yfe chang(g(gi(isfea(o)h(tg(tsg nfd)d(ha)o b(AfhAxami))).)i3onI)iih)tidsIcs)hxi 1893 y(caussf(orestability)h2i)hg((of)e.3rain(le,ej(soee((ofgg1570oed)h)h gree)eodmuctsh(b7h)1kepnhfnsmalh,fjiw02 yffnr)o(ysultsgf(in)biv 194930dlole)e.3rain(le)hi(um),.)2(d120063 pA)ibRAAMggnoon)hdb7he vieweirgoog( sbev)hhgeco(possd)gnbergptwof)onl)g (ns1hpil61jaeaegs newcod(le)hin(ts)sy39eftiv920629 tbott(froyhalf),helawnef(ae) td(cod(le)g(al))h(gtisf(otop)gnhalf).)30 et)ijoni h.xwcod(le)ionl)he ()nvrrtsjgnahgtfuln-i(r)6 ypr)o(e-)nc 21199y(pr)(enum))n( bwimefea))ar)6 y)uceirgor)o(y(r)o(epr)(enum),helowneei(ofgg1d(cod(le)h pnrts)s(erod))s)(i(isfgol)veAs7h(otuncnum).1(ive2175 yE)181iar)6 yy(r)o(epr)(enum) 3rff (isffer)6 yy(r)o(epr)(enum) BC)ghyih giqhghEownee(so)hso Fig knowh,1i1ts frfw(off)(pi(ucgFS(Fig)fhnffhy397hf(tr)o (ee,(h(opwjgnmanyf)1tum),rfyic)himuctsg1r)o(fcussuvfligglom(pr)o(eps) nc 24013 pr)o(e(r)o(epr)(enum)si21ion.)29 b(Howeve10 h.(tefhad(cod(le)g(e)7 bvpsdFS(Fig)gimuctsg1dechd))fddu(v)hhiad(cod(le) fpwhe b(Afnc 24583y(d)h16 ).ngtshyaef(d(codene(ait56elnei(r)6 ypr)o (epr)(f)ggafewttemin(t hinodegfed)d(ha)hhPren11)lit inodegfew02 yfi lsopulne(ab7hbive)5144 )fur b(Afd(d(coden.)24ynIPmlrack)bi b.solvfh)fy39ls)gr(r)o(vanem)h2byf(ausiahii(it52binaryder.he(codjs)e wed)dhtttemin(tf)h(gi.e.,hbive)5703 tea yf10ynIvaluegfel)h(i(isff oomdg)gn)g(h(0gfed)d(h1)i216 ).)1eft0 kUr)6 y)uceirfgrenum d7velopfn(esoygha(isegoal)g (nnf(tendghnime)soadjegsvalueg( pbl)geenhgg0hfgownge 1,fg(bttrg(ngc)gbclosjegn3glf10t i))oe 1.gn6 h.If)t( h.arnc 26834y(d7codene(ait56elnehhhog( sallifef)shgbvalueg( psueo)fillciientn)-h(closjefl3meed0)hed)d(h1,)gL3he)hhyf K rffhe(ainai(w02 yfgbea yff2nodj)gyoaf)ggup Mls oawh( FO(M)gm1Si yildr)o(en1(ive21930dcs)hh(b7h)1ewcodjnegnwi bhhmspechalif pit52nilder.hhnlabels.)17onwEa yf10ynI yildtatfheMaryffwlove()niv 5013 pJohnder.). of of awnedU48 7 n. rffheel(fuln-gorrartn dueifsoglg(loc)h(knowd)hihlih7hebme bodhh1byf(aw02 yfiptisf(oal)g (nn ffco(pr)o(epsfheela)e(fuln-tive235430dr)o(y(r)o(epr)(enum))dtrengloya)f (946 l)ucei-goone.ep nive24073720 2 vf20332436y -1I(9)2(7 2451 FH.Ma Lennae’s)dtrevocenum)hh1vfah(Bis)tvuweS(s(’g((a(isor(Figm( h(ih)fgr)6 yleva)(g 1imegio1ih.1 f(be)p eop %352 66 52 655b2o35 bop 905 -10352rnc 4930 FK(2.4.3)50 kUSm(lensky:)t9 et))-6 h.ensd)h14inn()vducth)nc 138ey FS(Sm(lenskyn10 h.rs890])e1dshcribef)(bopwjgn3ensd)hfe()7 bvducthh)algebraggr(r)o tvvidrf)ggafewframeg (nhgped)dhttisf(60lt943(dipstribunfngda1b(Tf(r)o (epr)(enum))h(vfaf(s)f ycussuvf)g()i(ucgFS(Figi231 ad))lTensd)h16 nI()7 bvducth)hmaS(Fighfla)gbwayff2nffhUbinnule2nc 251 yEmultiple t2inn(wo)2 FO(n1 fFS(-dimr)svm)(t i(column-vectorg(( FQ(x(( FSgowngg FQ(y1 fFS(,helih7hebsemdnd-(r)oh((Ahnc 35430d3ensd)hje()7 bvducth2 FO(T)kfFS(=)e FQ(x(t2in FM( )g FQ(y1jfFS(ig( syquivalr)(2ffoglga(ts) g(vute)ofe()7 bvducthi FQ(xy)n43ve3474y Fw(T)14443354 y FS(.)i8in FO(T)(6yn FS(oaf)) FO(n11635 3474y FJ(2rn667 35430 FS(ylemsnth,1hyawngtiv14204y FO(T)(781427 y FN(ije215 4204y FS(=)j FO(x)2453427 y FN(i)29514204y FO(y23181427 y FN(j)328 4204y FS(i231 adBo bht6 h.loweS(Fi-(r)oh((Ah)aawngg2oigheS(F i-(r)oh((Ahhd3ensd)s))slxpst:22ion.aht6 h.illcrct-(r)oh((Ah)a3ensd)hg gig( sjucts)sbf1iv 47625Avectorowevegnawnef(aeh(zeS(Fio’th-(r)oh((Ahe l3ensd)hi(ls)gragg2gh(naAfwe.e29 h.A)t6 h.o1ir)oh(-(r)oh((Ahfl3ensd)hh his)gy39ef)a3ensd)hge()7 bvducth160l5333 tvfaf((or)o(ffhg(vectorg:h24 n FO(T)(8yn FS(=)g FQ(xgt( h FM( )i FQ(y1f FM( )h FQ(z1 fFS(,hjlw0er)o(fhf FO(T)979 540 y FN(ijk)b028 533 y FS(=)i FO(x)1096 540 y FN(igt(06l5333 FO(y21129 540 y FN(j)1139l5333 FO(z)1159 540 y FN(k)b(89l5333 FSmawnee FO(T)h FS(oaf)g FO(n11434 5164y FJ(3)1466e5333 FSmylemsnth.)i8 n.HigheS(Fi-(r)oh((Ah160l58930d3ensd)hn0 h.()7 bvducth)hmaS(Fighf oomn)i(ucg((ehil)hg3al)gsimib(g)hnfashum)fgnit61jfSahg FO(k1 fFS(’th-(r)oh((Ah)a3ensd)hhyih)fg39e-hb(is)b(ducthf2nffh FO(k11iv 6463 tn1 fFS(-dimr)svm)(t i(vectorg((aawngg2oaf)g FO(n1802 629 y FN(k)829 6463 FSmylemsnth.)(9 ad)1eft2 bSit52rankder.hf2nffhUaf)a3ensd)hge)g(gib)6 b(Afg.lmet)g(fd)d(hf)f)tiv 7023y(d)hoh((Ahwe.ekd))lTensd)hc.()7 bvducth)g2ca)hg(bf)fnbuilt)io(phf oinerenuven)-)git61j)1multiplyule2jla)e(o1ir)oh(-(r)oh((Ahfl3ensd)hh hawnef(aenive7599y(prmdnd-(r)oh((Ahia3ensd)hgeguvfffg1alffit56fth-(r)o h((Ahhd3ensd)fwe.e21onI))lTensd)h13 h.()7 bvducth)gnoon)hdb7he(d7codene esoygha(aki)hitiv 8154yil)ne)ofe()7 bvducts,h)heg.,)ffhterg FO(T)h FS(=)g FQ(xgc FM( )i FQ(y1f FM( )h FQ(z1 FS(,hgL3he)hh FO(T)f FM(�(( FSg(1 fFQ(xgg FM( )g FQ(y1 fFS()2jl=(( FQ(z(( FSg((o((Ahh(ap(is)tvprvaenig(lo))elizenum)f nc 8729 tcon(dnum)sf19 ado)hg((of)fnvectorg).)3ion.)181n8 n.l)ne)oib(is)b(ducthencs)hh(b7hfn3ake)hg3alo)hihlawigglom(binafumm)g Pvfa(ive9221 gdimr)svm)s.)3ion.Fdeet8 h.xami))),hel(iien(egafewt1ir)o h(-(r)oh((Ahhd3ensd)fg FQ(xgt3 h FM( )h FQ(y1g FM( )g FQ(z1 fFS(,h19 adwehencs)hh(3akerf(39e-hbl)ne)o(ive985 yE()7 bvducth2awes)af(a-g(prmdnd-(r)oh((Ah)a3ensd)hge))h(i(ir)o(ffh) tdpeo)f211bo(f)()gbwayg:h28onwalo)hit8 h.(of)fnillcrctshlawnef(prmdnde tive)04se pdimr)svm)sh l3meedex)ra(t)g FQ(z1 fFS(,hiwalo)hi)((teff Aillcrctshlawneg(o1ir)oh(rf(dimr)svm)sh l3meedex)ra(t)g FQ(y1 fFS(,hj(d)hd3alo)hihl(i7htiveo0974y(prmdndet2innawnef(o1ir)oh(rg rdimr)svm)sh l3meedex)ra(t)g FQ(x1 fFS(( (6ynICaS(Fighcpmucts)sbjeh (iake)hf1imegiusj(aa(i7hh(ap(is)tvprvaenifbl)ne)o(iv 1154 yE()7 bvduct.)bive)280 y FQ(Dola)fgaawngg2Sm(lensky:)t7 n.rei(prtmr)(ule2n( h.DCPSgg(ges)fgn(ensd)hge()vducth)nc 1368ey FS(Dola)fjaawngg2Sm(lensky)hS[)189])e1useihl(iir)oh(-(r)oh((Ahg d3ensd)s)h(3gleor)o(yi(prtmr)(h l))lToFS(Figtzky)fgowngfgHin-f1iv 14259y(ton’shjS[)185]rgoDpstribunfnghaCdnne(tdm)ist2h.Pis)tvductdm)if ASys(r(ng1 DCPS).egi)ijy)gAillcrctsg1ghow))1opwj1iv 148130d))lToFS(Figtzky)hlawneg(Hinton’shgA3riple))(memoryfgncs)hh(b7hf dnan11(r)o(e(((ef1bsfhUaf)arenb(Afaecm(prtx,hk()parse,21iv 15373 tihir)oh(-(r)oh((Ah8 h.(ensd)hhy(is)b(ducthf21b(Tf(r)o (epr)(enum)( (6ynINex)g9 n.(ts)-fnsopw)(bopwjf(ang1gys(r(nh(basjdgf(m)) grsiraoght-itive)594 ydodea ) y(wr13 h.3ensd)hge()7 bvducth)h1l,gg Iui(prtAh)aawngfnmor)o(fhglprvnciplen.)24ynI)1ih)t4ynIsys(r(ng s(erod))s)g((of)fnomet)bive)6503 tnaskjeeog(giDCPS;ihl(i7yf(amalhhgni)) g((of)fnill2))lTensd)hh.Pis)tvducthgnPis)tvductdm)ihASys(r(der.h( l(TPPS).eh.I()f(oaf)ggtwof)omain)bive)7073 tadva)(op f) sov(Ahg dDCPS.eiiOne)f(ls)gy39at2ggdt)gneasi(Ahfl3o)hlawalyze.gn6 h.)1819 ado b(Afaedf)is39at2ew(offhdr)o(y(r)o(epr)(enum)sf1iv 17633 taS(Fighi(d7fhgn(nghlat)gy39eff)57v(lihivfafeatomic)hSpymbols,hh lom(binenef(wi bhhma)e((of)all-purposs2)Spchemf)fnfo)o(iv 18204ydr)o(y(r)o(epr)(ule2k()i(ucgFS(Figngaamdllecnum)s))1vfaf((ofs7hr o)ymbols( 29 ad)1ih)t6(OLih)gbi)hfimdntrast2gfoglga(ts)g(ap(is)tva yf tive)87625Aiake)hf1wi bhhmDCPSveh(w02 yff1waf)g(3glf1d7fhgnfhy397hf(r)o (e(r)o(epr)(enum))h(atr)((tefha57v(lifnbergA)i(ucgFS(Figfi22i et)ijoni 139333 tDCPSgt2 kUr)6 ypr)o(epr)(enum))ewig( sbo bhftdpeo) Aillccult)ioogldlil56)e-tunefjaawngeelvminedggroglgaspechillcc( psi(ucgFS(Figf)g(�binaryfni 1398930d3r)o(fff).)tivm21154y FQ(R(le-illcll(Ahfl3ensd)h)aryprepr)(enum)sfewed)dhtpredicltfh) nc 22033y FS()9eff)ability)h2oglgabiwngfnmultiple)i(vectorg(er(r)o tvvidrf)ggafgSlmbb(Ahi.bereawayg)h(vfaf(s)f y(r)o(epr)(ule2ir(r)o tedicltfh.1(ive22603 p)9efdIui(prtst)hhis)gy39eff)s)f (le-illcll(Ahg Pvun(Aeo(-()7 bvducthh)r)6 ypr)o(epr)(enum))ew(prmdnd-(r)oh((Ah) d3ensd))gg2suggfftjdgbive23163 pb)-epSm(lensky)gnrs890].)t7 n.A)7 h.()7 bedicltfgg2su yfgbah)g FG(p(a,b)ggm1Si a)hg(bf)g(r)6 ypr) o(epr)(sd)esoygha(isef(gu)q(m)g2nff21946 (le-illc)q(ll(Ahtivm2373 yE()7 bvductg:h(6yn FQpr)373 2380 y FJ(1)39232373 y FM( )s FQpa)s FS(+)s FQpr)505 2380 y FJ(2)524y2373 y FM( )s FQpb1 fFS(( g2Sm(lensky)9innrs890])e1discupsfhejy3wmee lme bodsfgnbergAd(cod(le)g((oif)h.r)o((le-illcll(Ahnc 242930dbinnule.)18onw)181n( h.illcrctsg1me bodhge()7 bvvidrf)ggxamcthf td(cod(le)hnbergAbinnules,helbttrehr)6 yquir)o(fg( s39at2(a(isef(getrh Pvfa(ive24453F(ese)f(pohjgr)6 oleh)g(bf)fn9 45arn)-iiinnependr)(( 23 nnI()b4ynIrevolvfh)fymalcub(tv)hhiad(cod(le)f(vectorg(( FQpr)1791e2469 y Fu(0)1791e2497 y FN(i)18(6y24453FfFS(od)hgw(offnc 25424ydr)o(o))s,hdnawnef(o1ee)gn3akv)hihga)fa3ensd)hge))ne)ogp(is) bvducthh)wes)af(39fggAbinnule:)27onw(1 fFQ()h1427e2549 y FJ(1)1448 25424y FM( )5yn FQpa)gm1Si+)g FQ(Ahnc67 25494y FJ(2rn587 25424y FM( )g FQpb1 fFS()ggm1M(�(g FQpr)17n( ll25 y Fu(0)17n( ll53 y FJ(1)1739 25424y FS(=)t2 b FQpa)d FSg(w02 yftiv325983 tig(ksyquivalr)(2g(3glf1(tefhavectoroF i-by-ma3rixj)1multiplicenum)hh FQ(Ahn21332582 y Fu(0)p Fw(T)121332610 y FJ(1)1238325983 FSg(1 fFQ(Ahn27( l605 y FJ(1)1287 25983 FQpa)131092582 y Fw(T)1335 25983 1Si+)dfFQ(Ahn392326054y FJ(2rn408 25983 FQpb1143692582 y Fw(T)14iv325983 fFS()gkl=(( FQ(a1 fFS()( 20 kU)ijon3 nndisadva)(op )nc 26553 tvfadhr)6 yquirv)hihg9 45arn)-fiinnependr)()h gr)o(ole)e(vectorg(gtig( s39at2gA397hfonmbb(Ahi.berear)6 oleh)h1l,gg Ilvminedggroglfsbev)hh f(be)p eop %353 67 53 665b2o35 bop 905 -10353rnc 4930dls)e)b4ynI(is)hgd))o)slqu(t i(tmee l3hfhg(vectorrgAdimr)svm),fjiw02 yfebmeans)gy39at2gg(offf21b(Tf(r)o (epr)(enum)(h(fd)d(hr)6 oleh)tiveo0630dcs)loc)9 n.(akerf(adva)(op )) eberig(offf21b(Tf(r)o(epr)(enum)alih(eeo)fillciiency)h2nfff tipstribunfngfgr)6 ypr)o(epr)(etdm) .)tion.)181nive)62 y(prmdndet2innme bodhgefd)d(hd(cod(le)g(binnules( sallows)fw(ofggao(tsg nbergAese)f(pohh.r)o((le)f(vectorg((soglgab7hhg9 45arn)-tivm219 ydd7pendr)(,fjibttrg(nnn)-ge()7 bvvidrf)f(ap(is)tvximltfgg2r)o (epultsi226 ).)1fs7hbiinnr)o(epultsggamuctsg1beffncleanedggruphh1byftivm2p53Fiasi(post-e)7 bvpsssule2jlsys(r(nf(w02 yff1il56)isgha(isef(bectsg .mat y)ggommngrgAcs)didate)(ar)o(ypultsi23ion.Init8 h.(oih)nc 3329 tme bodhn0 h.3tefhad(cod(le)f(vectorg(gtar)o(fhgl3tefhaomet)f1bsfh n(ts)(axwcod(le)iovectorg:hjg(1 fFQ(Ahn529y339 y FJ(1)1554 33a11-1M( )8yn FQpa)gm1Si+)g FQ(Ahn682 339 y FJ(2rn706 33a11-1M( )g FQpb1 fFS()ggm1M(�(g FQ(Ahn839y339 y FJ(1)1868333a11-1M(�gt3 h FQ(a1 fFS(.1(ive38830dCar)o(fhglmuctsi (bf)e.3ake)hhhterf1(tefhavectorf)f(ar)o(fhglloc)h(lo))elizjd,sg(ahrg2r) o(epultsggaHillig(b7h(ogh(nen.)24ynIRoleh)t4dsIcs)hxi 4443Fhalso)cab7hhgd7codenee)by)iptakv)hi(ha)hg(tpne)ogp(is)tvducthgnine ggafewdpeo)f211bo(f)()h(dis)f yctdm),ehtw02 yff1l)hg3ma3rix-vector)niv 5013 p(temh)gnodr1b(Tfspon(h)hy3of)g(1 fFQ(Ah6tio484 y Fw(T)6tio5123 FJ(1)634 5013 FQpa)fm1Si+)ffFQ(Ah722 484 y Fw(T)72235123 FJ(2)739 5013 FQpb1 fFS()gp FQpa)j 1M(�gh FQ(Ah883 484 y Fw(T)883 5123 FJ(1)899 501 y FS(.)i21l5574y(Dola)fiaawngg2Sm(lensky)iS[)189])d2suggfft)is39at2( .()7 bedicltfhrhlmar)f(bf)g(r)6 ypr)o(epr)(sd)esoyghaal)gsumfh.berni 6d43 pihir)oh(-(r)oh((Ahn0 h.3ensd)hge()7 bvducth)h1berea()7 bedicltfgh pnames,hhdr)o(o))s,h)aawngfnillcll(Ahi2tion. deet0 h.xami)))veh((isi)df p3ensd)hniv 6703 t()7 bvducth16 kUr)6 ypr)o(epr)(enum))h1bere FG(p(a,b)ggm1Siw(s)irh(b7hg FQ(p)dfFM( )g FQp)hn)62 677 y FJ(1)119036703 fFM( )g FQpa)gm1Si+)f FQ(p)g FM( )h FQ()h142036774y FJ(2rn44976703 fFM( )g FQpb1 FS(,hklw0er)o(fhfw(ofgg FQpr)1791e677 y FJ(1)1823 670 FSmawneg FQpr)193436774y FJ(2rnive7273 FSmar)o(fhdw(ofggar)6 oleh)h 1vfaf FG(f1 fFS(.1i3onI)iih)t4 kUr)6 ypr)o(epr)(enum))ge)g(givjryhf 1simib(g)hn(of)gplal)h)Sr)o((le-illcll(Ahf(binnules( sit61jeedt)gn)g( (in)bive7834y(fmcthisyquivalr)(2hroglff(akv)hihg(ts)(a(ensd)hge()7 bvducthh)vfafe(ts) fframehfonmet)g(owngg2(i7hgnsl))h(vfaf(binnules:)li6 8403 FQ(p)t( h FM( )h FQ()h254 847 y FJ(1)282 840 y FM( )g FQpa)fm1Si+)g FQ(p1g FM( )h FQpr)506 847 y FJ(2)534 8403 fFM( )g FQpb1k FS(=)g FQ(p)t( h FM( )h FSg(1 fFQ(Ah7883847 y FJ(1)8(6y8403 fFM( )g FQpa)f FSi+)g FQ(Ah954 847 y FJ(2)982 8403 fFM( )h FQpb1 FS()( 24 kUFill(Ah)tidsIcs)hf(bf)g(d7codene(aoygha(aki)hihdawh(otpne)o nc 896 yE(is)tvducthgnbl)geenhf(3ensd)s:)i2onw(1 fFQ(pen( b FM( )h FQpr)802 903 y FJ(1)829 896 yfFM( )g FQpa)f FSi+)g FQ(p1g FM( )h FQpr)1053 903 y FJ(2rn08 896 y FM( )g FQpb1 fFS()gfm1M(�(g FSw(1 fFQ(peg FM( )h FQ(Ahn324 903 y FJ(1)1340 896 yfFS()g30 e-1M(�gt6 h FQ(a1 fFS(.1i3onI)iern3 h.()7 bedicltfghonmet)fed)d1iv 95330d39eff)s)f (le)gi a)hg(bf)g(d7codenee)in2jla)e(simib(g)infashum)fg 1byf(a(aki)hihdawh(otpne)ogp(is)tvducthhbi)hfi(ts)g(ap(is)tvprvaeni(iv 100930ddis)f yctdm).e22b110653 p)9er)o(fhhnis)h1ngc)gsmu yfg.ipeo)f211b o(encehgnbl)geenhf(31fs7hhgtwof)ome bodsfgned)dhts)f y(r)o(epr)(ule2h .()7 bedicltfh.rni 131223 tInclud(le)g((ofhdw()7 bedicltfgg2nmet)g(infh n(ts)(a3ensd)hge()7 bvducthh(moght)g1b7h(ousefut i(if)e1dieo)f211bo (f)()h(()7 bedicltfhr(60l117811wer)o(fh19 ad3o)hlshar)o(fhgl3teff 1samohh.r)o((les)g(owngg2f)sfnwer)o(fhhnd7fhS(Figngfn(tatfhe397hf(r)o (e(r)o(epr)(enum)s)i.berewdpeo)f211bo(f)()bive)2353(d()7 bedicltfhr(2 bSbf)g(dicivnct.)(9 ad)29 b(Howeve10 ado)e)i( a)hg(alweysjgnview)ga(ts) g(inclusim))itvfadh39e-hb(is)bedicltfgg2nmet)bive)291 yEi)hca39fggAbinnulesg(ahrg2a)gbwayfgnbergAmakv)hi(hr)o((les)g(berg tdpeo)f211bo(f)()gb()7 bedicltfhrgrdicivnct2ggit61j) FQ(per FM( )r FQ(Ahn6343(298 y FJ(1)16553t2913 fFS(ig(grdicivnct2g gts)f (frnc 13483 FQpq)t FM( )t FQ()h239313553 FJ(1)2553t3483 FS(( (6ynIWowei bht0 h.bo bhftvfaf((ofs7hhome bods,hg Umultiple)h(()7 bedicltfhrf2ca)hg(bf)fnr)6 ypr)o(epr)(sd)hil)hg3al) 1singrtfit(ensd)hniv 1404 yda,gf.ohf)sumfi(vfaf(binnules.hb8 ti)29 b(Howeve8 h.multiple)i(ocovet)o(ences))1vfaf((of)gaomet)fr(r)o tedicltfrhlmausj(aa()7 bvanemshniv 1461 ypi)o17 kUbo bhgor)o(y(r)o (epr)(enum)g,helbgcausjfd(binnules(jgts)f (frdeonj)hl(is)bedicltfgf(ar) o(fhglloc)g(gs)f (upedghnimge b(Afwe.etive)5174y(Fd)hjexami)))vejla)c 1singrtfjt(ensd)heor)o(y(r)o(epr)(ule2h FG(eatpJohn,1i1tish)gc FSmawneh FG(eatpMa(n,fiI yip )gefFS(ig(tive)5743 pinnuftileuishbanef t4 kUts)f (freso)fgfns)f y(r)o(epr)(ule2i FG(eatpJohn,123 nn yip )g10yn FS(awnei FG(eatpMa(n,fi2onwtish)gp FS(.)i21 )6303 tW)lTehencs)hg(r)6 ypr)o(epr)()g1r)o(fcussuvf))(pi(ucgFS(Fig)h 2byf(ausiahii(oigheS(Fi-(r)oh((Ahed3ensd)s)h(asgfnillcll(Ahi243 et)ijoni 136863 pr)o(ypulti)hit8 h.(ensd)heois))1vfah(eien(egoigheS(F i-(r)oh((Ahinit61jfSih7hgtor)oh((Ah)(incr)o(yafeshh)wes)af( a yfg a57v(li)1vfaoy mbed-itive)74330dnule.)h. deet1 h.xami)))veghtergl3teff 13ensd)s)h FO(P(( FSgowngg FO(Q)h FS(aS(Fighflsrmdnd-(r)oh((Ah) d3ensd)sdhts)f y(r)o(epr)(ule2h(()7 bedicltfhr(60l1799 y FG(p(a,b)gh FSmawneh FG(q(c,d)gp FS(,hgL3he)hgy39ef)a3hir)oh(-(r) oh((Ahfl3ensd)hh FQp)hn)4b11806 y FJ(1)11699179930 FM( )e FO(P)fm1Si+)g FQ(Ahn31231806 y FJ(2)1340 179930 FM( )h FO(Q)i FS(c(s)irg(r)6 ypr)o(epr)()g139ef)a()7 bed-f1iv 18i625Aicltfgf FG(causj(p(a,b),fi2onwq(c,d))gp FS(.)f(Al(totgh)tidsIo1ih)fgme bodhf(does)gr(r)o(vvidr)g2a)gb(of)allhr o)chemf)hsod)h1cee)912 yds)f y(r)o(epr)(ule2irr)o(fcussuvf)f()i(ucgFS(F (e,)ggdt)gnoaf)ggtwofe2sjriouffj.drawback i225 ).)ijoni h.illcrctsg1ih)fg39at2hwdpeo)f211bo(f)()bive)96930dom(ponr)(f)j1vfafea) f(pi(ucgFS(Fig)ilmar)f(bf)g(r)6 ypr)o(epr)(sd)f)by)iptensd)s))sberg tdpeo)f211bo(f)()gb(r)oh((Asi233onI)iern7 kUmosthli6 20259y(immediltfgg2omn)yquencehinvfaf((oif)gtig( s39e)e1dieo) Aillcculty)j1vfad(add(le)hntensd)s)gnbergAdpeo)f211bo(f)()gbrankg,he bah)nc 2082 ydw(s)irt4 kUbf)g(r)6 yquir)o(fdeghterglo)fggnillcll(Ahg Pwer)o(fhggafew()7 bedicltfghoawnef(aw6 b(AfhUaf)asi(prtfgnobject.)24 nISm(lensky)-5 ).,21ive21383(dLe(ofdr)o(fh15innawneh(Miyataf)ars892]ee lov(Ahodom(eihl(iisoib(is)b(bnem)ftby))1multiplyule2i.loweS(Fi-(r)o h((Ahed3ensd)s)(ive21953 pb)-dlil52(lact-holdeS(s(der.hf2vectorg(gtime) 1brule2jlallhed3ensd)s)gruphh13glf1(tefgaomet)gbrankrn10 h.)ijon2 h.urmdnd,hhlawnef(mor)o(fhtive2251 ypsever)o(fhj.drawback,hh his)fy39at2gg(offhbrankifnbergA(offhb3ensd)fwe,h)aawngfnhenceh(i(isff olmbb(Ahh1vfafeylemsnth)hil)hg3it,rtive23073 tgs)f (wseedexponr)(iall)- g(ges)fgn(97hf(dep bhhmvfaf((of)gaoi(ucgFS(Figi2i3onISm(lensky)14 n FO(eh(f2llhr FS(rs892]eg2suggfft22ion.39at21ive2354 y.(oih)n4inn()7 bvbnem)f(c(s)irg(bf)g(ov(Ahodom(ei(aoygha()7 bvject(le) g(oigheS(Fi-(r)oh((Ahhd3ensd)s))soengloyloweS(Fi-(r)oh((Ahfl3en-hnc 24203 tsd)s.)35onI)iih)t8on.wpulne(a()7 bvduce)(ialf1946 l)ucei-g (d7hcrip(um)ohmvfaf((of)gaoigheS(Fi-(r)oh((Ahhd3ensd)fwe.e34 ti)29 b(Howeve(ive24773 tih7y)b3inndogf1ngc)h1discupsehtw0at2ewsd)trh Pvfaga()7 bvject(m)s))1wpulne(ab7hh(uuitbane,hhld)heowtatfhe397hf .xwcod(le)ioawnetiv325334y(d7cod(le)c.()7 bvpery)g )h1wpulne(ab7.gn6 h.)181t0 h.dang(r)g(ges)fgnusiahii(()7 bvject(m)s)esoengloyloweS(F (-dimr)svm)(t tiv325903 tspaces)k(ls)gy39at2f(39e-hbl)od))enum)fgainfg n(ts)gSlmllig(space)gnbergA397hfo()7 bvject(m))hhis)gycm(prttfligg a5osti2i3onIIf)t4 h.3tefnc 26463 tdpeo)f211bo(f)ce-epbf)geenhegtwof psi(ucgFS(Figf)g(ishhbi)hfi(tis)h1nmllig(space,rgA397hfo(wo)2psi(ucgFS( Figf)g(Hillih(b7hfn(iien()139eftiv92p0330dsmet)gbr46 l)ucei-g (d7hcrip(um).1 f(be)p eop %354 68 54 675b2o35 bop 905 -10354rnc 4930 FQ(Dola):)27onwCRAM)nc 138ey FS(Dola)f9innrs889])fgd7hcribrf)ggafhasioryf(auo((Astand(le)i )sys(r(nf(malhsd)f)‘CRAM’)h(w02 yfe use,gf.ohf)r)o((le-illcll(Ah1iv 19430d3ensd)hhE(is)tvducthgnr)6 ypr)o(epr)(enum))ge)chemf.gn6 h.CRAM)9innbuildshhma)e(r)6 ypr)o(epr)(enum))h1berg3al)gsimple)h(sioryf goawnetiv3251 ypil56)isgt4 h.3teff(sioryfhe)chema)fel)h(imemoryff .w02 yfipbectse.mat ygf)g(iti2i2onwCRAM)nc n.(akes)esvaribaneff (binnules((ive3073 trenglk(accouan)h1du(v)hhf((of)gamat yule2h(()7 bvpsss)ji(awneclmar)is(erod)))e(simple)i(r)o(yafonulesg(abottr)((tefnc 35430dsioryft1 h.oyghar)o(ybinnuleshsvaribanesee)in2h(()7 bedicltfhrg gts)f (frfw(offhdr7 betrievenee))chema.e22b14203 tCRAM)n6 h.ufeshh)ohf)su(eri(possd)hl(iir)oh(-(r)oh((Ah(a3ensd)hge()7 bvducthg gr)o(y(r)o(epr)(enum))h1dr)o(o))s,hhnillcll(Ah,21iv 47625Aawngfn(is)bedicltfgg2nmets)gg2fd)d(hsiories)g(owngg2sioryfr o)chemas.)67onwEa yf17 h.uioryfgn)chema)hbi)hfilo)h-(tem)niv 5334y(memoryfjnoaf)ggspechillcc( (har)o(dwaS(Fighfl(of)gperod))) pvaribaneffamat yule.)85 ).I()20 kUi phrnapsssaryffw3glf1dmetiv 58930dvaribanef9innmat yule2i(3gleor)o(ytrievergA(offhb()r1b(Tfcfl) 1schema)hbbgcausjfgrsome)g()chemasgg2omn)ist2h.berea3tefhaomet)ni 6463(d()7 bedicltfhr(8 h.ownegnnnn)-hwdpeo)f211bfel)h(i(isi)df pvaribaneffaresta)(iatim))itpatn11)s,h)heg.,)fh((ofhdw)chemasghsod)h1ce 7023y(ill7atn11y)-5 ).,211 h.ooaftile,hhlawnef(1b(Tfcommendatdm).e22b 7599y(WhilghcpCRAM)gi a)hg(delit iges)fgnmultip)q(lef)a()7 bedicltfh, pohgy3ofg.()7 bvpern hrumroused asg1iv 9221 gillcll(Ah,2flbttreh(tis)h1is)gyngc ris(is)e(r)o(y(r)o (epr)(atim))itvfaf FG(m6 b(A-of�wpman,121 h.oaby)g10 bfFS(ig(i FQ(m6 b(A)dfFM( )g FQpwpman1g FM( )g FQ(oaby1 fFS(.1(ive)594 yd)ijyon4 kUr)6 ypr)o(epr)(rg3alg(mdllecnum)sg nbergAe)7 bedicltfhrgtby))1(of)gaoumfh.bered3ensd)s)h(fd)d(hfnnuvidu(t e ()7 bedicltfhi2bive)6503 t)iihenum epr T ig( sa)e(sumfh.ber)a()7 bedicltfh, pu(enum)alig(r)o(yafon)gaoiemsh frg n(tsi)dgbbeliefa(ive227( yg39at2hwdt)gn)g(gn)mese pohh.3glf1946 (ytrieverfeonj)gdom(ponr)(hinvfaf(afew()7 bedicltfgho(iien()139efg nb b(Asr)a()7 bedicltfh21ive23221 gar)o(fhj.r)o(y(r)o(epr)(ed)h(asggnah gaoumfg2nff21946 (le-illcll(Ahh(binnules.h38onI)iih)t9 nnis)ff(ruegfelerigmultiple))a()7 bedicltfh2egar)o(fhtivm2384eyasior(Figdf9innaf)ggsu(er(ositdm)(i.berer(r)obedicltfhi2b6 ti)29 b(Howeve8 h.(iisoiboaf)ggmor)o(fhfI(glf1dmehnwi bhhm(ishf dnaadequacy)h2nff(ive244se psu(er(ositdm)(jnaf)eabf)wme bodhgefd)d(hr)o (e(r)o(epr)(uleselmultiple)ae()7 bedicltfhrg(3har)fnwi bhhm(ishf dadequacy)h2nff(ive24973 tih7rear)6 ole-illcll(Ahh(r)o(y(r)o (epr)(atim))ewed)doysingrtfe ()7 bedicltfhi2b6ynIRole-illcll(Ah1( bwbinnules( saS(Fighdoaegsladequate)gnr)6 yp-itive2554 pr)o(ypr)(atim))j(od)hgw(odf)wniaskjghtergl()7 bedicltfhrg(ar)o(fhg psior(Figdgfeasghschunks)iht)heha)hg(auto-ogsocienuve))(memoryf-i h.,ep nive25973720 2 vf19032625 -1I(10)2n7 2641 FH.Car)o(fhn3 nnmucts)sbjegexa(Ahodoisedggroglh(3akerf(39e-hbap(is)tvprvaenig(l)ne)of E(is)tvduct,hipw02 yfddd7pendsghsuponfhy397hf((ositdm)(i.ber)((tefnc 26873(d(oknow)h8onwom(ponr)(1ibi)hfi(ts)g((iir)oh(-(r)oh((Ahhd3ensd)fw (.1 f(be)p eop %355 69 55 685b2o35 bop 905 -10355rnc 4930dasg11onII)fnsopw)(bnahh)Appendixj) (Ii2tion.Siorile2n( h.()7 bedicltfhrf2asghschunks)h(r)o(ysolvfh)fy39fhg pambiguityfgaabottrg(w02 yftiv3o0630dbinnules((6onwom(f)fnfs)f (frg n(ts)f1samohh.(is)bedicltfgf(awnegyactuall)-inr)o(epultsgfil)hg3alg pmor)o(fhfIveAsenule))(memoryfnive)62e psys(r(ng1 61jfSahg(()7 bedicltfggncs)hh(b7hfnr7 betrievenefn(iien(i.owyfgnlmbb(Ah)1vfaf(f)f)h wom(ponr)(f)gw((r)o(vvidrng)((tefnc e21930dcm(ponr)(f)f(nuftileuishhe bahdw((rcicub(ghhi(is)bedicltf).)kIRole-illcll(Ahda1b(Tf(r)o (epr)(enum)hr)soadjeegtwof to b(Af1iv92p53Fiadva)(op f)hsov(Ahg dom(ponr)(1ib(is)tvducthfgr)6 ypr)o(epr)(etdm) :e21onIih7y)b3 nndogf1ngc)h1napsssitltfggn(ofggot(posi-itive3329 tnum)fgavfaf(anhhld)h oh((Ahedm)(i.(ts)f1cm(ponr)(f)i.berera)gn(is)bedicltfgg2ownge 397y)e wh0vfhgllo-hwdpeo)fillccult)h(deliv)hif1wi bh(ive388 yEmissule2g(ar)o(gumsnth.)i2b14443FhHalod))o(d)t9 h FO(ec)gbal)g FS(dglg(loc)h(guvf)f(mu yfi2omn)id)altum))e(to)(bopwjf(1b(Tfcussuvf)h api(ucgFS(Fig)g(moght)g1b7h160l5013 pr)o(e(r)o(epr)(fdi2(5 et)17y)7inndo))(mennum)fgachunki))q(esg(ahrg2a)gbwayfgnbergAcopi))q(esg nwi bhhmmor)o(fhfI(is)hgetdu)q(rrgAdimr)svm))q(sg1iv 5574y(owngjrwes)fgnnfftjdg)a()7 bedicltfh,)h(bttrf(doggyngc)g1sayfg 1how))1vectorg(gtr)o(e(r)o(epr)(v)hihgchunks,hipw02 yfedw(s)irti 6d43 pb7h)1bkl)h(i(glf1946 l)ucei-gor)o(y(r)o(epr)(enum)g,helmoght)f pb7h)1omn)i(ucg((.)tiv1741 FK(2.4.4)50 kUCmnvolunum)-basjdg(2 bSmodelh21ive829 y FS()9efk(vute)ofe()7 bvducthhpis)gyngc)g1ih7hgtonl)- g(vp)altum))gpor)gtw02 yfgba)gtipstribunfngg(ahsocienuve)f(memoryfniv 88630dcs))20 kUbf)fnbasjd.h39innBefor(Fig(b9innmatrixj)1memor)g edesconceivfdhh1of,fjilight washeo()7 bv-hnc 9424ydpossd owalogyggefd hhuma Poggioggy[1973],h(tefnc 1112 ydmenb((atdcalig(vp)altum)sghsuo((Alyule2hyxaplanenum)sfgnof)e pholography).)i2b11168eyaMor(Fig(b8 kUr)6 ycentlyf-5 h.,e21onILiepahdw[1977],helMFS(Fidockifnrs882;hels883;fgn1993],hfmawnee (Metcalfeggy[1982;hkls885;)bive)2259y(1991]on3onIh0vfhhoused)h 1omnvolunum)-bassd)gnmemor i 13373 try(r)o(epr)(enum) 3rffh.binfg( s3wof)ovectorg(( trenglhoone.e21onILikj)b3innih7hgtoute)ofe()7 bvduct, iatfg nvectorrgAt T⟨⌉ \⊓⇕⌊⌉∇ ≀{ √⊣⟩∇∫ ⇐⟩⊔⌉⇕∫⇒ ⊔⟨⊣⊔ ⌋⊣\ ⌊⌉ ∫⊔≀∇⌉⌈ ⟩\ ⊣ ∫⟩\}↕⌉ ⊔∇⊣⌋⌉ ⟩∫ ⊣√√∇≀§⟩⇕⊣⊔⌉↕† ⟨⊣⊑⌉ {⊣↕↕⌉\ ≀⊓⊔ ≀{ {⊣⊑≀∇W∪∋∈∀∀⊣⊎⇔ ⌋≀⇕⇕⌉\⊔⟩\} ≀\ ⟨⟩∫ ⌉⊣∇↕⟩⌉∇ ⊒≀∇‖ ⌋≀\⊑≀↕⊓⊔⟩≀\↖⌊⊣∫⌉⌈ ⇕⌉⇕≀∇† I\ ⇕⊣⊔∇⟩§ ⇕⌉⇕≀∇⟩⌉∫ ⊔⟨⌉ ⌈⟩⇕⌉\∫⟩≀\⊣↕⟩⊔† ≀{ ⊔⟨⌉ ⊔∇⊣⌋⌉ ⟩∫ ⊔⟨⌉ ∫∐⊓⊣∇⌉ ≀{ ⊔⟨⌉ {⌉⊣⊔⊓∇⌉∫R≀↕⌉ {⌉⊣⊔⊓∇F∇⊣⇕⌉ ⌊⌉⟩\} ∃∋to extract ExprSimilarity scores (dot-pr

109forn149b(sequence)112143214y FA(n)p FF(-dimt)sional

Codenh(units)f(containing)11214357 y(distrebutedng(code)1465 78 y(b)p currt)hpoi a

Decoding c Outputsequenceb

Encoding a

Inputsequence(symbols)c

Figure5.2: Subsystems to encodenh(a)g(sequence)h(of)f(symbols)h(into)f(anf (trajectory-associatedng(code,)150 7831y(andnf(decode)f(the)h(code)g (backng(into)g(a)g(sequence)h(of)f(symbols.)18 b(The)10 b(encoding)h(andnf(decoding)g(subsys-)150 8449y(tems)h(must)h(stor)o(e) g(internally)g(the)f FO(n)p FS(-dimt)sional)i(vectorsne(which)i(r)o (epr)o(esent)f(the)f(symbols.)150 9816y(Even)249b(forng(short)h (sequences,)j(quite)d(high)g(vectornf(dimt)sionsnh(ar)o(e)f(r)o(equir)o (ed)h(to)f(t)sur)o(e)h(anf(low)150 1o38 y(pr)o(obability)13 b(of)e(err)o(ornh(in)g(decoding.)18 b(Forn116b(example,)i(with)f(512nf (elemt)hng(vectorsng(andnh(1o40)e(itemsni(in)150 1o94 y(the)e(clean-up)h(memory)-56b(,)149b(4)g(pairsng(can)g(be)f(stor)o(ed) h(with)g(about)g(a)f(1%)h(chance)g(of)g(an)g(err)o(ornf(in)h (decoding.)150 11516y(The)166b(scaling)i(is)f(nearly)f(lgxearnh(in)g FO(n)f FS(–ng(with)h(1024)e(elemt)hnh(vectorsng(8)f(pairsni(can)g (be)f(stor)o(ed)g(with)15081207 y(about)e(a)g(1%)g(chance)g(of)g (err)o(ornm(.)256b(This)146b(works)h(out)f(to)f(an)i(information)g (capacity)f(of)g(about)g(0.16)g(bits)15081264 y(per)d(elemt)h.)17 b(The)12 b(elemt)hs)f(ar)o(e)g(floating-poi)h)h(numbers,)h(but)f (high)h(pr)o(ecision)f(isng(not)g(r)o(equir)o(ed.)121 13206y(Thesenf(capacity)i(calculationsng(ar)o(e)e(r)o(oughly)i (applicable)g(to)e(trajectory-association)h(–nf(the)h(num-)150 13769y(ber)c(of)f(pairsnh(corr)o(espondsnh(to)e(the)h(le)gth)h(of)e (sequences.)176b(They)8 b(slightly)i(under)o(estimate)e(its)g(capacity) 150 14339y(becausenk(of)f(the)g(r)o(estriction)h(that)f(the)g(encoding) i(loci)e(ar)o(e)g(unitary)i(vectors,ne(which)h(r)o(esultsng(in)g(lower) 150 14894y(decoding)76b(noise.)176b(Noxetheless)76b(thisng(figur)o(e) g(p)q(r)o(ovidesng(a)g(us)q(efulnh(bench)q(mark)f(agains)q(t)g(whi)q (ch)h(to)f(com-)150 1546 y(par)o(e)12 b(the)f(capacity)h(of)g(the)g (adaptive)e(networks)i(described)g(in)g(this)h(chapternm(,)f(which,)h (on)f(accou)hng(of)150 16024y(the)f(training,)i(should)g(be)e(able)g (to)g(stor)o(e)g(mor)o(e.)150 17524y FV(5.2)59 b(Encoding)19 b(andng(decoding)g(systems)g(forni(trajectory-associatednd(se-)284 18269y(quences)150 1932 y FS(Figur)o(e)149b(5.2)f(shows)h(the)f (obviousng(way)g(in)h(which)g(an)g(encoding)g(subsystem)g(andnf(a)g (decoding)g(subsys-)150 19889y(tem)j(can)h(be)f(composedng(to)g(form)h (a)f(system)g(which)i(can)f(stor)o(e)f(andng(r)o(ecall)g(sequences.)21 b(In)13 b(a)f(system)150 2045 y(which)f(usesng(trajectory-association)f (to)f(form)h(distrebutedng(codes)g(forng(sequences,)i(ther)o(e)e(ar)o (e)g(at)f(least)150 21016y(two)146b(opportunities)h(fornf(learning)h(r) o(epr)o(esentations.)266b(W)l(e)146b(can)h(learnnf(distrebutedng(r)o (epr)o(esentationsn150 21589y(fornd(the)g(individual)h(itemsng(()655 21569y(`)651 21589y(anf(la)g(Hinton)h([1986]),)f(andng(weng(can)g (fine-tune)i(the)e(distrebutedng(code)g(forn150 2214 y(anf(sequence.)18 b(The)10 b(latterng(can)h(be)f(usefulni(if)f(err)o (ors)f(occur)h(during)h(r)o(ecall)e(of)h(the)f(sequence)i(–ne(often) g(wen150 22716y(can)i(adjust)f(the)g(code)g(so)g(that)h(it)f(isnh(r)o (eadnf(out)g(corr)o(ectly)-56b(.)121423276y(If)146b(the)g(err)o(orng (surfaces)h(of)f(the)h(decoder)e(ar)o(e)h(simple)h(enough,)h(the)f (idea)e(of)h(adjusting)h(the)f(code)150623839y(forni(the)g(sequence)i (so)e(that)g(it)g(is)h(r)o(eadnf(out)g(corr)o(ectly)h(can)f(be)g (extendedng(to)g(finding)i(the)e(code)g(forn150 2440 y(ani(sequence)i(fr)o(om)f(an)g(arbitrary)f(starting)h(poi)h.)39 b(T)l(o)18 b(do)g(this,)k(we)c(instantiate)h(the)g(code)f(units)150 24969y(with)d(somt)g(starting)g(vectornf((e.g.,)i(anf(random)f (vector),)h(run)g(the)g(decoder)f(to)g(see)g(what)h(sequence)150 2553 y(it)e(pr)o(oduces,)h(compar)o(e)f(that)f(to)g(the)h(sequence)h (we)e(wa)h)h(to)f(pr)o(oduce,)i(backpr)o(opagate)f(the)g(err)o(ors,)150 2609by(andnf(adjust)g(the)h(code)e(units)j(to)e(betternf(pr)o(oduce)i (the)f(desir)o(ed)h(sequence.)249b(W)l(e)13 b(r)o(epeat)e(this)j(u)hil) f(the)150 26669y(code)e(units)h(contain)g(the)g(vectorne(which)j(pr)o (oduces)f(the)g(desir)o(ed)f(sequence.)p eop %%Page: 114 124 114 123 bop 1882 -1006a FS(110)p 1 setlgxewidth 1103 336a FF(Output)96b Fs(o)1371639 y FN(t)1203 249 y FF(Hidden)i Fs(h)1380b255 y FN(t)1257 5374y FF(Context)f Fs(p)1437 5439y FN(t)1095 7174y FF(Input)g Fs(a)987 609by FA(w)1017 594 y FN(c)1017 622 y(ij)690 618 y FF(...)1146b(...)655 663 y((train))p currt)hgray 90.00 setgray currt)hpoi)h xewpath 663 4949mov to 6816494 lgxeto 677b502 lgxeto 663 4949lgxeto fillbmov to setgray [ 9 9 ] 0 setdash currt)hpoi)h xewpath81023 6749mov to 679 498 lgxeto stroke mov to [] 0 setdash 769w((test))1149 141by FA(w)1179 126 y FN(o)1179 154 y(ij)p currt)hgray 90.00 setgray currt)hpoi)h xewpath8789 4949mov to 779 5059lgxeto 773 4994lgxeto 789 4949lgxeto fillbmov to setgray currt)hpoi)h xewpath 59116749mov to 7768502 lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 843 4949mov to 831 504 lgxeto 826 497 lgxeto 843 4949lgxeto fillbmov to setgray currt)hpoi)h xewpath859116749mov to 828 5016lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 663 4949mov to 6614508 lgxeto 65245059lgxeto 663 4949lgxeto fillbmov to setgray currt)hpoi)h xewpath 59116749mov to 6569507 lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 71744949mov to 710 507 lgxeto 703 502 lgxeto 71744949lgxeto fillbmov to setgray currt)hpoi)h xewpath859116749mov to 70745056lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 753 4949mov to 7449507 lgxeto 738 5016lgxeto 753 4949lgxeto fillbmov to setgray currt)hpoi)h xewpath 59116749mov to 7416504 lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 663 4949mov to 678 5016lgxeto 6716507 lgxeto 663 4949lgxeto fillbmov to setgray currt)hpoi)h xewpath880746749mov to 6746504 lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 71744949mov to 7296504 lgxeto 7216508 lgxeto 71744949lgxeto fillbmov to setgray currt)hpoi)h xewpath 80746749mov to 7256506 lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 753 4949mov to 763 506 lgxeto 7549509 lgxeto 753 4949lgxeto fillbmov to setgray currt)hpoi)h xewpath880746749mov to 758 507 lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 789 4949mov to 7959507 lgxeto 7866508 lgxeto 789 4949lgxeto fillbmov to setgray currt)hpoi)h xewpath 80746749mov to 7914508 lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 843 4949mov to 844 509 lgxeto 8359507 lgxeto 843 4949lgxeto fillbmov to setgray currt)hpoi)h xewpath880746749mov to 8396508 lgxeto stroke mov to currt)hpoi)h xewpath85911706918 18 90.00 36 .00 @ellipse stroke mov to currt)hpoi)h xewpath 645 7069595 90.00 36 .00 @ellipse stroke mov to currt)hpoi)h xewpath 68117069595 90.00 36 .00 @ellipse stroke mov to currt)hpoi)h xewpath87359706918 18 90.00 36 .00 @ellipse stroke mov to currt)hpoi)h xewpath877116749mov to 771 742 lgxeto stroke mov to currt

HRN

Coden116b Fs(c)p currt

~_{(softmax Key k}

Figure A Holographic recurrent networknf((HRN).)h(The)g(backwar)o (ds)f(curvedng(arr)o(ows)h(denote)150 9189y(an146b(copy)i(of)e (activationsnh(to)f(the)h(next)g(timestep.)276b(The)15 b(hidden,)i(code,)e(context,)h(andnf(key)g(layers)g(all)150 975 y(have)e(the)g(same)h(numberng(of)f(units.)246b(The)14 b(left)f(block)h(of)f(input)i(units)g(is)e(used)h(during)h(training,)g (the)150 10318y(right)d(block)g(during)h(testing.)121 1173 y(In)k(this)h(chapterng(I)f(only)h(consider)f(the)g(decoding)h (system,)h(andne(investigate)g(to)g(what)g(extent)150 1229by(gradient)116b(descent)f(methodsnh(can)g(learnng(good)f(r)o(epr)o (esentationsnh(forng(itemsng(andnf(find)i(codes)e(fornh(pr)o(o-)150 12866y(ducing)j(sequencesng(of)f(items.)219b(In)14 b(some)e(ways,)i (thisng(is)f(the)g(oppositeng(of)f(how)h(r)o(ecurr)o(ent)h(networks)150 1342 y(ar)o(e)c(usually)h(used)g(to)e(pr)o(ocess)i(sequences,)h(in)f (that)f(the)g(sequence)h(isng(the)f(output)h(rather)f(than)g(the)g(in-) 150 1399by(put.)176b(The)10 b(r)o(eason)g(I)g(do)g(this)h(isnf(that)g (I)g(wish)h(to)f(focus)h(on)f(r)o(epr)o(esentationsnh(fornf(sequences.) 176b(Decoding)150 1455 y(the)c(sequence)i(r)o(epr)o(esentation)f(isng (a)f(convenient)h(way)f(of)g(t)suring)i(that)f(all)f(the)h(sequential)g (infor)o(-)150 15118y(mation)d(isng(pr)o(esent.)176b(Furthermor)o(e,)11 b(at)f(this)h(pr)o(eliminary)h(stage)e(Inh(wish)g(to)f(avoidng(the)g (complexity)i(of)150 15689y(constructing)h(both)e(encoding)i(and)e (decoding)h(systems.)150 17174y FV(5.3)59 b(T)-76b (rajectory-association)14 b(decoding)f(in)h(a)h(recurrt)h)f(networkn150 1823 y FS(It)e(isng(straightforwar)o(d)f(to)g(build)i(the)e (trajectory-association)h(decoding)f(operationsnh((Section)g(5.1.1)) 150 1879 y(into)d(a)g(r)o(ecurr)o(ent)g(network.)166b(I)9 b(call)h(the)e(r)o(esulting)j(networkne(a)f FO(Holographic)h(r)o(ecurr) o(ent)g(network)f FS((HRN).)150 2007 y FK(5.3.1)50 b(Architecture)150 20956y FS(The)13 b(HRN)g(used)g(in)h(the)f (experimt)hs)h(described)f(her)o(e)g(is)h(shown)g(in)f(Figur)o(e)h (5.3.)656b(The)13 b(clean-up)150 21518y(memory)18 b(is)h(easily)f (implemt)hedng(with)h(a)e(“softmax”)h(output)h(layernf((See)f (Section)h(5.3.2).)376b(The)154922089y(output)116b(layernf(does)f(not) h(actually)h(holdnf(distrebutednh(r)o(epr)o(esentationsnf(forng (symbols,)i(insteadne(it)g(usesn150 2264 y(a)k(local)h(r)o(epr)o (esentation.)28 b(The)14 b(softmax)h(function)i(t)sur)o(es)e(that)g (the)g(total)f(activity)g(in)i(the)e(output)15062321 y(layernc(sumsni(to)d(1,)i(sonf(that)g(the)h(output)f(activities)h(can) f(be)g(interpr)o(etedng(asnh(pr)o(obabilities.)176b(The)10 b(output)15062377 y(unit)176b(with)g(maximum)g(activation)f(will)h(be)g (the)f(one)g(whose)h(incoming)h(weights)f(best)f(match)h(the)150 2434 y(activationsnd(on)g(the)f(hidden)i(units)g((the)e(incoming)j (weights)e(on)g(the)g(outputsnh(ar)o(e)e(the)h(distrebutedn150 24906y(r)o(epr)o(esentationsne(of)f(symbols).)18 b(Using)11 b(anf(local)g(output)h(r)o(epr)o(esentation)f(andng(the)g(softmax)g (function)150 25476y(allows)19 b(usnh(to)f(take)g(derivatives)f(of)i (the)f(err)o(orng(function.)42 b(If)19 b(weng(wa)hedng(to)g(have)g (distrebutedn15012603 y(r)o(epr)o(esentationsne(fornf(symbols)h(on)f (the)g(output,)i(we)e(could)g(add)g(an)g(extra)f(output)i(layernf(andng (the)150 26606y(weights)c(to)f(map)h(the)f(local)h(r)o(epr)o (esentation)f(to)g(the)h(distrebutednf(one.)p eop %%Page: 111R125 111R124 bop 1882 -1006a FS(111)121449 y(The)176b(key)h(layernf FQ(k)h FS(hasng(fixednf(activation)h(andnf(contains)i(the)e (generatorng(forng(the)h(inverse)g(loci)150 1069y(()p FQ(k)c FS(her)o(e)h(corr)o(espondsng(to)f FQ(k)652489 y Fu(o40)p FJ(1)708 1469y FS(in)h(Section)f(5.1,)i(becausene FQ(k)g FS(her)o(e)h(is)f(the)h(decoding)f(rather)g(than)h(the)150 162 y(encoding)d(key)-56b(.).)1214219 y(The)13 b(input)i(r)o(epr)o (esentation)e(is)h(also)g(local,)g(only)g(one)f(input)i(unit)f(isng (active)f(forng(each)h(sequence.)1506275 y(The)i(outgoing)h(weights)g (fr)o(om)f(the)g(single)h(active)e(input)i(unit)g(determine)f(the)g (activationsng(at)f(the)150 332 y(code)e(layernh(–ng(theseng (weights)g(form)g(a)g(local-to-distrebutedng(map)g((asng(discussed)h (in)g(Section)f(2.2.2.)150 3889y(The)96b(code)g(layerng(injects)g (activation)g(into)g(the)g(hidden)h(layernf(at)g(the)g(first)g(step.) 166b(Aftern10 b(that)e(the)i(hidden)150 4449y(layernf(activationsnh(ar) o(enf(cycledng(thr)o(ough)i(the)e(context)h(layernm(,)g(so)f(the)h (input)g(andnf(code)g(units)i(no)f(longern150 5016y(af)o(fect)h(the)h (network.)1214557 y(Each)c(sequence)h(isnf(pr)o(oduced)h(independently) g(–nf(no)g(r)o(esidual)h(activationsnf(fr)o(om)g(the)g(pr)o (oduction)150 6149y(of)j(pr)o(eviousnh(sequencesnh(r)o(emain)f(in)g (the)f(network.)150 741by FK(5.3.2)509b(Unit)12 b(functions)150 830 y FS(The)d(HRN)f(computes)i(the)e(following)i(functions.)18 b(The)8 b(activationsnh(of)g(the)f(input,)j(code)d(andnh(key)g(lay-)150 8866y(ersni(r)o(emain)h(constantnf(during)i(the)e(pr)o(oduction)h(of)f (a)g(sequence.)18 b(The)116b(parameternf FO(g)h FS(isng(an)h(adaptable) 150 943 y(input)h(gain)f(shar)o(ed)f(by)h(all)f(output)h(units.)245 999by(Code)f(units:)523 b FO(c)1015 10 6 y FN(j)1038 999by FS(=)1078 967by Ft(P)1122 10114y FN(i)1140 999 y FO(an1160 10 6 y FN(i)1170 999 y FO(w)1203 983 y FN(c)1103 1010 y(ji)245 1068 y FS(Hidden)12 b(units:)516b((first)11 b(timestep))129 b FO(h)1020 10754y FJ(1,)p FN(j)1064 1068 y FS(=)12 b FO(c)1122 1075 y FN(j)57491137by FS((subsequent)h (steps))51 b FO(h)1020 11449y FN(t)p FJ(,)p FN(j)1059 1137by FS(=)109941105by Ft(P)1143 1148ly FN(i)116191137 y FO(p)1184 11449y FN(i)119491137by FO(k)1114 11449y FN(j)p Fu(o40)p FN(i)1342 1137by FS(()p FQ(h)12 b FS(=)h FQ(p)c Fq(~)i FQ(k)p FS())245 12469y(Context)h(units:)471 b FO(p)1020 121-0y FN(t)p FJ(+1,)p FN(j)1091112469y FS(=)12 b FO(h)1154 121-0y FN(t)p FJ(,)p FN(j)245 12756y FS(Output)g(units:)59 b((total)116b(input))183 b FO(x)1020 12820y FN(t)p FJ(,)p FN(j)1059 12756y FS(=)12 b FO(g)1130 1243by Ft(P)1173 12866y FN(i)1191 12756y FO(h)1114 12820y FN(t)p FJ(,)p FN(i)1241 12756y FO(w)127491258 y FN(o)1274912866y(ji)574 1349by FS((output))257 b FO(o)1017 1356by FN(t)p FJ(,)p FN(j)1057b1349by FS(=)1130 13318y FN(e)1141 13147y Fk(x)1151 13224y(t)p Fw(,)p Fk(j)p 1142 1338 142 2 v 1142 1340 a Ft(P)1146 13847y Fk(i)1159 13688y FN(e)1170 1355 y Fk(x)1180 13614y(t)p Fw(,)p Fk(i)1342 1349by FS((softmax))121 1442 y(On)156b(all)g(sequences,)j(the)d(net)g(isng(cyclednh(fornf(as)g (many)h(timestepsnf(as)g(r)o(equir)o(ed)h(to)e(pr)o(oduce)i(the)150 1499by(tar)o(get)g(sequence.)356b(The)176b(outputsnh(do)e(not)h (indicate)h(when)f(the)g(net)g(has)g(r)o(eachedng(the)g(endng(of)g(the) 150 1555 y(sequence.)296b(Howevernm(,)156b(other)g(experimt)hs)i(have)e (shown)h(that)f(it)g(is)h(anf(simple)h(matterne(to)h(add)g(an)150 16118y(extra)c(output)h(unit)g(to)f(indicate)h(the)f(endnh(of)f(the)g (sequence.)221416689y(The)g(inputs)i(and)e(outputsnh(to)f(the)h (networknf(look)h(like)g(this:)1063 17249y(Output)245 17816y(Sequence)1466b(Input)122 b(t)116b(=)g(0)81 b(t)11 b(=)e(1)82 b(t)116b(=)g(2)81 b(t)116b(=)g(3)245 1837 y FG(abc)1676b(1)246b(0)f(0)h(40)e366b(1)246b(0)g(0)49 b(0)246b(1)g(0)509b(0)239b(0)h(1)245 18949y(baac)143 b(0)246b(1)f(0)h(40)e366b(0)246b(1)g(0)496b(1)246b(0)g(0)50 b(1)239b(0)h(0)509b(0)239b(0)h(1)150 2020by FK(5.3.3)50 b(Objective)12 b(function)150 2108 y FS(The)d(objective)e(function)j (of)f(the)f(networknh(isng(the)g(asymmetricng(diver)o(gence)f(between)g (the)h(activationsn150 21656y(of)i(the)g(output)g(units)h(()p FO(o)569b2148ly FN(s)569b21769y(t)p FJ(,)p FN(j)597 2165 y FS())f(andng(the)f(tar)o(gets)h(()p FO(t)96142148 y FN(s)961421769y(t)p FJ(,)p FN(j)989 21656y FS())g(summedng(overnf (casesnh FO(s)g FS(andng(timestepsng48 y F(t)p FJ(,4lusnh(two)150 22214y(weightJ(,4enalty)g(terms:)433 23706y FO(E)h FS(=nf FM(o40)557 2285 y Ft(0)557 23606y(@)593 2329by(X)609 2419 y FN(stj)661423706y FO(t)676 2351ly FN(s)676 2381 y(t)p FJ(,)p FN(j)710423706y FS(log)786923336y FO(o)806 2317ly FN(s)806 2345 y(t)p FJ(,)p FN(j)p 78692319948 2 v 789 24016a FO(t)804 2385ly FN(s)804 2413 y(t)p FJ(,)p FN(j)83962285 y Ft(1)839623606y(A)885 23706y FS(+)928 23394y( .0001)p 928 23594125 2 v 977b24016a FO(n)1065 2329by Ft(X)108592419 y FN(jk)1125 23706y FS(()p FO(w)1173 2351ly FN(c)1173 23816y(jk)1196 23706y FS())1211 2351 y FJ(2)1238 23706y FS(+)127682329by Ft(X)1342 2419 y FN(j)1343 2298 y Ft( )1376923706y FS(1)e FM(o40)1454 2329by Ft(X)147862419 y FN(kn1514723706y FS(()p FO(w)1562 2351ly FN(o)1562 23816y(jk)1586 23706y FS())160162351 y FJ(2)161742298 y Ft(!)1650423469y FJ(2)121425166y FS(The)18 b(first)i(weightJf,4enalty)g(term)g(isng(a)f(standar)o(d)h(weightJ( (cost)g(designedng(to)f,4enalize)h(lar)o(gen150 2572 y(weights)12 b(()p FO(nng FS(is)f(the)h(numberng(of)f(hidden)( (units).)18 b(It)12 b(isng(pr)o(obably)g(superfluousng(in)g(the)f (HRN,)h(becausen150 2629by(the)g(variousnf(operationsnh(fr)o(om)g(the)g FO(w)829b2612ly FN(c)829b26449y(jk)863 2629by FS(tonf(the)h(total)f (inputs)i(of)f(the)f(output)h(layerng(()p FO(x)1656 2636 y FN(j)166692629by FS())g(ar)o(e)f(all)h(lgxearnm(,)p eop %%Page: 112R126 112R125 bop 1882 -1006a FS(112)150 49by(andn149b(scaling)h(of)e(the)h FO(w)542 33 y FN(c)542 616y(jk)575 49by FS(can)g(be)f(compensatednh (forng(by)g(the)f(gain)i FO(g)p FS(.)166b(Latern86b(experimt)hs)j (without)f(this)150 1069y(weightJi(cost)f(term)g(indicated)h(that)f(it) g(has)h(no)g(ef)o(fect)f(onnh(performance.)22141629y(The)e(secondng (weightJ(,4enalty)h(term)e(isni(designednf(to)f(for)o(ce)h(the)g (Euclidean)h(le)gth)g(of)f(the)g(weightJ150 219by(vectorn17 b(on)h(each)g(output)g(unit)h(to)e(be)h(one.)356b(This)19 b(makes)f(the)g(output)g(layerng(mor)o(e)f(like)h(an)g(ideal)150 275 y(clean-up)d(memory)-56b(.)239b(The)14 b(generalization)g (performance)f(with)h(this)h(special)f(4enalty)g(term)f(fornh(the)150 332 y(output)e(weights)g(isng(considerably)g(betternf(than)g(that)h (with)f(a)g(standar)o(d)h(weightJf(cost)h(fornf(the)g(output)150 3889y(weights)17 b((which)i(is)e(in)g(turn)h(betterne(than)h(that)f (with)i(no)f(weightJ(,4enalty).)346b(The)16 b(r)o(eason)h(forng(the) 150 4449y(worse)d(performance)h(with)g(the)g(standar)o(d)f(weightJh (cost)g(isng(that)f(the)h(symbols)g(which)h(occur)f(mor)o(e)150 5016y(fr)o(equently)e(in)f(the)f(training)i(set)e(develop)g(output)h (weightJf(vectorsng(with)h(highernh(magnitudes.)150 627 y FK(5.3.4)509b(Derivatives)150 7166y FS(T)l(o)14 b(do)h(gradient)g (descent)f(learning,)k(partial)c(derivatives)g(fornh(all)g(the)g (adjustable)f(parametersng(ar)o(e)150 772 y(r)o(equir)o(ed:)367 7547y Fl(@)r FN(E)p 357 761458 2 v 357 7889a Fl(@)r FN(w)398 7777y Fk(o)398 799by(jk)420 772 yt)p FJ459 7547y Fl(@)r FN(E)p 4494761 V 44947889a Fl(@)r FN(w)49067777y Fk(c)490 799by(jk)512R772 yt)p FJf(andn631 7547y Fl(@)r FN(E)p 631 761438 2 v 63367889a Fl(@)r FN(g)673 772 yt)p .)21 b(All)13 b(of)g(theseng(can)g(be)g(easily)g(calculatedng(fr)o(om)f(the) h(above)f(equationsn150 842 y(using)i(the)e(chain)g(rule)g(andng (Rumelhart,)i(HintonFJf(andne(Wnm(illiam’s)j([1986])d (unfolding-in-time)k(tech-)150 898 y(nique.)i(The)96b(only)g(partial)f (derivatives)g(not)g(encounter)o(ed)h(in)g(common)g(backpr)o(opagation) h(networks)150 9556y(ar)o(e)h(those)g(fornh(the)f(activationsng(of)h (the)f(context)h(units:)662 1030 y FP(@)s FO(E)p 659 1050 6062 v 65941092 a FP(@)s FO(p)709 10996y FN(j)737 1061by FS(=)77771020by Ft(X)800611104y FN(kn852 1030 y FP(@)s FO(E)p 849 1050 V 849 1092 a FP(@)s FO(h)899 10996y FN(j)914 1061by FO(y)937 10688y FN(k)p Fu(o40)p FN(j)109941061by FS(()p FM(o21nh(r)1200610688y Fg(p)1233 1061by FS(=)f FM(r)1311 10688y Fg(h)134141061by Fq(~)e FQ(y)1411410429y Fu(o43)143041061by FS())150 11906y(When)f(ther)o(e)f (ar)o(e)g(a)g(lar)o(genh(numberng(of)f(hidden)((units)i(it)e(is)h(mor)o (e)f(ef)o(ficient)h(to)f(compute)g(this)h(derivative)150 12476y(vian146b(FFT)l(sng(asng(the)g(convolution)h(expr)o(ession)g(on)f (the)g(right)h(()p FM(r)1257 12548y Fg(p)1291 12476y FS(andnf FM(r)1420 12548y Fg(h)1453 12476y FS(ar)o(e)g(the)g(vectors)f (of)h(partial)150 1303 y(derivatives)c(of)i FO(E)f FS(with)g(r)o (espect)h(to)f FQ(p)g FS(andnh FQ(h)p FS().)150 1430 y FK(5.3.5)509b(T)-6 b(raining)146b(andnf(testing)e(productive)i (capacity)150 15186y FS(T)l(o)86b(be)g(useful,)i(ane(trainable)h (storage)e(scheme)i(fornf(structur)o(es)h(must)g(be)f(able)h(to)e(stor) o(e)h(ang(wide)g(variety)g(of)150 15749y(novel)j(structur)o(es)g (without)h(r)o(equiring)h(adjustmt)hnd(of)h(its)h(basic)f(parametersnf (afternh(initial)h(training.)150 16318y(In)g(an)f(HRN,)g(the)f(basic)i (parametersne(ar)o(e)g(the)h(weights)h(on)f(the)g(output)g(units.)18 b(The)116b(novel)f(structur)o(es)150 16876y(ar)o(e)g(sequences)i(the)e (networkng(was)g(not)h(exposednf(to)g(in)h(the)f(initial)i(training.)17 b(I)116b(r)o(efer)f(to)g(the)g(ability)h(of)150 1744 y(the)g(networknh(to)f(stor)o(e)g(novel)g(sequences)i(as)e(its)h FO(pr)o(oductive)f(capacity)p FS(.)221418006y(I)g(performednf(initial)i (training)g(on)f(a)f(small)h(numbernh(of)f(short)g(sequencesnh(in)f(or) o(der)f(to)h(find)g(good)150 1857 y(values)i(fornf(the)h(basic)g (parameters:)19 b(the)13 b(output)g(weights)h FO(w)1239 18449y FN(o)1239 18689y(jk)127561857 y FS(andne(the)h(output)g(gain)h FO(g)p FS(.)249b(The)13 b(initial)150 1913 y(training)c(also)f(finds) h(code)e(unit)i(instantiationsng(which)h(pr)o(oduce)e(the)g(training)h (sequences,)h(which)f(ar)o(e)150 19706y(determinedng(by)g(the)h (weights)g FO(w)726 1953 y FN(c)726 19816y(ij)753 1970 y FS(coming)g(fr)o(om)g(the)f(block)h(of)f(input)h(units)h(on)e(the)g (left)h(in)g(Figur)o(e)g(5.3.)150 20269y(T)l(o)k(estimate)g(the)g(pr)o (oductive)h(capacity)g(of)f(HRNs)h(Inf(fr)o(eeze)g(thesenh(parametersne (andni(test)f(whether)150 20839y(the)c(networkng(isng(able)g(to)f(pr)o (oduce)h(longerng(novel)g(sequences.)18 b(Forn149b(each)g(novel)f (sequence,)j(I)e(performJ150 2139by(an)j(independentnh(sear)o(ch)f(forn g(a)g(vectornf(of)h(code)g(unit)h(activationsnf(which)h(will)g(causenf (the)g(networkn150 2195 y(to)d(pr)o(oduce)g(the)g(sequence.)17 b(These)10 b(activationsng(ar)o(e)g(determinednf(by)h(the)g(weights)h FO(w)166542179ly FN(c)166542207 y(ij)1693 21956y FS(coming)g(fr)o(om) 150 22524y(the)g(block)h(of)g(input)g(units)h(on)e(the)h(right)g(in)g (Figur)o(e)g(5.3.)121423089y(Forn206b(the)g(initial)i(trainingnf(I)( (use)g(randomly)f(chosen)i(sequences)g(of)e(le)gth)h(4nf(overn( (variousn150623656y(numbers)10 b(of)g(symbols.)176b(The)9 b(numbernh(of)f(symbols)i(corr)o(espondsnf(tonf(the)g(numbernh(of)f (output)h(units)g(in)150 24214y(the)f(network.)166b(The)10 b(numberng(of)f(sequences)i(in)f(the)f(training)h(set)g(is)f(4)g(times) h(the)f(numbernh(of)g(symbols,)150 2478 y(which)k(meansnf(that)f(onnh (average)e(each)i(symbolng(occurs)g(16nf(times)h(in)g(a)f(training)i (set.)249b(Forn12 b(example,)150 2534 y(ther)o(e)d(ar)o(e)g(12nf (sequences)j(in)f(the)f(training)h(set)f(overnf(thr)o(ee)h(symbols.)17 b(I)10 b(initialize)g(all)f(weights)h(to)e(small)150 25911y(random)k(values,)h(andnf(the)h(output)f(gain)h(tonf(1.)19 b(I)13 b(use)g(conjugate)f(gradient)g(minimization)i(and)e(stop)150 26476y(when)g(all)g(sequences)h(wer)o(e)e(corr)o(ectly)h(pr)o(oduced)g ((ornf(when)i(440)d(steps)j(have)e(been)h(taken).)17 b(I)12 b(judgen150 2704 y(a)g(sequence)g(to)g(be)g(corr)o(ectly)g(pr)o (oducedng(only)g(if)h(all)f(its)g(symbols)h(ar)o(e)e(corr)o(ect.)18 b(I)12 b(judgeng(a)g(symbolng(to)p eop %%Page: 113 127 113 126 bop 1882 -1006a FS(113)p 1 setlgxewidth 1113 609ba FA(w)1143 594 y FN(c)1143 622 y(ij)8166618 y FF(...)114 b(...)7816663 y((train))p currt)hgray 90.00 setgray currt)hpoi)h xewpath8843 4949mov to 86144959lgxeto 857 503 lgxeto 843 4949lgxeto fillbmov to setgray [ 9 9 ] 0 setdash currt)hpoi)h xewpath8116766749mov to 8199499 lgxeto stroke mov to [] 0 setdash currt)hgray 90.00 setgray currt)hpoi)h xewpath 80744949mov to 8256494 lgxeto 8216502 lgxeto 80744949lgxeto fillbmov to setgray [ 9 9 ] 0 setdash currt)hpoi)h xewpath8116766749mov to 823 498 lgxeto stroke mov to [] 0 setdash currt)hgray 90.00 setgray currt)hpoi)h xewpath 753 4949mov to 77144936lgxeto 768 5016lgxeto 753 4949lgxeto fillbmov to setgray [ 9 9 ] 0 setdash currt)hpoi)h xewpath8116766749mov to 770 497 lgxeto stroke mov to [] 0 setdash 769w((test))1059 5374y(Context)10 b Fs(p)1185 339by FA(w)1215 324 y FN(r)1215 352 y(ij)1095 141by FA(w)1125 126 y FN(o)1125 154 y(ij)1243b7174y FF(Input)g Fs(i)p currt)hpoi)h xewpath8699 742 mov to 699 6749lgxeto 1203 6749lgxeto 1203 742 lgxeto 699 742 lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 879 4949mov to 8974496 lgxeto 8929504 lgxeto 879 494 lgxeto fillbmov to setgray [ 9 9 ] 0 setdash currt)hpoi)h xewpath8116766749mov to 894 5049lgxeto stroke mov to [] 0 setdash currt)hgray 90.00 setgray currt)hpoi)h xewpath 933 4949mov to 950 498 lgxeto 9446504 lgxeto 933 494 lgxeto fillbmov to setgray [ 9 9 ] 0 setdash currt)hpoi)h xewpath8116766749mov to 947 501 lgxeto stroke mov to [] 0 setdash currt)hpoi)h xewpath811676706918 18 90.00 36 .00 @ellipse stroke mov to currt)hpoi)h xewpath 1113 7069595 90.00 36 .00 @ellipse stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 879 4949mov to 871 507 lgxeto 864 501 lgxeto 879 4949lgxeto fillbmov to setgray currt)hpoi)h xewpath873566749mov to 868 504 lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 933 4949mov to 923 5059lgxeto 9174499 lgxeto 933 4949lgxeto fillbmov to setgray currt)hpoi)h xewpath 73566749mov to 9208502 lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 753 4949mov to 756 508 lgxeto 747 507 lgxeto 753 4949lgxeto fillbmov to setgray currt)hpoi)h xewpath873566749mov to 7516508 lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 80744949mov to 8054508 lgxeto 79645056lgxeto 80744949lgxeto fillbmov to setgray currt)hpoi)h xewpath 73566749mov to 8006507 lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 843 4949mov to 838 508 lgxeto 83491436lgxeto 843 4949lgxeto fillbmov to setgray currt)hpoi)h xewpath873566749mov to 83445056lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 753 4949mov to 7699499 lgxeto 763 5059lgxeto 753 4949lgxeto fillbmov to setgray currt)hpoi)h xewpath 95116749mov to 7668502 lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 80744949mov to 822 5016lgxeto 8159507 lgxeto 80744949lgxeto fillbmov to setgray currt)hpoi)h xewpath895116749mov to 818 504 lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 843 4949mov to 85691436lgxeto 8486508 lgxeto 843 4949lgxeto fillbmov to setgray currt)hpoi)h xewpath 95116749mov to 85245059lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 879 4949mov to 890 5059lgxeto 8814508 lgxeto 879 4949lgxeto fillbmov to setgray currt)hpoi)h xewpath895116749mov to 8869507 lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 933 4949mov to 9396507 lgxeto 9349148 lgxeto 933 4949lgxeto fillbmov to setgray currt)hpoi)h xewpath 95116749mov to 9354508 lgxeto stroke mov to currt)hpoi)h xewpath 7359706918 18 90.00 36 .00 @ellipse stroke mov to currt)hpoi)h xewpath88799706918 18 90.00 36 .00 @ellipse stroke mov to currt)hpoi)h xewpath89511706918 18 90.00 36 .00 @ellipse stroke mov to currt)hpoi)h xewpath 915 6749mov to 915 742 lgxeto stroke mov to currt)hpoi)h xewpath 1005 7069595 90.00 36 .00 @ellipse stroke mov to currt)hpoi)h xewpath8104117069595 90.00 36 .00 @ellipse stroke mov to currt)hpoi)h xewpath81077b7069595 90.00 36 .00 @ellipse stroke mov to currt)hpoi)h xewpath 825 7069595 90.00 36 .00 @ellipse stroke mov to currt)hpoi)h xewpath 789 7069595 90.00 36 .00 @ellipse stroke mov to currt)hpoi)h xewpath81203 454 595 90.00 36 .00 @ellipse stroke mov to currt)hpoi)h xewpath811676454 595 90.00 36 .00 @ellipse stroke mov to currt)hpoi)h xewpath 1131 454 595 90.00 36 .00 @ellipse stroke mov to currt)hpoi)h xewpath 1257 454 18 18 90.00 36 .00 @ellipse stroke mov to currt)hpoi)h xewpath81077b454 18 18 90.00 36 .00 @ellipse stroke mov to currt)hpoi)h xewpath81041 4949mov to 1041 418 lgxeto 1293 418 lgxeto 1293 490blgxeto 1041 4949lgxeto stroke mov to currt)hpoi)h xewpath 753 454 18 18 90.00 36 .00 @ellipse stroke mov to currt)hpoi)h xewpath 933 454 18 18 90.00 36 .00 @ellipse stroke mov to currt)hpoi)h xewpath 8074454 595 90.00 36 .00 @ellipse stroke mov to currt)hpoi)h xewpath8843 454 595 90.00 36 .00 @ellipse stroke mov to currt)hpoi)h xewpath8879 454 595 90.00 36 .00 @ellipse stroke mov to currt)hpoi)h xewpath 717 4949mov to 717 418 lgxeto 9694418 lgxeto 96944949lgxeto 71744949lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath810197766mov to 1061 956lgxeto 1052 936lgxeto 10597766lgxeto fillbmov to setgray currt)hpoi)h xewpath 10411202 mov to 1057494 lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 1005 76 mov to 1014 92Rlgxeto 1006 956lgxeto 1005 766lgxeto fill mov to setgray currt)hpoi)h xewpath810411202 mov to 1010 936lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 9511766mov to 965 88 lgxeto 958 936lgxeto 951 766lgxeto fillbmov to setgray currt)hpoi)h xewpath81041 202 mov to 962 91 lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath810197766mov to 1056994 lgxeto 1048691 lgxeto 10597766lgxeto fillbmov to setgray currt)hpoi)h xewpath 100542026mov to 1052 936lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 1005 76 mov to 1010494 lgxeto 1001494 lgxeto 1005 766lgxeto fill mov to setgray currt)hpoi)h xewpath8100542026mov to 1005 94 lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 9511766mov to 962 91 lgxeto 954 94 lgxeto 951 766lgxeto fillbmov to setgray currt)hpoi)h xewpath81005 202 mov to 958 936lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath810197766mov to 1052 936lgxeto 1o45 88 lgxeto 10597766lgxeto fillbmov to setgray currt)hpoi)h xewpath 969 202 mov to 1049 91 lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 1005 766mov to 1004 956lgxeto 996 92Rlgxeto 10057766lgxeto fillbmov to setgray currt)hpoi)h xewpath8969 202 mov to 1000 936lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 9511766mov to 958 936lgxeto 949 95 lgxeto 9517766lgxeto fillbmov to setgray currt)hpoi)h xewpath8969 202 mov to 953 94 lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath89511766mov to 968 846lgxeto 962 91 lgxeto 9517766lgxeto fillbmov to setgray currt)hpoi)h xewpath 109542026mov to 965 88 lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 1005 766mov to 1019 88 lgxeto 1012 936lgxeto 1005 766lgxeto fillbmov to setgray currt)hpoi)h xewpath8109542026mov to 1016 91 lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 10197766mov to 1049 91 lgxeto 1043784 lgxeto 1059 76 lgxeto fillbmov to setgray currt)hpoi)h xewpath8915 202 mov to 1046688 lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath81005 766mov to 998 936lgxeto 991 88 lgxeto 1005 766lgxeto fillbmov to setgray currt)hpoi)h xewpath 915 2026mov to 995 91 lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 10197766mov to 1068 92 lgxeto 1060 956lgxeto 10597766lgxeto fillbmov to setgray currt)hpoi)h xewpath8109542026mov to 1064 936lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 9511766mov to 950 956lgxeto 942 92Rlgxeto 9517766lgxeto fillbmov to setgray currt)hpoi)h xewpath8915 2026mov to 946 936lgxeto stroke mov to currt)hpoi)h xewpath 915 766mov to 915 4 lgxeto 1095 4 lgxeto 1095 766lgxeto 915 766lgxeto stroke mov to currt)hpoi)h xewpath 1019740 18 18 90.00 36 .00 @ellipse stroke mov to currt)hpoi)h xewpath 1005 40 18 18 90.00 36 .00 @ellipse stroke mov to currt)hpoi)h xewpath8951740 18 18 90.00 36 .00 @ellipse stroke mov to 699 123 a Fh(SRN)p currt)hgray 90.00 setgray currt)hpoi)h xewpath8915 274 mov to 932 2836lgxeto 926 2896lgxeto 9155274 lgxeto fillbmov to setgray currt)hpoi)h xewpath 1077b418 mov to 929 2866lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 969 274 mov to 98362866lgxeto 9769291 lgxeto 969 274 lgxeto fill mov to setgray currt)hpoi)h xewpath81077b418 mov to 980 288 lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 10054274 mov to 1o174288 lgxeto 10094292Rlgxeto 1o055274 lgxeto fillbmov to setgray currt)hpoi)h xewpath 10774418 mov to 101352949lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 1095 274 mov to 1o97 292 lgxeto 1088 291 lgxeto 1095 274 lgxeto fillbmov to setgray currt)hpoi)h xewpath810774418 mov to 1093 292 lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 1095 274 mov to 1o8562894lgxeto 1079 2836lgxeto 1o95 274 lgxeto fillbmov to setgray currt)hpoi)h xewpath 933 418 mov to 1082 2866lgxeto stroke mov to currt)hgray 90.00 setgray currt)hpoi)h xewpath 1005 274 mov to 995 2896lgxeto 989 2836lgxeto 10055274 lgxeto fillbmov to setgray currt

5.3:

Hidden h

Codeng Fs(c)1149 33 y FF(Output)e Fs(o)1149 69 y FF((softmax)g(layer))150 862 y FS(Figur)o(e)18 b(5.4:)276b(A)176b(simple)g(r)o(ecurr)o(ent)g (networkng((SRN).)g(The)g(backwar)o(dsng(curvednf(arr)o(ows)g(denote) g(a)150 9189y(copy)c(of)g(activationsng(to)f(the)h(next)g(timestep.)18 b(The)12 b(hidden,)g(code,)g(andng(context)g(layers)g(all)g(have)f(the) 150 975 y(same)g(numberng(of)g(units.)186b(The)10 b(left)h(block)g(of)g (input)h(units)g(is)f(used)g(during)h(training,)g(the)f(right)g(block) 150 10318y(during)h(testing.)150 1173 y(be)e(corr)o(ectng(when)h(the)g (activation)f(of)g(the)h(corr)o(ectnf(output)h(unit)g(exceedsnf(0.5nh (andnf(exceedsng(twice)h(any)150 1229by(other)g(output)h(unit)g (activation.)221412866y(Forn176b(estimating)h(the)g(pr)o(oductive)g (capacity)g(I)f(use)h(novel)g(sequences)h(of)e(le)gths)i(3ne(to)g(16ng ((32)150 1342 y(sequencesng(of)f(each)f(le)gth).)31 b(I)16 b(use)g(a)f(separate)g(conjugate)h(gradient)g(sear)o(ch)g(to)f (find)i(a)e(code)g(forn150 1399by(each)c(sequence)i((startingnf(fr)o (om)f(small)h(random)f(values),)h(andnf(stop)h(when)g(the)f(sequence)h (has)g(been)150 1455 y(corr)o(ectly)g(pr)o(oduced,)g(ornf(when)h(100)e (steps)i(have)f(been)h(taken.)150 16044y FV(5.4)59 b(Simple)14 b(recurrt)h)g(networks)150 17106y FS(I)i(compar)o(e)g(HRNs)g(to)g (other)f(mor)o(e)h(conventional)g(r)o(ecurr)o(ent)h(networks,)g(both)g (to)e(get)h(some)g(idea)150 17666y(of)h(their)g(r)o(elative)g (capacitiesng(andng(becauseng(the)h(comparison)f(gives)h(some)f (insightJi(into)e(variousn15061823 y(r)o(eportedn12 b(dif)o (ficulties)h(with)g(r)o(ecurr)o(ent)g(networks.)19 b(Elman)13 b([1991]ne(andnh(Servan-Schr)o(eibernm(,)h(Cleer)o(e-)150 1879 y(mansne(andng(McClellandng([1991]nf(use)h(Simple)g(Recurr)o(ent)h (Networks)e((SRNs))h(to)f(pr)o(ocess)i(sequential)150 1936 y(input)f(andng(induce)g(small)f(finite-state)h(grammars.)16 b(Howevernm(,)106b(their)g(training)h(times)g(ar)o(e)f(extr)o(emely)150 1992 y(long,)16 b(even)d(fornh(very)f(simple)i(grammars.)25 b(Maskara)13 b(andnh(Noetzel)f([1992])g(r)o(eport)g(similar)i(r)o (esultsn15062049by(andnd(makeng(the)h(plausible)g(suggestion)h(that)e (the)g(long)h(training)h(times)e(ar)o(e)g(due)g(to)g(the)g(dif)o (ficulty)i(of)150 2105by(finding)j(a)f(r)o(ecurr)o(ent)g(operation) g(that)g(pr)o(eserves)f(information)i(in)f(the)g(hidden)((units)h(overn e(many)150 21614y(timesteps.)219b(Simar)o(d)12 b(andnh(Le)f(Cunnh ([1992])f(r)o(eport)h(being)g(unable)g(to)f(train)h(anf(typenh(of)g(r)o (ecurr)o(ent)g(net-n150 22189y(worknd(to)f(pr)o(oduce)h(mor)o(e)g(than) g(one)g(trajectorynf(thr)o(ough)i(continuousnh(space,)e(a)g(task)g (which)h(r)o(equir)o(esn150 22749y(car)o(eful)h(contr)o(olng(overne (information)i(in)h(the)e(hidden)h(units.)221423318y(Given)j(thesenh(r) o(eportednf(dif)o(ficulties,)249b(I)c(expectednf(that)h(SRNsng(would) g(perform)g(poorly)h(at)e(the)150623876y(sequence)c(pr)o(oduction)f (task,)h(since)f(it)g(r)o(equir)o(esnh(pr)o(eserving)g(and)e (transforming)i(information)g(in)f(the)150 24449y(hidden)((units)g (overne(many)i(timesteps.)166b(T)l(o)9 b(test)g(this,)h(I)g(built)f(a)g (version)h(of)f(the)g(SRN)g(forng(the)g(sequence)150 25006y(pr)o(oduction)h(task.)166b(The)9 b(ar)o(chitectur)o(e)h(of)f (this)g(SRN)g(dif)o(fers)h(fr)o(om)f(the)g(HRN)g(in)h(that)f(the)g (hidden)((layern150 2557 y(r)o(eceives)j(activation)f(thr)o(ough)i(a)f (weightJ(,matrix)g(fr)o(om)g(the)g(context)h(layernm(,)e(asnh(with)h (the)e(SRNs.)19 b(The)150 2613 y(network,)12 b(which)g(I)g(r)o(efer)f (to)g(asng(a)h(SRNFJf(is)h(shown)g(in)g(Figur)o(e)h(5.4.)221 26706y(The)e(only)g(dif)o(fer)o(ence)h(between)e(the)h(SRN)g(andng(the) g(HRN)g(is)g(in)h(the)f(computation)h(of)f(the)g(activa-)p eop %%Page: 1149128 1149127 bop 1882 -1006a FS(114)150 49by(tionsn12 b(of)f(the)h(hidden)f (units:)783 1469y FO(h)806911-0y FN(j)829b1469y FS(=)h(tanh()p FO(c)992 11-0y FN(j)1013 1469y FS(+)1051 74by Ft(P)1095 117ly FN(k)1117 FO(h)8069(the0o324 esting.173 23817Fg(p) 6191137 y9 FO(h)80691186821N(j)1013 146e1911b86880 O(c)992 11-0to 1(j)1013 1f(vavariou9150 26n)g(Fig1911b8307 y9 F992 11-839218jk)575 )f(it)g(ibiat)g(unigsng(of)fh(the)e(hiddetimesteA9by(tiomance)h(witfg(the)f g(fornh(the)f(actiweights)h(oornf(of(hidden)in)f(th)150(o)14g(was)c)o(g(lar 10318yon)h(of)i(the)e(pr)o(oducti ng)g(onthe)g (sequence.)296b(Howev8 b(Inr)o(efulao)9 bmance)h(with)g(the)(2.2.0 150 225e(The)8 b(activatiofr)o(om)g(andnf(code)g()g(sowng)g(on)g(into)g(the)g(hinput)h((in)hed(for)h(next)g(ti)h(5)p 921416689S(The)d(obfective)e(fu)g(SRen)h(of)f(the))f(it(when)g 975snf(s)f)g(SRN)g(forn(the)f (anpt)f)g(SRN)g(fof(ticlus b(func 41n150 21h FS(is)g(an)g(eightJ(,4enalty)g(term)e)g(a)g(ling)j(a)f(r)o (ecurr)g(all)f(we(i.e.,(weights133.2.98the0o324 33. 4.)150i19 y 8 41n1512R772 y(when)g(all)f(weatrix)g(fr)o(om)g(the)g(unc 471150 21eg(into)g(the)g(hftmax)g:)to 162)433 2370g29b146gh FS(=nf 41n15)1656 228541n161)557 24mov 80593 24wpath8 09 2419 y5e(S62)433 23t)e,)1 FS(69b2148l,)1 31180 13y FN(t)p FJ(,ly F62)433 23706y64n15)1146 2333y FN567342 24s3y FN59)806 2345 y(t)p FJ(,)p64n161)5431 7614431651 89 2401...)63)804 2385...)663806 2345 y(t)p FJ(,69715)1 3962285697161)557A)7 FN(c1238 2370 FN(58)928 23394y( FN(61)528 235948)16651977b240192415)1656 2285924161) 57 2960v 80593 297ov to 8592419 ymov (c1238 23706y FS(()mov FS(69b21r()mov1 3118019 ym91 (c1238 237)) mov FS(6 62351 33N(c1238 23708y FN 80594 2329b))1 to 8592419 y23. (c1238 23706y FS(() to FS(69b21c() to 3118019 y.0 (c1238 237)) (o)8 FS(69b2351 og)75)1656 2211 og)761) 57A1 o80N(c1238 2370845 1 80594 2329b4431 to 8592419b485 541343 2298 ty)1(c1238 23706y FS(1)e F5lgxe80594 2329b(c1 to 85924k()p F (c1238 23706y FS(()gen1 FS(69b21o()gen 3118019 y728 (c1238 237)) to FS(69b2351 7est�4 42298 7lgxe)1275623469y Fea)151425166yef(that)hientrib(is)f26n)g(Firadionly)g(diquences,4lue))mh(r)acurr)wayif)o(fers)h(fr 1229by((that) hientrib(is)f)g(is)g(i)8069sn150l(arnt)in)g(Figuo(eisngce)h ()g(traiusi(designednd(to)f(pr)o(nt)229by(etternf)h(to)f(pr)(eviousnh(s)g:)aken .)186b(T FS((,mae)12 b(functe-)150((the)g(asyvernmsigmoid29by iarameusi(dweights)h(on)g(the)g(hinput,)o(nt)229bebetternf(tFiradnon-(the)g(asyi3706i)g(cote) gl)150ae)12 b(learh(SRc0aelf(ini986])d (unfolding-h(which)g(is)f(on)gasily)g(c)g)g(the)h(corrartial)f (der,)o(nt)229by(etterte) gy)150s.)19’s6b(T)lre)1g(calcartial)f (de(storage)(symbolEern86b(expe9by(anf(ie y FS(tednforks,)g(c)o(g(r)(evignif(difar)o(e(block114)1)mhh(to)v(indic(the)f(training)h o(d)12 ts)h FO(pr)o(oductive)f(c(memory)21N(of)150In)aken .)1o(epoy)g((actlears,)21991]nalmightJiexacorr)o(t.)1o(e 975 g(long)h(trang)146b(andnf( (whichging-mesteps(code)g 1ny)150H(the)gts.)18 b(Ty(Theie(only)g(dif)o(fere))f(it(won) gIrrartern86b(ex(indimance)he)g(a)g(rh(in)g(a)f(trainiagnitu lgxe50 16045y FV(5T)-709b(T)-6 b(r5ining)146sting)e(productive)f(crair)i(r)o (esu14ij)81614305.1FK(5.3(therainir)i(r)o (esg(bl)151425r)o(eednd(to)v(sequence)g(toeasy(e)g(due)(T)-k(values,)hHRNs)steps(findg)h(the)g(pr)o(oductive)f(c(memory)2SRNs.)yb(Simpining)cappientty)g(o63806 (duestepshfindfandn149b(i)h(the)rn8 (capa)g(d61ayernm(,nf(tonf(the)g(numberf(the)g(hidden)((tiche)16 be)l(sng(ydng(ov)g(hnh(to)f(s(takenhtJ15oduce)h(lnovel)g(sequerberng(of)f(sehr)o(olng(oduce)h(mo)o(ee)h(s26 1862 y FS(Fig5r)o(e5)ernh(wsrnf(tFiradworse)d(perfvariety)g(6s)961)g(of)fthat)h )o(d)f()i(the)g(output)g zation)varydnf( (623656y(quencesh(the)e(hidden)h(7SRNs.)19 imp currall)ff(is))g(idehe)15a34 y(ther(onnh sg(numberdataHRNs)h(I)h(i)g(difprodure)sg(usng(ofeence)i((sdimance)hndingmall)(generaliationsnuce)g(thesenh(pa)h(take78)928A9bksnf(tonf(the)g(numberf(the)g(hidden)( (tiche)16 be)lfeatrix)g(fr4g(unable64dnd(makeng(the)g(pr)o(oductive)f(c g(tiche)16 be)lvarious)806t)gadbe)g(memoryymbol41286gthaom)f(the)ctorsnga)g(smalx(indi)o(genh(numberng(of)f(hinput,)o(ences)i)g(of)eiuencesr)o(e)g(sequenoorlycterte) 190 150)h(tonh(to)f(dypenh(of)liconsiar (the)rb(FFT)l(sng(a) h(the)f(numbernh(of)g)g(tiche)16 be),om)f(s)ernh(ws)h(shown)g(in)g(Figur)6(g)p FS(.out)f(th958 57out)1(Laternc(calcug(andng(beo(ectng(whimes)g(atimes)g(aother)f(m rnh(of)g(siaother)f(eorming)i(informasg (which)h(r)o(eh(exposed(thisfy(fr)o(omov 50 22m.0)496b412863b(Forn12 b(eit(when)g 975(atmot)gf(numbe orming)i(informasgpsnf(as)g(r)o(equ(unable(thisfy((fin(each)c(seqcti r)o(om71150)g(of)ed(i(a)f (wo(set)f(overnf(tgrnh(of)f(syencesaof)f(the)g (eiuences)g(of)e(lfour (wo(set)f-6 (thr)o(ee)h(s)h(5.128 50 20269iby(andor) o(ion)f(thrh�u(pr)gpoorly)h(aforming)i(inforarto (e)f(ef)o(cyeiuencesf(the)g(the)f(se)g(antivatf)g(thesequen18n150 2ily)g(infoc(h(wg(aou b((wming)i(infor(units)g(is)g(ing(oaxpoym-)g(of)ej)g(the)f(seN)g(in)htheseng(cantheir)iconsisnh(twc)829g(nodedle)g96b412866b(Forn12 b(eit)g(in)g(Fifo(e5)ernh(wsrnh(wiaI)g(bui)f(the)ctorsngccursng(of)f(hidden)((thesentheir)iconsisnh(tw9)1506h(to)f(sFV(5r)o(e)g(sequences)g(of)e(l5 (wo(sete(8thr)o(ee)h(s ymbolSu b()1(La256n(each)c(s)o(efuT)-ng(oc5g(ibittivatiofrwming)i(info r)o(o35.)7816assum6 b(rainince)g(nh(of)g)g(times)g(arquncey(i)gr)o(lyf(vagrk,)12 b(rison)e FS(isrming)i(informto (e)f(ef)o(cyetur)o(e)all)o(e(blo241)5571ayebode)gpenh(nnf(of(ir)emecurr)oc5/16f(lekS(.outc)g(dif(in)g(Figuappiens)ernting)g(ualues)(only)g(dif)o(t( (623656y(quenc rsng(of)fn)f(th))961dden)in9ining)1(ualues)(only)g(dif)o(t(g(623656y(i uencesro(ee)h(s38(one.)356b(on FS(I)i(coat)h(elize)gance)f(we(excene(to)bi)f(wein)((layesn150r)emecurherchievdeterminedsmall)horn g(a)g(vcinh(ofly)grr)o(ouhe)g(convnetwoepr)o(odo(e1.2f(le(7SRNs.)19 imptiche)16 be)h(units)g(5-)150ctive)f(cd 49by FS(canatg(abu(calcue)g(a )g(nsiarpondsnf(tonadape(produenhhod (inputse (transe)g(ant.(activa-)p eop %% 1347 %% 1348 1149127 bop 1882 -1005)j)161er)15 SDict /PsFnnhDict get bhgin /PsFnnhNoSh(wSt0318se modef /PsFnnhNewSh(w lreeodef end j)161er)1a @bhgin(this)h s)g@llx s)g@lly 41)5@urx2.0 1@ury95 90 @rwi @iniathis)ha-)BhginDocumecu: misc/graphs/nips.idden)ps /gnudict c)8dict def gnudict bhgin /Color finieodef /gnuto 1 setlg52339odef /vshift -73odef /dl {1)5oy)}odef /hpt 31.5odef /vpt 31.5odef /vpt2 vpt 25oy)odef /hpt2 hpt 25oy)odef /Lnh(w { setgray currt lgxeto stroke 0 vshift rto fillbh(w }odef /Rnh(w { setgray currt lgxeto stroke dupt lg318 setlgp149neg vshift rto fillbh(w }odef /Cnh(w { setgray currt lgxeto stroke dupt lg318 setlgp149-28div vshift rto fillbh(w }odef /DL { Color {inirgbcolor mov to [] 0 p14} {p149p149p149v to [] 0} ifenieo}odef /BL { lgxetognuto 1 setlg25oy)oov to 1 setlg}odef /AL { lgxetognuto 1 setlg25div ov to 1 setlg}odef /PL { lgxetognuto 1 setlgov to 1 setlg}odef /LTb { BL mov v v DL }odef /LTa { AL [1 dl 25dlmov to [] 0 v v v inirgbcolor }odef /LT0 { PL mov 1 v DL }odef /LT1 { PL 4 dl 25dlmov v 1 DL }odef /LT2 { PL 25dl 35dlmo1 v v DL }odef /LT3 { PL 1 dl 1.5odlmo1 v 1 DL }odef /LT4 { PL 5 dl 25dl 1 dl 25dlmov 1 1 DL }odef /LT5 { PL 4 dl 35dl 1 dl 35dlmo1 1 v DL }odef /LT6 { PL 25dl 25dl 25dl 45dlmov v v DL }odef /LT7 { PL 25dl 25dl 25dl 25dl 25dl 45dlmo1 v.3 v DL }odef /LT8 { PL 25dl 25dl 25dl 25dl 25dl 25dl 25dl 45dlmov.5ov.5ov.5oDL }odef /M {to fil}odef /L {051 28}odef /P { lgxeto mov to [] 0e setgrayto 1 setlg25div oubo stroke 0 setgrayto 1 setlgr051 289 lgxeto}odef /D { lgxeto mov to [] 0 g250 91 vpt addo stroke hpt neg vpt neg r051 289 hpt vpt neg r051 28 9 hpt vpt r051 289 hpt neg vpt r051 289 cloe)g(tlg36lgxeto P g}odef /A { lgxeto mov to [] 0 gvpt oubo strok 0 vpt2 r051 28 9 setgray currt lgxeto stroke hpt neg vpt neg r strok hpt2 0 r051 2896lgxeto }odef /B { lgxeto mov to [] 0 g250 91 exch hpt ouboexch vpt addo stroke 0 vpt2 neg r051 289 hpt2 0 r051 289 0 vpt2 r051 28 9 hpt2 neg 0 r051 289 cloe)g(tlg36lgxeto P g}odef /C { lgxeto mov to [] 0 gexch hpt ouboexch vpt addo stroke hpt2 vpt2 neg r051 289 setgray currt lgxetoo stroke hpt2 neg 0 r strok hpt2 vpt2 r051 28 lgxetoo}odef /T { lgxeto mov to [] 0 g250 91 vpt 1.125oy)oaddo stroke hpt neg vpt -1.625oy)or051 28 9 hpt 25oy)o0or051 28 9 hpt neg vpt 1.625oy)or051 289 cloe)g(tlg36lgxeto P g}odef /S { 250 91 A C}odef end gnudict bhgin gsave 5gxet (and))g(c 0.mov 0.mov ndn1c 0ay 90.00 /Courier findfefuN(c) ndn1cfefuNy 9fefut)hpoi)h LTa r)8n19movM 68r FN(1 L LTb r)8n19movM 1op)1N(1 L 68r FN(1 M 68101N(1 L 1452FN(1 M (\tex[r][r]{0\%}) Rnh(w r)8n114p)1M 1op)114p)1L 68r F14p)1M 6810114p)1L 1452F14p)1M (\tex[r][r]{20\%}) Rnh(w r)8n12 to M 1op)12 to L 68r F2 to M 681012 to L 1452F2 to M (\tex[r][r]{40\%}) Rnh(w r)8n12k(c)M 1op)12k(c)L 68r F2k(c)M 681012k(c)L 1452F2k(c)M (\tex[r][r]{60\%}) Rnh(w r)8n13475)M 1op)13475)L 68r F3475)M 681013475)L 1452F3475)M (\tex[r][r]{80\%}) Rnh(w r)8n1415ovM 1op)1415ovL 68r F415ovM 68101415ovL 1452F415ovM (\tex[r][r]{p 1\%}) Rnh(w 2eto N(1 M 2eto 9movL 2eto 4489 M 2eto 44.)1L 2eto 55ovM (\tex[t][t]{4}) Cnh(w 299n19movM 299n19movL 299n14489 M 299n144.)1L 299n155ovM (\tex[t][t]{6}) Cnh(w 370019movM 370019movL 370014489 M 3700144.)1L 3700155ovM (\tex[t][t]{8}) Cnh(w 44gxetmovM 44gxe9movL 44gxe4489 M 44gxe44.)1L 44gxe55ovM (\tex[t][t]{10}) Cnh(w 511019movM 511019movL 511014489 M 5110144.)1L 5110155ovM (\tex[t][t]{12}) Cnh(w 56lgx9movM 56lgx9movL 56lgx4489 M 56lgx44.)1L 56lgxe5ovM (\tex[t][t]{14}) Cnh(w 652019movM 652019movL 652014489 M 6520144.)1L 65201e5ovM (\tex[t][t]{16}) Cnh(w LTb r)8n19movM 68r FN(1 L 68r F4489 L r)8n14489 L r)8n1N(1 L 7431 630vM setgray currtgsave (and))g(c 90oro56ni v v stroke(\tex[][]{TesuNy o(e)g(s g(th(corr genrnt)ed}) Cnh(w gre6h(te 42et s.)2M (\tex[t][t]{S o(e)g( )g(of)}) Cnh(w LT0 LT0 546 F3306vM (\tex[r][r]{HRN 64}) Rnh(w 559)83306vM 56lgx3306vLtial71415ovM 1al71415ovL 2eto 415ovL 2642 415ovL 299n1415ovL 33p)1415ovL 37001415ovL 44gxe415ovL 51101415ovL 65201415ovL 5728 3306vD 1al71415ovD 2eto 415ovD 2642 415ovD 299n1415ovD 33p)1415ovD 37001415ovD 44gxe415ovD 51101415ovD 65201415ovD LT1 546 F3086vM (\tex[r][r]{HRN 32}) Rnh(w 559)83086vM 56lgx3086vLtial71415ovM 1al71415ovL 2eto 415ovL 2642 415ovL 299n1415ovL 33p)1415ovL 37001415ovL 44gxe415ovL 511014130vL 652013264vL 5728 3086vA 1al71415ovA 2eto 415ovA 2642 415ovA 299n1415ovA 33p)1415ovA 37001415ovA 44gxe415ovA 511014130vA 652013264vA LT2 546 F2866vM (\tex[r][r]{HRN 16}) Rnh(w 559)82866vM 56lgx2866vLtial71415ovM 1al71415ovL 2eto 415ovL 2642 415ovL 299n14lgxeL 33p)139movL 370013475)L 44gxe2lgxeL 51101 lgxeL 652019movL 5728 2866vB 1al71415ovB 2eto 415ovB 2642 415ovB 299n14lgxeB 33p)139movB 370013475)B 44gxe2lgxeB 51101 lgxeB 652019movB LT3 546 F2646vM (\tex[r][r]{HRN 8}) Rnh(w 559)82646vM 56lgx2646vLtial714109vM 1al714109vL 2eto 3559vL 2642 2lgxeL 299n11384eL 33p)11172vL 370019movL 44gxe813eL 511019movL 5728 2646vC 1al714109vC 2eto 3559vC 2642 2lgxeC 299n11384eC 33p)11172vC 370019movC 44gxe813eC 511019movC LT4 546 F24.)1M (\tex[r][r]{HRN 4}) Rnh(w 559)824.)1M 56lgx24.)1L 1al712to 1M 1al712to 1L 2eto 14.)1L 2642 9movL 299n19movL 5728 24.)1T 1al712to 1T 2eto 14.)1T 2642 9movT 299n19movT@ellips gre6h(te end nh(wpage %%EndDocumecu @end(this)h 4.)1al7182 -10lgx)to 1 lgxy(20lgx)to 65)80640lgx)to 15ov 5060lgx)to 13sn15080lgx)o80N2(c)1f(whlgx)65)89lgx064154 b(6)g(86 y b(10-0y b(12g(oc4dnd16)351 54S(6 gsave setgray currtsetgray currt(and))g(c 90001op 18div ro56ni 1 1 ndn1c neg exch neg exch (and))g(c 351 54S(a n155ov82 -1 202(o)9)1(Lar)o(e)g(sequ 1455 y(corr)f )g(nrnt)ed)351 54S(0 setgray currtgre6h(teo stroke 351 54S(a 9y FO029v82 -1S y(a)g(seq)g(of)e1160 409961)g(ble64d1160 en)150f(the)16ng160 ce)150f(the)16)1182 546150f(the)8)1182 5y)150f(the)4testing4S(0862 y FS(Figken�.5:)27 1(P(dif)craynh (ymbolnputsf(use)h(novel)g(sequ)g(in)hthesh 0 1173ectly)g(pr)o(jt)f(ausf)f(each)h(numbertomlyde)g 1n98th(novel)g(sek)g(SRenr)o(e)ggance)fvarydnf(g(623656y((numberng(of)f (hiddeti3units.)188(Lar)o(e)g(sequmbols)h(ao(set)f8de)g 12o)112ro(ee)h(sh(Ato)e b( currall)times)g(ar(onnh sg(numberdataH,matr ix)g(fr5 (w(only)g(dif)o(t( ((long)h(trare)s.)j)1624)g 5 SDict /PsFnnhDict get bhgin /PsFnnhNoSh(wSt0318se modef /PsFnnhNewSh(w lreeodef end j)1624)gv82@bhgin(this)h s)g@llx s)g@lly 41)5@urx2.0 @ury95 90 @rwi @iniathis)ha-)BhginDocumecu: misc/graphs/nips.ro(n)ps /gnudict c)8dict def gnudict bhgin /Color finieodef /gnuto 1 setlg52339odef /vshift -73odef /dl {1)5oy)}odef /hpt 31.5odef /vpt 31.5odef /vpt2 vpt 25oy)odef /hpt2 hpt 25oy)odef /Lnh(w { setgray currt lgxeto stroke 0 vshift rto fillbh(w }odef /Rnh(w { setgray currt lgxeto stroke dupt lg318 setlgp149neg vshift rto fillbh(w }odef /Cnh(w { setgray currt lgxeto stroke dupt lg318 setlgp149-28div vshift rto fillbh(w }odef /DL { Color {inirgbcolor mov to [] 0 p14} {p149p149p149v to [] 0} ifenieo}odef /BL { lgxetognuto 1 setlg25oy)oov to 1 setlg}odef /AL { lgxetognuto 1 setlg25div ov to 1 setlg}odef /PL { lgxetognuto 1 setlgov to 1 setlg}odef /LTb { BL mov v v DL }odef /LTa { AL [1 dl 25dlmov to [] 0 v v v inirgbcolor }odef /LT0 { PL mov 1 v DL }odef /LT1 { PL 4 dl 25dlmov v 1 DL }odef /LT2 { PL 25dl 35dlmo1 v v DL }odef /LT3 { PL 1 dl 1.5odlmo1 v 1 DL }odef /LT4 { PL 5 dl 25dl 1 dl 25dlmov 1 1 DL }odef /LT5 { PL 4 dl 35dl 1 dl 35dlmo1 1 v DL }odef /LT6 { PL 25dl 25dl 25dl 45dlmov v v DL }odef /LT7 { PL 25dl 25dl 25dl 25dl 25dl 45dlmo1 v.3 v DL }odef /LT8 { PL 25dl 25dl 25dl 25dl 25dl 25dl 25dl 45dlmov.5ov.5ov.5oDL }odef /M {to fil}odef /L {051 28}odef /P { lgxeto mov to [] 0e setgrayto 1 setlg25div oubo stroke 0 setgrayto 1 setlgr051 289 lgxeto}odef /D { lgxeto mov to [] 0 g250 91 vpt addo stroke hpt neg vpt neg r051 289 hpt vpt neg r051 28 9 hpt vpt r051 289 hpt neg vpt r051 289 cloe)g(tlg36lgxeto P g}odef /A { lgxeto mov to [] 0 gvpt oubo strok 0 vpt2 r051 28 9 setgray currt lgxeto stroke hpt neg vpt neg r strok hpt2 0 r051 2896lgxeto }odef /B { lgxeto mov to [] 0 g250 91 exch hpt ouboexch vpt addo stroke 0 vpt2 neg r051 289 hpt2 0 r051 289 0 vpt2 r051 28 9 hpt2 neg 0 r051 289 cloe)g(tlg36lgxeto P g}odef /C { lgxeto mov to [] 0 gexch hpt ouboexch vpt addo stroke hpt2 vpt2 neg r051 289 setgray currt lgxetoo stroke hpt2 neg 0 r strok hpt2 vpt2 r051 28 lgxetoo}odef /T { lgxeto mov to [] 0 g250 91 vpt 1.125oy)oaddo stroke hpt neg vpt -1.625oy)or051 28 9 hpt 25oy)o0or051 28 9 hpt neg vpt 1.625oy)or051 289 cloe)g(tlg36lgxeto P g}odef /S { 250 91 A C}odef end gnudict bhgin gsave 5gxet (and))g(c 0.mov 0.mov ndn1c 0ay 90.00 /Courier findfefuN(c) ndn1cfefuNy 9fefut)hpoi)h LTa r)8n19movM 68r FN(1 L LTb r)8n19movM 1op)1N(1 L 68r FN(1 M 68101N(1 L 1452FN(1 M (\tex[r][r]{0\%}) Rnh(w r)8n114p)1M 1op)114p)1L 68r F14p)1M 6810114p)1L 1452F14p)1M (\tex[r][r]{20\%}) Rnh(w r)8n12 to M 1op)12 to L 68r F2 to M 681012 to L 1452F2 to M (\tex[r][r]{40\%}) Rnh(w r)8n12k(c)M 1op)12k(c)L 68r F2k(c)M 681012k(c)L 1452F2k(c)M (\tex[r][r]{60\%}) Rnh(w r)8n13475)M 1op)13475)L 68r F3475)M 681013475)L 1452F3475)M (\tex[r][r]{80\%}) Rnh(w r)8n1415ovM 1op)1415ovL 68r F415ovM 68101415ovL 1452F415ovM (\tex[r][r]{p 1\%}) Rnh(w 257619movM 257619movL 257614489 M 2576144.)1L 2576155ovM (\tex[t][t]{4}) Cnh(w 323719movM 323719movL 323714489 M 3237144.)1L 3237155ovM (\tex[t][t]{6}) Cnh(w 3898t9movM 3898t9movL 3898t4489 M 3898t44.)1L 3898t55ovM (\tex[t][t]{8}) Cnh(w 4559vtmovM 4559v9movL 4559v4489 M 4559v44.)1L 4559v55ovM (\tex[t][t]{10}) Cnh(w 522019movM 522019movL 522014489 M 5220144.)1L 52201e5ovM (\tex[t][t]{12}) Cnh(w 5681x9movM 5681x9movL 5681x4489 M 5681x44.)1L 56lgxe5ovM (\tex[t][t]{14}) Cnh(w 654219movM 6542 9movL 6542 4489 M 6542 44.)1L 65421e5ovM (\tex[t][t]{16}) Cnh(w LTb r)8n19movM 68r FN(1 L 68r F4489 L r)8n14489 L r)8n1N(1 L 7431 630vM setgray currtgsave (and))g(c 90oro56ni v v stroke(\tex[][]{TesuNy o(e)g(s g(th(corr genrnt)ed}) Cnh(w gre6h(te 42et s.)2M (\tex[t][t]{S o(e)g( )g(of)}) Cnh(w 162.2.13)1M (\tex[l][l]{N23656 of}) Lnh(w 162.226movM (\tex[l][l]{ro(ee)h}) Lnh(w LT0 LT0 16lgxet(c)M (\tex[r][r]{3}) Rnh(w 20p)12k(c)M 244312k(c)L 224)F415ovM 224)F415ovL 25761415ovL 29061415ovL 32371415ovL 35wpath30vL 3898t415ovL 4559v39lgxL 5220139movL 6542 311)1L 21lgxet(c)D 224)F415ovD 25761415ovD 29061415ovD 32371415ovD 35wpath30vD 3898t415ovD 4559v39lgxD 5220139movD 6542 311)1D LT1 16lgxe5-)1M (\tex[r][r]{4}) Rnh(w 20p)125-)1M 2443125-)1L 224)F415ovM 224)F415ovL 25761415ovL 29061415ovL 32371415ovL 35wpath5ovL 3898t415ovL 4559v4003xL 5220136to L 6542 2lgxeL 21lgxe5-)1A 224)F415ovA 25761415ovA 29061415ovA 32371415ovA 35wpath5ovA 3898t415ovA 4559v4003xA 5220136to A 6542 2lgxeA LT2 16lgxe)p 9M (\tex[r][r]{5}) Rnh(w 20p)12)p 9M 24431235)1L 224)F415ovM 224)F415ovL 25761415ovL 29061415ovL 32371415ovL 35wpatlgxeL 3898t4130vL 4559v3961xL 52201265ovL 65lgxe8xeL 21lgxe35)1B 224)F415ovB 25761415ovB 29061415ovB 32371415ovB 35wpatlgxeB 3898t4130vB 4559v3961xB 52201265ovB 65lgxe8xeB LT3 16lgxe13c)M (\tex[r][r]{6}) Rnh(w 20p)1213c)M 24431213c)L 224)F415ovM 224)F415ovL 25761415ovL 29061415ovL 323714130vL 35wpath5ovL 3898t3919vL 4559v3559vL 522011 movL 65lgx85)1L 21lgxe13c)C 224)F415ovC 25761415ovC 29061415ovC 323714130vC 35wpath5ovC 3898t3919vC 4559v3559vC 522011 movC 65lgx85)1C LT4 16lgx1919vM (\tex[r][r]{8}) Rnh(w 20p)11919vM 244311919vL 224)F415ovM 224)F415ovL 25761415ovL 29061415ovL 323714lgxeL 35wpa39movL 3898t3475)L 4559v2lgxeL 522011lgxeL 654219movL 21lgx1919vT 224)F415ovT 25761415ovT 29061415ovT 323714lgxeT 35wpa39movT 3898t3475)T 4559v2lgxeT 522011lgxeT 654219movT LT5 16lgx16(c)M (\tex[r][r]{12}) Rnh(w 20p)116(c)M 2443116(c)L 224)F415ovM 224)F415ovL 25761415ovL 290614lgxeL 323713919vL 35wpa3mov L 3898t2250vL 4559v4lgxeL 522019movL 21lgx16(c)S 224)F415ovS 25761415ovS 290614lgxeS 323713919vS 35wpa3mov S 3898t2250vS 4559v4lgxeS 522019movS LT6 16lgx14-)1M (\tex[r][r]{16}) Rnh(w 20p)114-)1M 2443114-)1L 224)F415ovM 224)F415ovL 25761415ovL 290613813eL 323713306vLt35wpa220xeL 3898t1384eL 4559v998eL 522019movL 21lgx14-)1D 224)F415ovD 25761415ovD 290613813eD 323713306vDt35wpa220xeD 3898t1384eD 4559v998eD 522019movD LT7 16lgx12p 9M (\tex[r][r]{24}) Rnh(w 20p)112p 9M 24431125)1L 224)F415ovM 224)F415ovL 257613993vL 290613lgxeL 3237121lovL 35wpa13.)1L 3898t1194eL 4559v9movL 21lgx125)1A 224)F415ovA 257613993vA 290613lgxeA 3237121lovA 35wpa13.)1A 3898t1194eA 4559v9movA LT8 16lgx103c)M (\tex[r][r]{32}) Rnh(w 20p)1103c)M 24431103c)L 224)F4109vM 224)F4109vL 257613707vL 29061227ovL 323711637vL 35wpa104)1L 3898t9movL 4559v9movL 21lgx103c)B 224)F4109vB 257613707vB 29061227ovB 323711637vB 35wpa104)1B 3898t9movB 4559v9movB@ellips gre6h(te end nh(wpage %%EndDocumecu @end(this)h 4.)12303182 -10lgx)to 1216380620lgx)to 2mov 0640lgx)to 116lgx5060lgx)to 117c)82980lgx)o80 r)rn150(whlgx)7lgxe)114)14d115 b(6))f8de03 b(10-92 b(12g(oc4dnd16)351 1908(6 gsave setgray currtsetgray currt(and))g(c 90001op 18div ro56ni 1 1 ndn1c neg exch neg exch (and))g(c 351 1908(a n11g(a)82 -1 202(o)9)1(Lar)o(e)g(sequ 1455 y(corr)f )g(nrnt)ed)351 1908(6 setgray currtgre6h(teo stroke 351 1908(a 90612396v82 -1S y(a)g(seq)g(of)e539 18gxe5(N23656)ivati539ious0112ro(ee)h)561x16lgx503)561 1928 504)561x19.)1505)561x20-n1506)561x206n1508i5371211) 5712g5371215615016)5371220 15024)5371224134(16ng (¤8 5762 y FS(Fijur)6:)k(P(dif)craynh (y3bolnpugsf(use)fsr)o(e)g(sequenoorlg(ov)ghFS(canectly)g(pr)ghFSy)gnr)o(e)gganceggccursng(of)fequenc6n150input,))2SRN)f(ausfci)g(of)eiuencestomlyd(eviousnh(s(eitg(SRe fvarydnf(g(623656y((numbernh(of)g)g((i.e.,(ifvarydnf(equen62gx50623656y(y(tionsng)i(the)g(outputf(le88(LaAto)e b( currall)times)g(ar(onnh sg(numberdataH,matrix)g(fr5 (w(only)g(dif )o(t( ((long)h(trare)s.)p tiva-)p eop %% 134g 1ny1347 1149127 bop 1882 -1006)j)161e1)15 SDict /PsFnnhDict get bhgin /PsFnnhNoSh(wSt0318se modef /PsFnnhNewSh(w lreeodef end j)161e1)1a @bhgin(this)h s)g@llx s)g@lly 41)5@urx2.0 1@ury95 90 @rwi @iniathis)ha-)BhginDocumecu: misc/graphs/nips.neen)ps /gnudict c)8dict def gnudict bhgin /Color finieodef /gnuto 1 setlg52339odef /vshift -73odef /dl {1)5oy)}odef /hpt 31.5odef /vpt 31.5odef /vpt2 vpt 25oy)odef /hpt2 hpt 25oy)odef /Lnh(w { setgray currt lgxeto stroke 0 vshift rto fillbh(w }odef /Rnh(w { setgray currt lgxeto stroke dupt lg318 setlgp149neg vshift rto fillbh(w }odef /Cnh(w { setgray currt lgxeto stroke dupt lg318 setlgp149-28div vshift rto fillbh(w }odef /DL { Color {inirgbcolor mov to [] 0 p14} {p149p149p149v to [] 0} ifenieo}odef /BL { lgxetognuto 1 setlg25oy)oov to 1 setlg}odef /AL { lgxetognuto 1 setlg25div ov to 1 setlg}odef /PL { lgxetognuto 1 setlgov to 1 setlg}odef /LTb { BL mov v v DL }odef /LTa { AL [1 dl 25dlmov to [] 0 v v v inirgbcolor }odef /LT0 { PL mov 1 v DL }odef /LT1 { PL 4 dl 25dlmov v 1 DL }odef /LT2 { PL 25dl 35dlmo1 v v DL }odef /LT3 { PL 1 dl 1.5odlmo1 v 1 DL }odef /LT4 { PL 5 dl 25dl 1 dl 25dlmov 1 1 DL }odef /LT5 { PL 4 dl 35dl 1 dl 35dlmo1 1 v DL }odef /LT6 { PL 25dl 25dl 25dl 45dlmov v v DL }odef /LT7 { PL 25dl 25dl 25dl 25dl 25dl 45dlmo1 v.3 v DL }odef /LT8 { PL 25dl 25dl 25dl 25dl 25dl 25dl 25dl 45dlmov.5ov.5ov.5oDL }odef /M {to fil}odef /L {051 28}odef /P { lgxeto mov to [] 0e setgrayto 1 setlg25div oubo stroke 0 setgrayto 1 setlgr051 289 lgxeto}odef /D { lgxeto mov to [] 0 g250 91 vpt addo stroke hpt neg vpt neg r051 289 hpt vpt neg r051 28 9 hpt vpt r051 289 hpt neg vpt r051 289 cloe)g(tlg36lgxeto P g}odef /A { lgxeto mov to [] 0 gvpt oubo strok 0 vpt2 r051 28 9 setgray currt lgxeto stroke hpt neg vpt neg r strok hpt2 0 r051 2896lgxeto }odef /B { lgxeto mov to [] 0 g250 91 exch hpt ouboexch vpt addo stroke 0 vpt2 neg r051 289 hpt2 0 r051 289 0 vpt2 r051 28 9 hpt2 neg 0 r051 289 cloe)g(tlg36lgxeto P g}odef /C { lgxeto mov to [] 0 gexch hpt ouboexch vpt addo stroke hpt2 vpt2 neg r051 289 setgray currt lgxetoo stroke hpt2 neg 0 r strok hpt2 vpt2 r051 28 lgxetoo}odef /T { lgxeto mov to [] 0 g250 91 vpt 1.125oy)oaddo stroke hpt neg vpt -1.625oy)or051 28 9 hpt 25oy)o0or051 28 9 hpt neg vpt 1.625oy)or051 289 cloe)g(tlg36lgxeto P g}odef /S { 250 91 A C}odef end gnudict bhgin gsave 5gxet (and))g(c 0.mov 0.mov ndn1c 0ay 90.00 /Courier findfefuN(c) ndn1cfefuNy 9fefut)hpoi)h LTa r)8n19movM 68r FN(1 L LTb r)8n19movM 1op)1N(1 L 68r FN(1 M 68101N(1 L 1452FN(1 M (\tex[r][r]{0\%}) Rnh(w r)8n114p)1M 1op)114p)1L 68r F14p)1M 6810114p)1L 1452F14p)1M (\tex[r][r]{20\%}) Rnh(w r)8n12 to M 1op)12 to L 68r F2 to M 681012 to L 1452F2 to M (\tex[r][r]{40\%}) Rnh(w r)8n12k(c)M 1op)12k(c)L 68r F2k(c)M 681012k(c)L 1452F2k(c)M (\tex[r][r]{60\%}) Rnh(w r)8n13475)M 1op)13475)L 68r F3475)M 681013475)L 1452F3475)M (\tex[r][r]{80\%}) Rnh(w r)8n1415ovM 1op)1415ovL 68r F415ovM 68101415ovL 1452F415ovM (\tex[r][r]{p 1\%}) Rnh(w 2eto N(1 M 2eto 9movL 2eto 4489 M 2eto 44.)1L 2eto 55ovM (\tex[t][t]{4}) Cnh(w 299n19movM 299n19movL 299n14489 M 299n144.)1L 299n155ovM (\tex[t][t]{6}) Cnh(w 370019movM 370019movL 370014489 M 3700144.)1L 3700155ovM (\tex[t][t]{8}) Cnh(w 44gxetmovM 44gxe9mo L 44gxe4489 M 44gxe44.)1L 44gxe55ovM (\tex[t][t]{10}) Cnh(w 511019movM 511019movL 511014489 M 5110144.)1L 5110155ovM (\tex[t][t]{12}) Cnh(w 56lgx9movM 56lgx9movL 56lgx4489 M 56lgx44.)1L 56lgxe5ovM (\tex[t][t]{14}) Cnh(w 652019movM 652019movL 652014489 M 6520144.)1L 65201e5ovM (\tex[t][t]{16}) Cnh(w LTb r)8n19movM 68r FN(1 L 68r F4489 L r)8n14489 L r)8n1N(1 L 7431 630vM setgray currtgsave (and))g(c 90oro56ni v v stroke(\tex[][]{TesuNy o(e)g(s g(th(corr genrnt)ed}) Cnh(w gre6h(te 42et s.)2M (\tex[t][t]{S o(e)g( )g(of)}) Cnh(w LT0 LT0 2642 2to 1M (\tex[r][r]{HRN}) Rnh(w 2774 2to 1M 3y FN2to 1L ial71415ovM 1al71415ovL 2eto 415ovL 2642 415ovL 299n1415ovL 33p)14130vL 37001415ovL 44gxe39lgxL 5110139movL 65201311)1L 290612292vD 1al71415ovD 2eto 415ovD 2642 415ovD 299n1415ovD 33p)14130vD 37001415ovD 44gxe39lgxD 5110139movD 65201311)1D LT1 2642 2l7 1M (\tex[r][r]{SRN++}) Rnh(w 2774 2l7 1M 3y FN207 1L ial71415ovM 1al71415ovL 2eto 415ovL 2642 415ovL 299n1415ovL 33p)1415ovL 370014lgxeL 44gxe3728xL 511013306vLt652011827vL 29061207 1A 1al71415ovA 2eto 415ovA 2642 415ovA 299n1415ovA 33p)1415ovA 370014lgxeA 44gxe3728xA 511013306vAt652011827vA LT2 2642 185 1M (\tex[r][r]{SRN+}) Rnh(w 2774 185 1M 3y FN185 1L ial71415ovM 1al71415ovL 2eto 415ovL 2642 413xeL 299n14lgxeL 33p)14lgxeL 3700139movL 44gxe339ovL 51101252ovL 65201104)1L 29061185 1B 1al71415ovB 2eto 415ovB 2642 4130vB 299n14lgxeB 33p)14lgxeB 3700139movB 44gxe339ovB 51101252ovB 65201104)1B LT3 2642 163 1M (\tex[r][r]{SRNZ}) Rnh(w 2774 163 1M 3y FN163 1L ial71415ovM 1al71415ovL 2eto 413xeL 2642 413xeL 299n13940eL 33p)1349)1L 370013264vL 44gxe24lgxL 511011616vLt65201998eL 29061163 1C 1al71415ovC 2eto 413xeC 2642 413xeC 299n13940eC 33p)1349)1C 370013264vC 44gxe24lgxC 511011616vCt65201998eC LT4 2642 141 1M (\tex[r][r]{SRN}) Rnh(w 2774 141 1M 3y FN141 1L ial71415ovM 1al71415ovL 2eto 415ovL 2642 39lgxL 299n13517eL 33p)12693vL 370012lgxeL 44gxe12(c)L 51101919vL 652019movL 29061141 1T 1al71415ovT 2eto 415ovT 2642 39lgxT 299n13517eT 33p)12693vT 370012lgxeT 44gxe12(c)T 51101919vT 652019movT@ellips gre6h(te end nh(wpage %%EndDocumecu @end(this)h 4.)1867182 -10lgx)to 1 2gxy(20lgx)to 58)80640lgx)to 1he)15060lgx)to 130315080lgx)o80N163)1f(whlgx)65)891gx064154 b(6)g(86 y b(10-0y b(12g(oc4dnd16)351 47115 gsave setgray currtsetgray currt(and))g(c 90001op 18div ro56ni 1 1 ndn1c neg exch neg exch (and))g(c 351 4711a n148ov82 -1 202(o)9)1(Lar)o(e)g(sequ 1455 y(corr)f )g(nrnt)ed)351 47115 setgray currtgre6h(teo stroke 351 4711a 9061959v82 -1S y(a)g(seq)g(of)e629 55)150f(th587 5lgxy(SRN++)61n162)150SRN+)612 6e

Figkrym olnputsf(use)h(novel)g(sequ)g(in)hthesh0 1173ectly prjt ausf each numbertomlyde difinto gin nputsfent om that trng(of)f(hinput,)o(ation)3of e7: the ning tonag le8kr(long)h(tradataHdo(d)12 “SRN++�ne)ofo(ning)ejf(s)erou b.tonS(the)ctorsg(atrix)zfhsmallonnh sgcnumberdataHRNsIrnh(of)g(r)o (ecuri)g(all)fle(7SRNAto)e6 b( curral(atimes)ge)g 129onlydif5es5.3Stherainir rturndeteror na ((long)h(t gare)s.)jesu1439 ca.

Fig6rh(wgbetween)p(dif )-tty se the eiu(each)h ofhidden thatty as rterf i(into)e(r)o(ent)h(ze)ganceothereonatr rdatalayek,waausirprisydn(steps)iothertratask,wohesen-ttydallweatrixco(on)g(into)g(the)ggontextimesteps. the proh0ctive that se 62 y FS(F,12 “SRN+�ne) the prohuctive (longdetvario9-)150e(fu)48 novel nputs of l8Netwo8thrining tg (longdeteroesh 012gf(novel)g(sequencgf(each)h(n4)g(setween)g 975(atmot)gf(numberdataHe ernm(,)g(aHrkngze)ga)lvariou09961d(foreerforNg(d61afy FS(I)i(comh)g(andngbott)g(frh(SRN)gopcgf(ngdsiquences,into)graph(g)p FSe.)296b(Howevgthgance)foduce)h(mor(T)-6 b(r5riou))961dataH)o(efsiandnf(juences)duce)h (eviousnh(s(eon)i(in) (the)g(pr)o(oh0ctive)f(ce)ga)lanbettenhHowe g(tf(thrh e(set)fa)lvario9ov 06hallt)fa)lfu)g(in)h 1766H(the)mesteIn)a2 n .wpage %%EndDocumecu @end(this)h 1282845ov8 gsave setgray currtsetgray currt(and)c 5 9001op 18div ro56ni 1 1 ndn1c neg exch neg exch (and)tty65e theposednd(to)f(pr)ranj g(a)iepeguenionsg(aninuousf8take70134(nivee.0hm ols.)181b(T loj g(a))grmga)lang(warathann)ug(ongdetg(ogle8take85)150rg(c)g)umbergsng(aoro(ent)h)exwatofn g(a)grf(0.m6.)jns.aSR ypfle8o075 y Anallwheunc 21321y i(the)gfaoro(ent)hstndgrittfantintoprtermuses.

Figkrwaq ugTj g(a)iepe8(Lateacorr)h(d61ag)(with)g F(of bga)lanaand(to)f(pr)1formorthenumbeerhesenv56ynumbhhrfmoog,tsoj g(a)of btoprsbhhnding(oj g(a))gough16-elemecurrmemory221 2471 yls.antintopt (ng(a) tanj g(a)iepei g(term)40)fhdigitsssightonofeoeTherathan9mri26s0112excep2 b(.)32SRNs.potde(set)fathgapg airayn2 b(fqufa)gro6lgxy(t(Tj g(a)iepe80marasgiunecar)o(unt.g.,(ifencesglassif(difab(ac(tp tiva-)p eop %%9io33 %%9io32 1149127 bop 1882 -1009y221 114)1It56memoasgpsgossible1hm 21e nvaforhr(into)gg(c))h 1766g(oj g(a))g)hg(o(senaln(sminedadd)h(ter)g( hidde9hg(onn)tween)o(ent)h)(block6150task)g ()gpcod)h(nteg)h(nf(tf(k(yd r)n g(a)gmory2w 18L(t)1) b FP(�e)p F2 -1be,y5ini)i(ihfi(the)gh) 21n epgasgpsidde.)32SRNs.),y6(onng(of)fgontext)ty)g(6e)15aives activgthgaom ryh(task.)181b(To(ent)h)hycterdsg(cans�(tgtup)wesolxpectedgh(that)eandom)g~thefquencn(an)�g(oj�g(a))g(memory20�RNs.),y3bolbase-051f(nandom)exse le(2�Las)l(o182nitg(the)ghe)16ssgiuoduce rfeenion a ro(ation)to(hTg(the)ghe)16ssgpsoduce lowe horwafrdonly atf0t a t mong,qsnuttrrivb() rsg(assois)rncedg(term)g apg airay t�(hierarmeschictltfpstrug(yFS(Fryh(tasIn)a0�RNduce)tiaeduehtiiinv(andgg(c))htadng(Fh)gradid)hterantcrayeunc�u1)150�long memoforhru(ent)(SRenasgiuits)((potd)-tty)g75mong,gaHrkngzausipply SRis e9 wg ionnle a in to nre atri�x h(of)g a trix exgubsnhe bloc09v�50gubsnhe snhe hTg(the)f(pr)h�g(a)�o(xten)gubnovel ean-up se n task.bloc2k6150gubnovel anongsgpsny(of)a ant(g)pFSs. j(i)fl(�xo(the)gh)input, ean-up novel

End-of-gubnovel Mong,ganovel Subsnhe erN77o538J15(enf(erNp�3gov�to�1setl[g3g9mov�to�[]0setgray�currt)hpoi)h�1140e184ostroke1o761220 gxgubsnhe erNmoryi(Wwhnsds)g(i)80�1373150gubnovel exgubsnhe novel bloc429�50toldig(the)f(pr)hh(,intfgo(xten)gubnovel)g(le8take571�50n�(nt)h)drtosedtakr novel t1850N16e7150hav tergeapplifabl�n850N168v�50ghtgro(ent)h(zrmtask)gi e sse se8take956e51425166yh�g(antih�T((in)hg(the)f(pr)hfl)o(e)g(seapstvanf)g)mel21 ofbse to p tg50120125yh�abc�fcuis moimes raaato p ti�anj�g(a)iepee0enion TImprov g(aninuousfi(nivee.0he)�219)151414308.3onnaive c inbl�2281651425Adapttraii(in)gapgwagsgquence(obj�g(s)((atioh(ug(ocntiexgtvan)�aaor(difve-foNsnuninche)16se)quencon)i(in)stonnh�n(bl�23411y�naive)f(cj5umb)g(into)tanj�g(a)y-assois)r)nernfmethidentzh0havwaraanlytheungdrlyictng(wh)(wsnhe)g�(sle�221251)150Twe(jfimnd(to)vemecurr)ictnggaiveonnaivech5umbnandng(e(i)Hgxguggeans)isngacrmasgp�lbin(aadapt)f(th)gapgrecorr recodeterminedag(aa)mpl(tragradid)ht�rFryptivaing(terf(tanj�g(a)y-assois)requ(usnhe)g�(syr5c�211150titoscaan)�g)j(a)f(r)o(ecurgro(ent)h)hy(task.)19�b5gai(r)Sie�eneuntltgro(ent)hgr(sii(in�To(ent)h)hya)m(r)aneousrrheSR�ygoodg apg onpee0memoforgug(ocntigxse)h(nr)-ttytigxsetraHthentsen(earn)f(th)gapg -neseequa2nfle mbols (earn)f(th)g apg longhtse neseequ264v6lgx50re seev(trix)g(f�)ggnd(m1fpstarh(f(th)�currs.g)p777)8063le23SRNAdapt ocntie ding apg e9n(into)stonnh�nfnnaivetihnincheaorgtio6topt�0rewa264v9825yhbett29bf(r)o(,(j(moimes)gexc1nv)gh(ontltgrhe)�16)f(r)o(ecurh)newntgaquiimesal6ssgps�longSRisiing a r(saitu)j(actfunc�1188J15wwiimes)g(ainse)d(r)b(fqumu)gegfg(cfspg)j(airrvdetermuwaq�un)gnsset(aorg)j(a)f(r)o(ecurgru(ent)(acgn(stvan)�a(�o)magnpuude)quencn(tharyptiva-)p�eop�%221136�%221135�11491)o(36ovaFL(Chaptxt)2g96b6gr)o(568)816R(Estid(r)h(t27�b5atucogictltg)g)mel21 ctyprdding apg tiioasgxpec(a)�potd �his aorng(of)ffontextenteq(prddinse)dle23�asSuk for(afast,en)gi SRNsnung(wah(g)j(aquiimes)ggr(nex-tty)g9125yhFnsum)f(th)g ttguivb() gxfuom g apg ecurhence((iasgi�yp())h�17leFmhe)n2b(ghrasgpsr)mendetg(mingewwon)l�xinsefioasgxpoadenunterlifde9hgenconepgprddunc�102le(2114llgx50S)mel21potdgbtasknneprddo(g)j(apg)j(airayn2b(tle(4�RNs.),y4b(Tn�g(a)gle(ot-g(the)g(pr)124131%2ov5FJ(1(r278�e137151425iy)o(atgp�lnly)f(difi)ghlythsFmhe)nbl�n)hmea-func�119v�50guimes)gi5umb)gg)mel21Howea2n�we(hTgowo)grnationfusifuln6ssg(t(aunc�125)150g)mel21yFS(F)Fimotimesprddingapgac(t)h(51420)8sInandgg(c)(n(into)s)mel21iasghrchaptxttheTluesngMarkmanghg(shdethm�ola)gleWucogyRhgaomydr8emoaddels.agpoatchrespacdthyFS(Fs(ifencesatxpmanne)fi0task)gp�r2172609x514HNF(SRdnbinaford)gapg o565e72012vx20mN259codtheagpsamFimoaWwh(to)grnewah(nfig)e�a(SRNsnn(mokr)h(ARCS9rne)h(nMAC/F)HoACfhhbett29bf(r)ea)iepeguionlap.gng(ar)teistlFfaumbraF-secs(r)o(odnestid(r)gi5umbh0g)mel21t1016�2828e51425122yptiva-

(RNsngfopf)fitup�opg(ageappar)o(ecur(block61506se)qugtorsi�ask)gmoptivl�nfnnacugaskfley7SRNGrayne(iasgiencesatbttdat)ean gxseist(m)gapgationb(ar5c�219J15a)mel219imnabh(nf(tondeghe)16ann)łyFifsn relle(211332)1sIn prddgpRepg epg taorg(the)videnunauktg501388J15ong( Fhm olth)f((,fi0HRRs)frcterdsg(canusdetg(posn(tbtong,q(fast((nestid(r(sdf)humbh0gtrug(y tltg)g)mel21)f(c(memory34b(TA3567nitw(ar5c 4e)1y(stvane0se(n,gi)ah(aHRRfg1isbhhndinhigh-dimecs(actltj)n g(a)gmory 27SRNs.),y5inin g(a)gle(ot-g(the)g(pr)ip 21na,wosfpHRRs)ioasg8)o 501806angi0lnly)f(difi)ghlytis Fmhe)nbl n)hestid(r)gf5umb)g(into(un(onnle)g)g)mel21)f(chgbetweeg,ts)h(oorgwoin)strug(y FS(Fs(8)o 557806nto(epg)j(airay(d.(22SRNs.)3563 18estid(r)grmasgp secs(r)o(oh)na) e)sy frig(i0g)mel21)f(cer)uesfgao97wegrgu(g (g(wafrall,g (a)p g(s)8)o 61ovydencd0gtrug(y tlth)g)mel21)f(c(memo,)6k615971514J(3)636 61ovy2 -1tvf)f81b(T (f(thrh0 F(r)o(espacde)g(seapbetweeg,gaatrug(y FS s)g(aelemecug))faimes)g(ag(waty)g670112exrlifdelytis Fmhe)(d.(k eCbS(arisb(sgcuence(HRRs)hyctergsg(cfpoadengfmf FS(F)h secs(r)o(ofrtose 0gtrug(y tlth)g)m-tty)g7e7150el21)f(cerbin(ainclud(estj(add)h(ontltd rbinf318sgiences(t(af0HRRs,fi0task)gffaimes)g(atial)eionfus(esthhndf(ugechnihe)tty)g783961I)hyctom)ff“f(anextualiza2 b(�(g)h(584gJ15Grayne)fjTluesngMarkmangfg[1993](g(luesngGrayne)fHowegrMarkmangh)g)uesfgW)me)sniewgki)jg[1993](d)g)j(ama)hgr)o(8lgxy(tg(in(sntivl nqsnuppeartg(posn((ense)dbh0gtrug(y tltg)aligcmectu(ssi)psat bttdatf ean)ief(c(numbhhgaskf,ihninclud(estty)g95)15dwog)j(cep2 b(,cfspg)j(unbldmdggsolv318,((s)uesfgmemoforgur)o(ectomle(4(LaOhanra olttio6eqng(ydgs)uesfgong( (zh0haverdsinv(and-H(bloc009 ylgg(cal8emoasgi)atucog)fur)o(ectomley(tasA19(Lasubj g(dgur)o(ead)lana) g(h(the)fgaumbgaata)iepeguationflatxt)gur)o(ead)lfsaaorg(the)begp sn(a))g(memoryh(task.)18block65ey(gtio6drasgpsgo)fur)o(ectombgaata)iepe hFnwon)lea FS(F)h s)mel219,mnableng(aorg(the) 11fpstonr)h()lues, ao97(next)h(evncut)egxpec(agpdx-tty)g11221y(ghe)16angu 17f0g)mel21)f(c i(ation)(ense)dbh0atucogictltg)uce)h sog)h(f(le89SRNs.)3562 olttio6eqipegu 1teg,ts)hf(thJtraiorlyinvolv)18bloc178 y gwoij(etmgepegusd61ag)f(dirst((nisbhhr)o(ectombiv(trix)g(frloh(-t29dn h(memoforfsumbgaata)iepegug((in((a FS(F))gpotd)h(ncey(geuce)hrevaaylunc 123515(atiof0atucogictltg)nable(we(gxg(the) 11hsn(a))g(m mo,184b(Tluese0sef(adghrasgpsevncut)(acgn(luesngdng(gxencn((t(aosnu(ucogyR(memo,)84b(Ttask)gyeloc291150tivolv)srf(g(attguiv b()h) 21n emappg)hsequbftweeg,ea(we(onuce)hctomequ(usta)iepeguationf(we(gxg(th e) 11hsn(a))g(memory21SRNs)l(ntfuncvo348eygg(mhe)(rnra olmf(elsnquencn((tasgpsgr)he)g(ss,fi0Thaga19b(Sie FS(ewag)al)p FS(’sgps[1990]tf(ARCS9i(atio yGrayne)fguationfF(Sbus’())80 1404e50[1991]thnMAC/F)HoACfhh ManorhrAimes)g(aCtomeq,ihnF(wn(aAimes)gp sChmlyn),(ifalsole0haverds,wosrastmgepry3p FSs.)18m mof(dirst((bloc46gx50rynh np sel g(s)((a)) few(frl)o(o(egnu(ucogg) (atr ox)g(f(an) l)g(a)g(1t(h(the)f(numb) potd)h(ncegnu(ucoggle28 b5s.),y5inisef(adg8take517x50rynh nd0getimeschFs(iffodie)lurh)u(tid(ln) (sea)gle(in((least(h(goodngze)mappg)hequbftweeg,eaeak)ghhsel g(rddi pstonr)h(atior)o(157ovy()i(in)g(the) 11hsn(a))ggs)uesfgo(the)sequthmly) g(ctorsg((whedsg(st(h(mappg)hsle18(LaMAC/F)HoACf63 18us(sdf)hFalkenhongdt)Howe(bloc6301y F(Sbus(i(ation)Grayne)fs(’sg ([1989]tf p“Strug(y FS(F))gMappg)hequEngngdn276n)f SMEngze)a)lfuiut)h ef(adg g0rynh le2g96be. n850N168gxy(two-rynh n84b(Tlimeschit g(y FS(Fiirasgfh(illustgg(cqu(ssi)h(F2 y FS(Fifo6.1)h(7(Las)l(ntfuninistmgepeguaimes)g( To(g(ssaforirg(andng(f(i)Hgxisf8take74)15()oorlycFmhe)n2 b(ncey(i yterncs(o(ogaiorlygetimeschehg(ter((atgp u(tid(ln))mappg)hehgbetweeg,e spg(aorg(the)begp(atior)o(179965fall)husta)iepefssi)h(memofor(m mory2(tasAn56memoamporta)hterg)j(aquiimes)mectuiffodie)lag)f(dirst(h pstnh np asgpsg((infuiut)h(ense)danpr)1)011856150gdn1c(exw(ombivttorsqsnboorsfrpg(aorniz(in(luesngh(the)fgaumb(aepisbantihman(frloh(-t29dng (memofor(memory)p FSs.)3563 18g)j(aquiimes)-tty)g1912 y md)hterwuce)hvray(d)le(we(quauthmrsnquencn(MAC/F)HoACfguationfARCS9qsn(trix)g(f0hav)h(tnf(we(gxf(dirst(hpstnh nf)nffsiden))80 1969J15gtrug(y tltg)fea(y FS(Fswegrg(andng(exng(ydh(knew(frofiexg(9qsnlnly)f(difi)gh)rmgayofrtosehdoc(nnfigry221 202)806e. nd)hvidl)g(Ff xectedhuntivl nqdtakr)e5gtrug(y tlti0 F(r)o(espacde)g(seaptitosf )accouayeh)gwhnsg(evncut)(h(tg50120825yhluesngdng)hequatucogiepefsssgfh(loh(etmadg)hequatese0solidfhh s6ann)Grayne)fHowegrRatt29mann)h)lues, F(Sbus(hg[1993](n)ft213815(g(SRisan) g)j(aviewf(le89 Lae.)296b(Howeag96bir)hoasghal6ssgpscertong,fxwwh(to)grngtrug(y tlth 0g)mel21)f(ceri(flel)g(seq)acc(ss)e0nosr5ri219)806loh(-t29dn)hmemofol ds(i.e.,(raii(in)f(dirst-rynh nhhr)o(eminf318gpsgr)he)g(ssf(le8m olGrayne)f(1b(Tluesf F(Sbus(hg[1991]te)luesr5ri225ovy)Grayne)fHowe16 olRatt29mann)guationfF(Sbusgps[1993],)gu(tutionflittl ng(terf(nosralnly )g(ct6)h 1766atucogictltg)g)mel21)f(cty)g2307150acgn(r)o(eminf318ry2w olOng( (,56memoe.g.,(h(Whartacgn FS(ewae)al)h FS([ehtr)appear],en )Seifertte)luesngHammotionf[1989]tf)luesr5ri236v 50Ross)8 La[1989],)gustvan) ftutionfao975 0enly)g(ctryye(LaWhartacgw o FS(ewae)al)h FS([ehtr)appear](exguggean)isnga)Hes(t(af0tern86b(exal) )8062420Nyrantigctye(Laan(frearli( Ffustud((seq)oadenuni)Hgx(only )f(difutJtraiorlye)g(gg(cHes(t(ai0enly)g(cts6)h 1766sy frig(e)luesn gtrug(y tlt)8062477150g)mel21)f(c(memoryh7SRNInf9b(Tlu(cerctsF,1t (sy frig(e)fea(y FS(Fs)hnuppeartfrtosehi(flel)g()is)g(iinl)o(oihood)qh( 21naan) g)j(aminf318gi(frr1850N2533e5(moimes)gg(r)o(egsdose 0gtrug(y tlth)fea(y FS(Fsryh(tasRoss’3561(La[1989]teustud(cipsuggeandet n))g(in(sng(a 0enly)g(ctnquencn(gtrug(y tlt491)o(2577 72012 vx20mN2605182FI(3(217 262ov5 FHp“Sy frig(c)fea(y FS(Fsn276n) Tumbi0sta)iepefsaimes)gg(r)etg)fea(y FS(Fsifaumbi0ec(a) l)titiepeguatio dsuce)hrn2 b(tihninvolv)d,(o(ation)(di2strug(y tltf)fea(y FS(Fsn276n nc 2o67vy(aimes)gka(we(onuce)hrn2 b(thipseguamoh(tnf(we(gxuce)hrn2 b(tih)g)uesg l)titiepryp tiva-)p eop %2ov138 %2ov137 1149127 bop 1882 -1024)y 1gov to 1 setlgc224 180va FF(Potd)h(ncec22422301y atucogiepe1N425180NyrGood)1N42 2301y atucogiepe1449 47)961Eerncs(o(o61(Lasel g(ib(fu449 526J15wuce))c(ss)f(basequ(ub(fu449 57)806gtrug(y tltg)fea(y FS(Fs)887 47)961Cheap(gxf(dilt29(f(th) uce))c(ss)887 526J15basequexonu(usy frig( 887 57)806fea(y FS(Fs)p 6gov to 1 setlgsetgray0.00 0.m0 y 90.00 setgray currt)hpoi)he176v 37gx stroke1731 384 051 28 1731 367v051 28 176v 37gx051 28 fill1 strok y 90.00 setgray currt)hpoi)he1674 37gx stroke1731 37gx051 28 lgxeto strok 1gov to 1 setlgsetgray currt)hpoi)he864 432134223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)h 842536v 34223 0.m0a360.m0a@(omipse lgxeto strok 18gov to 1 setlgsetgray0.00 0.m0ay 90.00 setgray currt)hpoi)h 977137gx stroke921 3t9i051 28 92113a)1051 28 977137gx051 28 fill1 strok y 90.00 setgray currt)hpoi)h 887137gx stroke921 375)051 28 lgxeto strok 1gov to 1 setl 257i38ea(L)g(a)g(1 (poolrfsumbgait mpefssi)h(memoforp 3gov to 1 setl setgray currt)hpoi)he1539 42v stroke1539 330)051 28 (674 330)051 28 (674 420)051 28 1539 42v 051 28 lgxeto strok 12gov to 1 setlgsetgray0.00 0.m0ay 90.00 setgray currt)hpoi)he1539 37gx stroke1494 3871051 28e(494 364)051 28 1539 37gx051 28 fill1 strok y 90.00 setgray currt)hpoi)h 6449 37gx stroke1494 375)051 28 lgxeto strok 1gov to 1 setlgsetgray currt)hpoi)heo348e443 34223 0.m0 360.m0a@(omipse lgxeto strok 3gov to 1 setl setgray currt)hpoi)h 977142v stroke9771330)051 28 (1121330)051 28 (1121420)051 28 977142v 051 28 lgxeto strok 1gov to 1 setl setgray currt)hpoi)he1269J432134223 0.m0a360.m0a@(omipse lgxeto strok 12gov to 1 setlgsetgray0.00 0.m0ay 90.00 setgray currt)hpoi)he1179 37gx stroke1o34 3871051 28e(o34 364)051 28 1179 37gx051 28 fill1 strok y 90.00 setgray currt)hpoi)h 6112137gx stroke1o34 375)051 28 lgxeto strok 1gov to 1 setlgsetgray currt)hpoi)heo404e398e34223 0.m0 360.m0a@(omipse lgxeto strok setgray currt)hpoi)he1224 375)34223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)h 132)1375)34223 0.m0a360.m0a@(omipse lgxeto strok 29) w(P(the)begy setgray currt)hpoi)he13-4v27e34223 0.m0 360.m0a@(omipse lgxeto strok setgray currt)hpoi)he1258 330)34223 0.m0a360.m0a@(omipse lgxeto strok 3gov to 1 setl setgray0.00 0.m0ay 90.00 setgray currt)hpoi)he1044 330o stroke1057v304e051 28 1068t3-4v051 28 1044 330)051 28 fill1 strok y 90.00 setgray currt)hpoi)hoc292143o stroke(0621309 051 28 lgxeto strok setgray0.00 0.m0ay 90.00 setgray currt)hpoi)he16071330) stroke1582t3-4v051 28 )8936305)051 28 (6071330)051 28 fill1 strok y 90.00 setgray currt)hpoi)h 634gx43o stroke15881309 051 28 lgxeto strok 1gov to 1 setlgsetgray currt)hpoi)heo33)1519v34223 0.m0 360.m0a@(omipse lgxeto strok setgray currt)hpoi)he572 589J34223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)h 257i342134223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)heo68e409J34223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)he32ov477134223 0.m0 360.m0a@(omipse lgxeto strok setgray currt)hpoi)he381 533e34223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)h 4413c67v34223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)he67o 567v34223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)he752 544134223 0.m0 360.m0a@(omipse lgxeto strok setgray currt)hpoi)he797 477v34223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)h 786e409J34223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)he7p7 488v34223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)he7p7 432134223 0.m0 360.m0a@(omipse lgxeto strok setgray currt)hpoi)he538 544134223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)h 639 522134223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)he617 45ov34223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)he549 488e34223 0.m0 360.m0a@(omipse lgxeto strok setgray currt)hpoi)he459 499J34223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)h 39 1465e34223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)he32ov36v 34223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)he347142v 34223 0.m0 360.m0a@(omipse lgxeto strok setgray currt)hpoi)he437 420)34223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)h 504e443 34223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)he572e409J34223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)he639 387134223 0.m0 360.m0a@(omipse lgxeto strok setgray currt)hpoi)he718 36v 34223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)h 79)1519v34223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)he786e26)134223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)he729 218e34223 0.m0 360.m0a@(omipse lgxeto strok setgray currt)hpoi)he718 297v34223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)h 639 319v34223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)he662125xe34223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)he639 19)834223 0.m0 360.m0a@(omipse lgxeto strok setgray currt)hpoi)he572 (6e)34223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)h 4936173 34223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)he572e274 34223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)he4ov 19)834223 0.m0 360.m0a@(omipse lgxeto strok setgray currt)hpoi)he336 229J34223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)h 291 281634223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)he369J308e34223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)he40mN263 34223 0.m0 360.m0a@(omipse lgxeto strok setgray currt)hpoi)he482 25xe34223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)h 471J308e34223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)he41ov36v 34223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)he4936375)34223 0.m0 360.m0a@(omipse lgxeto strok setgray currt)hpoi)he549 330)34223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)h 561 218e34223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)he1843 34xe34223 0.m0a360.m0a@(omipse lgxeto strok setgray currt)hpoi)he1798m398e34223 0.m0 360.m0a@(omipse lgxeto strok ty)g7e7182 -1F2 y FS(Fifo6.1:18m mos)l(nt-rynh n8(Lamf(elsn)gof)r)atucogy(r)ghpstnh nfpotdtrixorlathes.wiimesdifitltminr5memofo)ryh(task.)180 RNref(adggpstnh nf)(ense)dsbhhndinmoimeshuppe(fqueno dsg(ggllel) y(wtrix)ughi(t1i loh(-t29dn)hmemofo)ff t.g.,(ifencesath)g Fanent-tty)g95hpstnh nfpotddirst((nrynh leunc 115ovy)g)mel21t(ai0 Fmhe)n2 b(g b FS s)quiimessenconif Tg(theairaceequencn(gy frig(h)g)mel21)f(c(memole(2114207 yls.)184(Laf(dirst(g(goal6)gof)r)(iasghrchaptxt)frasgpsgo)((uinv(andgg(c)(nh(wgguec(agpdot-g(the)g(pr))gof)r)HRRs)hy(ense)dsbunc 126v 50ay)o(atgp lstid(r)grmof)r)atucogictltg)g)mel21bl 154Fsryh7tasAn560(Laant29g(theayn2 b(n)gof)r)atef(u(ucogyRi xisf8take659vy adhumappg)hehg 17le(we(gxl)titiepehman(frnne)fpstrug(y F S(Fimonabh(nfmly)guencon)i(if5ong( Fmory18(Las.)182SRNo(ent)h)rmitih Tuce(wed)e0nosr5ri171)806settl ng(ehtr)a)hpstnbl n)hstnte)g(luesngag,f (n(onnle)g)g)mel21scoimestrixS(cgnmoimes)gr5ri21101y abrrecurhr5ri2167vy(ittivwSRNsnh(b(a(asecs(r)o(oh)narf aatrug(y tlth)a)tivwellth)a)tivgy frig(h)g)mel21dirst((nrynh s)f5umb)gboorserARCS9qgluesf nMAC/Fm mole(21122e)15(e.)296b(Howeag96ba)h ef(adghpstnh nf)wSRNsnh(staom)g (S(cgng)j(aquiimes)d)gu(terf(acnf(nte)h(evncut)(acs6)h 1766strug(y tlt )806228)150g)mel21inh(wgguw(omb frpg(aoran)ious(r5ri17725yh Fnstggicu3567nitmbols)h(asn2 sf(diFdry3p asSMEyh(tas[Falkenhongdt)HoweifF(Sbusgf(ation)Grayne)fh(1989]tf pincoiporntepengag,1)011848 5(terlifde9d0getimesch)gu(terf(u(tid(ln) (atucogictlth0mappg)hsle2g96bBoors82SRNARCS9qgluesf SME)gfnd(to)videnu 6angi0lerlifde91)01188165aant29g(theayn2 b(n)p FSof)r)ater)atucogy(r o(sn) weombgaas)((a)) measy FS(F))gof)r)goodn(ss,fi0ation)boorsercterh (dng(exng(tty)g194165aant29g(theayn2 b(na2 n osn((ense)dbnfatucogictlt h0he)16 sog)h(le(211499)1yaTwe(jfsef(adghrgoal6fgof)r)(iasghrchaptxt)g rasgpsgo)exguggean)jsnga)Headot-g(the)g(prsih5umbf(HRRs)hyc(RNsngfg(cf gag,1)01205v 50lnly)f(difi)gh)e0mechanssg(h0fodie)(we(orf(dirst(f pstnh nh( 21naan) mf(el6)gof)r)atucog)h)g)j(at)ievnc.18estee.igTluesf (iasgye) 239thele(zraiorl xillustgg(c)hnh(wgguatucogictltg)g)mel21ot-f(bl 2506J15wuce)(a)fns (tgtof)repgchpHRRs (ntong)h(thenne)fpuce 16ln2 b(le35 1sI568emoancludF)andng()fittivisbhhndi ygood b()irumbraumby FS(Fs)gug((in((ntivl nedtakr)fptitosh )accouayegoo(ectr)o(o67)806judg)h(txpg)mel21)f(c(memory32 b5s.),y(tasg)mel21)f(chprankg)hseg(riso()(rbin(aHRRfg1dot-g(the)g(prgsh )abols)h(apg(aornamFimoa)lp tiva-)p eop %25 139 %25 138 1149127 bop 1882 -1025sr5ri49v5snfmly)yg96briso()(rbinh (ptivl ryk(s.)181inisef(adghpteaS(lenf)nffsistsbhhndinset6)h 176h(nne-iray(aceequ(di2sta)iep�,)e)task)gyeloc06J15abols)hj)gapginetmati(r)b(fquaues, atrug(y tlth)arrangemecur)h 1766nd(toedifabesle28(Lae. n850 o7)806a)mpl(t63 18HRRs)g(aatle(escrib(etfuieri(Chaptxt)f(3)g(aimes)gg anf(inng(ehtr)b ng(ineecs(r)o(oh)na)fppatt29nsn)gof)r)variabl nty) 332anextualiztraHtRsrLatern86b(ex)g(ctorsg )shap6yg g((figurn2 b(tir)o(586e51425Grayne)fHowew olMarkman,((s)uesfgW)me)sniewgki)jg[1993](c)gexctirFlah(ontltgr FSmontlitiepehmna)fphuma(fqujudgemecusgps 21n eg)mel21gximportaTlsk(df(bl 69965fsubj g(sn14 RNna)fpjudge)nf(we(gxuce)hrn2 vanf)g)mel2164 tiioence(geo97(ric)r)shap6tir756150gf(innfuiernfT)l (abl n)h6.1 cask inng(g((figurn2 b(tr aXte)luesexng((fquask(dfpsgo)fusaylhotask)g (encn(A)g(terf(Blhotasgfh(moimes)gr5ri869J15a)mel219jaiorlyitle(2(LaA)y3bolaadggpB)((wethsenof Tg(theairayesnh(enconah(aggnd(m1h duce)tiaepsgo)fueak)ghhsubj g(le(2 Lae. n83 18elemecusgps 21ty)g92)806eak)gdg FS(arisb(cguaimes)g( Tnystdmav cnclytisan)iedrlyictngduce)tiaefrtosehfinSihfi(t)gewwon)l xa)p g(s)h5umb)g(into)uce)hrn2 b(tity)g9825yhlimes)ghoamporta)htg)narf aa)mel21 hpfg aqu rddd0aya moimes ssiw agpsthav tnfa eh(nnlined,intfgg)mel21 ie(h(tbj g(s)((dist)h(uishFs(i ubftweeg,ea(we(on,wos264v037gJ15 (S(arisb(n8(Laf(digy FS(Fsryh7 blItdmsn8(La2a)guationf2b)gxguggean)gug((in((hav)h(tnfa)mel219gpuce 16ln2 b(sgpsmokrsb264v042)1yaa)gygair)h)a)mel219gpuce(ega19b(Sl6ssgqh( 21ehtadng( Fh)(into)obj g(s)e)ng(mselv)g))faimes)g(aalsolhnn)mel219h oryh(tasItdmd264v04839613560(Lasuggeans)jsnga)Heahav)h(thnn)mel219f (tbj g(s)((play)f(tinn)mel219e)uce)hrn2 b(tlth0he)1ol s)f5 t.g.yh7 blboors264v0539 5(nriangl s)a2 n ernf(opngzaumokrsbgaa)gygair)g nn)mel219hory18(LaItdmsna2 n�a)guatiof(4bghhsuggean)hFnwon)leany(r o(nexbgaa)264v05lgxy(n)mel219fgnbj g(dinplaysbhhndins)mel219h(he)1ol )g rah)uninche)16 ses(h)g)mel21)f(c(memowea2 n vf)ferifi)fallsce(mokrsbhhndi ygair)h tbj g(s)264v0652Fy(tak318)ehparurrT5cantetend()gupgasghnfinSg af0nto(elt)(acgguaimes)gg ag(wag)nt(ogaiorlyg)mel21 we(gxsamFingnbj g(din ((r)o (espacde)g(s)h(7(LaIctye(Laec(agpoost(e)fg)j(aqu)ghlytinr)-t264e(8221y(lecodetc)alt29n)r)o()frg(SRis)gisbhhgt)m(rus,(raii(in)nriangl tf pisFh)(into)(op)unitdmdggluesng,intfggmglleSR264v1878 y itdmweeljuan)hFa)lfuiutg(asgp ictng(t(af0etmada19b(S.e16 olFi(ncey((memowea2 nIt mh(a6)gxguggeans)isnga)HeamutJipl(th)uce 16ln2 b(sg264v193515(ctergsg(chpoatch)d,(f vf)fgoo(ecth)(into)obj g(s) f)mak318th)up)gr(into)uce)hrn2 b(tifsaimes)gg(disn)mel219hory264e20101y e.)35jns)mpl(tgustud(caumokrsbf0ffunnh( ray tltf) currs.g)4 olFirst,e64(Laboorseruce)hrn2 b(tltfgg)mel21)firsb264 20665yhlueso)obj g(tg)g)mel21)fie m mole(memoSef(ad,)85b(Tl9e)uce)hrn2 b(tlth0oatch)gycter264 21e of btah(to)grne nfe765ey(gg(ydibrisoth)uise)g s makr intf0nto(elt)(acghlalsolxpoatchryh7SRNTgiimesd,r264 2179J15a)mel21 rnf(to FS(binf318sgf FS(betweeg,gauce)hrn2 b(tihnlueso)obj g(sgpsg((infumakr)264 223)155dp)er(into)uce)hrn2 b(ryh7SRNFi(ncey((memowea3 18mlu(cer(only)g(dif)o(teeauce)hrn2 b(tihnctergs Fay ib(t(ohaiorl xg)mel21)f(chp)sg264v22921y loh(ter)tiexng(s(th)uce)hrn2 b(tltf poatch))lhog)o()fruise)h)nable(we(gxsamFio)obj g(tg) ((r)o (espacde)g(s)h)80624191514146.2.1)50 18HRRs)y3bolaadghpdot-g()g(pr)f )g)mel21 r (atrug(equ(us)mpl(tn )HocograpaskcfpReq(prddgpRepg)j(airayn2 b(taorfodie)eak)ghhumb)g(into(u F(figurn2 b(t,f(bl 25645yhluesj0twhnsg(tbtong(etfuestid(r)sfhs 21n eg)mel21)f(ci(bin(a Fmhe))h(t (ng()le(ot-g(the)g(pr)gxencn((t(ao(HRRsry (4(LaIctr)o(o6e1150all)85b(Tc sesb(n(into)HRRfg1g)mel21)f(chpestid(r)sf ebrisoth)(we(gxsamFifujudgemecusghhumb)guce)hrn2 vanf)g)mel21)f(cir)ti r)o(o67)1yang(Ndbguma(fqusubj g(sle23SRNs.),y3bolHRRfhpdot-g(the)g(prsl ds(ctorsg(512-dimecs(actltqun g(a)sngze)aimes)g(asf(innifencp tiva-)p eop %26eo40 %26eo39SR149127 bop 1882 -1026)pv304e55e149212 vx303 11412 59 vx41(t1141V 488e97182 UaXtp159711141V 6k61114 Vv070 wuA)p1420011141V 553 wuB)p1479511141V 304e115e1492 2 vx303x301 25187 vx346i211 ag1gpx41(t301 V 418e301 a SDict /PsFragDict get g(gin /PsFragNoSf(iSt9(f(s modef /PsFragNewSf(i trueodef end 418e301 a @g(gin)p gial 0 @llx 0 @llyoc00 @urxoc00 @ury 4321@rwi @set)p giala-)B(ginDocumecu: shap6t/ltalc.ps gsave 1gov to 1 setl % (op or left shap6 gsave )o(75 n)gnslatx t)hpoi)h -20 -2v stroke0120 051 28 20 -2v 051 28 cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e % bottom or rnght shap6 gsave )o(25 n)gnslatx t)hpoi)h 0e0120 0a360 arc cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e gresta)e %%EndDocumecu @end(p gial 5971301 25187 vx6k61301 V 631 301 a SDict /PsFragDict get g(gin /PsFragNoSf(iSt9(f(s modef /PsFragNewSf(i trueodef end 631 301 a @g(gin)p gial 0 @llx 0 @llyoc00 @urxoc00 @ury 432 @rwi @set)p giala-)B(ginDocumecu: shap6t/ltnlc.ps gsave 1gov to 1 setl % (op or left shap6 gsave 25 )o(n)gnslatx t)hpoi)h -20 -2v stroke0120 051 28 20 -2v 051 28 cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e % bottom or rnght shap6 gsave 75 )o(n)gnslatx t)hpoi)h 0e0120 0a360 arc cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e gresta)e %%EndDocumecu @end(p gial 994v055182Fh(10)952F211152 -1(0.545ngz886 269Jy FF([)90o(o68e5(0.506n8(L Fz(�ni FF(0.032)1138 269Jy(])p142001301 25187 vx1226 301 a SDict /PsFragDict get g(gin /PsFragNoSf(iSt9(f(s modef /PsFragNewSf(i trueodef end 1226 301 a @g(gin)p gial 0 @llx 0 @llyoc00 @urxoc00 @ury 4321@rwi @set)p giala-)B(ginDocumecu: shap6t/lqnls.ps gsave 1gov to 1 setl % (op or left shap6 gsave 25 )o(n)gnslatx t)hpoi)h -20 -2v stroke-2v 20 051 28 20 20 051 28 20 -2v 051 28 cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e % bottom or rnght shap6 gsave 75 )o(n)gnslatx t)hpoi)h 0e-2(n)gnslatx 1gdict g(gin /ss(25 def 0ess( strok ss(54 cos( uless(neg(54 sin ule051 28 s(neg(18ecos( uless(18goin ule051 28 s(18ecos( uless(18goin ule051 28 s(neg(54 cos( uless(neg(54 sin ule051 28 end cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e gresta)e %%EndDocumecu @end(p gial 1601 055182Fh(0)8547F211152 -1(0.347ngz1481 269Jy FF([)1494 o68e5(0.335gn Fz(�nh FF(0.034yh733 269Jy(])p147951301 25187 vx304e303x149212 vx303 489 2 187 vx331 399182 Ua2agpx41(t489 V 418e489 a SDict /PsFragDict get g(gin /PsFragNoSf(iSt9(f(s modef /PsFragNewSf(i trueodef end 418e489 a @g(gin)p gial 0 @llx 0 @llyoc00 @urxoc00 @ury 4321@rwi @set)p giala-)B(ginDocumecu: shap6t/ltalc.ps gsave 1gov to 1 setl % (op or left shap6 gsave )o(75 n)gnslatx t)hpoi)h -20 -2v stroke0120 051 28 20 -2v 051 28 cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e % bottom or rnght shap6 gsave )o(25 n)gnslatx t)hpoi)h 0e0120 0a360 arc cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e gresta)e %%EndDocumecu @end(p gial 5971489 25187 vx6k61489 V 631 489 a SDict /PsFragDict get g(gin /PsFragNoSf(iSt9(f(s modef /PsFragNewSf(i trueodef end 631 489 a @g(gin)p gial 0 @llx 0 @llyoc00 @urxoc00 @ury 432 @rwi @set)p giala-)B(ginDocumecu: shap6t/lcalt.ps gsave 1gov to 1 setl % (op or left shap6 gsave )o(75 n)gnslatx t)hpoi)h 0e0120 0a360 arc cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e % bottom or rnght shap6 gsave )o(25 n)gnslatx t)hpoi)h -20 -2v stroke0120 051 28 20 -2v 051 28 cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e gresta)e %%EndDocumecu @end(p gial 10k61343182Fh(8)952F399651425(0.850ngz886 456e514F([)90o(45)8060.837ie Fz(�ni FF(0.017)1138 456e5(])p142001489 25187 vx1226 489 a SDict /PsFragDict get g(gin /PsFragNoSf(iSt9(f(s modef /PsFragNewSf(i trueodef end 1226 489 a @g(gin)p gial 0 @llx 0 @llyoc00 @urxoc00 @ury 4321@rwi @set)p giala-)B(ginDocumecu: shap6t/lcnlt.ps gsave 1gov to 1 setl % (op or left shap6 gsave 25 )o(n)gnslatx t)hpoi)h 0e0120 0a360 arc cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e % bottom or rnght shap6 gsave 75 )o(n)gnslatx t)hpoi)h -20 -2v stroke0120 051 28 20 -2v 051 28 cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e gresta)e %%EndDocumecu @end(p gial 1601 343182Fh(2)8547F399651425(0.529ngz1481 456e514F([)1494 45)8060.506nn Fz(�nh FF(0.032yh733 456e5(])p147951489 25187 vx304e491x149212 vx303 67)12 187 vx329 587182 Ua2bgpx41(t67)1V 418e67)1a SDict /PsFragDict get g(gin /PsFragNoSf(iSt9(f(s modef /PsFragNewSf(i trueodef end 418e67)1a @g(gin)p gial 0 @llx 0 @llyoc00 @urxoc00 @ury 4321@rwi @set)p giala-)B(ginDocumecu: shap6t/ltalc.ps gsave 1gov to 1 setl % (op or left shap6 gsave )o(75 n)gnslatx t)hpoi)h -20 -2v stroke0120 051 28 20 -2v 051 28 cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e % bottom or rnght shap6 gsave )o(25 n)gnslatx t)hpoi)h 0e0120 0a360 arc cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e gresta)e %%EndDocumecu @end(p gial 597167)125187 vx6k6167)1V 631 67)1a SDict /PsFragDict get g(gin /PsFragNoSf(iSt9(f(s modef /PsFragNewSf(i trueodef end 631 67)1a @g(gin)p gial 0 @llx 0 @llyoc00 @urxoc00 @ury 432 @rwi @set)p giala-)B(ginDocumecu: shap6t/lsalq.ps gsave 1gov to 1 setl % (op or left shap6 gsave )o(75 n)gnslatx t)hpoi)h 0e-2(n)gnslatx 1gdict g(gin /ss(25 def 0ess( strok ss(54 cos( uless(neg(54 sin ule051 28 s(neg(18ecos( uless(18goin ule051 28 s(18ecos( uless(18goin ule051 28 s(neg(54 cos( uless(neg(54 sin ule051 28 end cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e % bottom or rnght shap6 gsave )o(25 n)gnslatx t)hpoi)h -20 -2v stroke-2v 20 051 28 20 20 051 28 20 -2v 051 28 cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e gresta)e %%EndDocumecu @end(p gial 994v530182Fh(10)952F587151425(0.656ngz886 644e514F([)90o(64)15(0.666ie Fz(�ni FF(0.023sr138 644e5(])p14200167)125187 vx1226 67)1a SDict /PsFragDict get g(gin /PsFragNoSf(iSt9(f(s modef /PsFragNewSf(i trueodef end 1226 67)1a @g(gin)p gial 0 @llx 0 @llyoc00 @urxoc00 @ury 4321@rwi @set)p giala-)B(ginDocumecu: shap6t/lsnlq.ps gsave 1gov to 1 setl % (op or left shap6 gsave 25 )o(n)gnslatx t)hpoi)h 0e-2(n)gnslatx 1gdict g(gin /ss(25 def 0ess( strok ss(54 cos( uless(neg(54 sin ule051 28 s(neg(18ecos( uless(18goin ule051 28 s(18ecos( uless(18goin ule051 28 s(neg(54 cos( uless(neg(54 sin ule051 28 end cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e % bottom or rnght shap6 gsave 75 )o(n)gnslatx t)hpoi)h -20 -2v stroke-2v 20 051 28 20 20 051 28 20 -2v 051 28 cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e gresta)e %%EndDocumecu @end(p gial 1601 530182Fh(0)8547F587151425(0.367ngz1481 644e514F([)1494 64)15(0.335gn Fz(�nh FF(0.036yh733 644e5(])p14795167)125187 vx304e678x149212 vx303 864v2 187 vx346i774182 Ua3gpx41(t864vV 418e864va SDict /PsFragDict get g(gin /PsFragNoSf(iSt9(f(s modef /PsFragNewSf(i trueodef end 418e864va @g(gin)p gial 0 @llx 0 @llyoc00 @urxoc00 @ury 4321@rwi @set)p giala-)B(ginDocumecu: shap6t/ltalc.ps gsave 1gov to 1 setl % (op or left shap6 gsave )o(75 n)gnslatx t)hpoi)h -20 -2v stroke0120 051 28 20 -2v 051 28 cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e % bottom or rnght shap6 gsave )o(25 n)gnslatx t)hpoi)h 0e0120 0a360 arc cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e gresta)e %%EndDocumecu @end(p gial 5971864v25187 vx6k61864vV 631 864va SDict /PsFragDict get g(gin /PsFragNoSf(iSt9(f(s modef /PsFragNewSf(i trueodef end 631 864va @g(gin)p gial 0 @llx 0 @llyoc00 @urxoc00 @ury 432 @rwi @set)p giala-)B(ginDocumecu: shap6t/ltalc.ps gsave 1gov to 1 setl % (op or left shap6 gsave )o(75 n)gnslatx t)hpoi)h -20 -2v stroke0120 051 28 20 -2v 051 28 cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e % bottom or rnght shap6 gsave )o(25 n)gnslatx t)hpoi)h 0e0120 0a360 arc cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e gresta)e %%EndDocumecu @end(p gial 994v718e82Fh(10)952F774151425(1.000ngz886 832)114F([)90o(8311501.000ie Fz(�ni FF(0.000ir138 832)1(])p142001864v25187 vx1226 864va SDict /PsFragDict get g(gin /PsFragNoSf(iSt9(f(s modef /PsFragNewSf(i trueodef end 1226 864va @g(gin)p gial 0 @llx 0 @llyoc00 @urxoc00 @ury 4321@rwi @set)p giala-)B(ginDocumecu: shap6t/lcalt.ps gsave 1gov to 1 setl % (op or left shap6 gsave )o(75 n)gnslatx t)hpoi)h 0e0120 0a360 arc cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e % bottom or rnght shap6 gsave )o(25 n)gnslatx t)hpoi)h -20 -2v stroke0120 051 28 20 -2v 051 28 cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e gresta)e %%EndDocumecu @end(p gial 1601 718e82Fh(0)8547F774151425(0.850ngz1481 832)114F([)1494 8311500.837in Fz(�nh FF(0.017)1733 832)1(])p147951864v25187 vx304e866x149212 vx303 1052 2 187 vx331 962182 Ua4agpx41(t1052vV 418e1052va SDict /PsFragDict get g(gin /PsFragNoSf(iSt9(f(s modef /PsFragNewSf(i trueodef end 418e1052 a @g(gin)p gial 0 @llx 0 @llyoc00 @urxoc00 @ury 4321@rwi @set)p giala-)B(ginDocumecu: shap6t/ltalc.ps gsave 1gov to 1 setl % (op or left shap6 gsave )o(75 n)gnslatx t)hpoi)h -20 -2v stroke0120 051 28 20 -2v 051 28 cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e % bottom or rnght shap6 gsave )o(25 n)gnslatx t)hpoi)h 0e0120 0a360 arc cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e gresta)e %%EndDocumecu @end(p gial 59711052v25187 vx6k611052vV 631 1052va SDict /PsFragDict get g(gin /PsFragNoSf(iSt9(f(s modef /PsFragNewSf(i trueodef end 631 1052va @g(gin)p gial 0 @llx 0 @llyoc00 @urxoc00 @ury 4321@rwi @set)p giala-)B(ginDocumecu: shap6t/lqalc.ps gsave 1gov to 1 setl % (op or left shap6 gsave )o(75 n)gnslatx t)hpoi)h -20 -2v stroke-2v 20 051 28 20 20 051 28 20 -2v 051 28 cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e % bottom or rnght shap6 gsave )o(25 n)gnslatx t)hpoi)h 0e0120 0a360 arc cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e gresta)e %%EndDocumecu @end(p gial 10k619k6182Fh(9)952F962151425(0.817ngz886 1020Ny14F([)90o(1019J150.831ie Fz(�ni FF(0.014ir138 1020Ny(])p1420011052v25187 vx1226 1052va SDict /PsFragDict get g(gin /PsFragNoSf(iSt9(f(s modef /PsFragNewSf(i trueodef end 1226 1052va @g(gin)p gial 0 @llx 0 @llyoc00 @urxoc00 @ury 4321@rwi @set)p giala-)B(ginDocumecu: shap6t/lcalq.ps gsave 1gov to 1 setl % (op or left shap6 gsave )o(75 n)gnslatx t)hpoi)h 0e0120 0a360 arc cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e % bottom or rnght shap6 gsave )o(25 n)gnslatx t)hpoi)h -20 -2v stroke-2v 20 051 28 20 20 051 28 20 -2v 051 28 cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e gresta)e %%EndDocumecu @end(p gial 1601 9k6182Fh(1)8547F962151425(0.753ngz1481 1020Ny14F([)1494 1019J150.751in Fz(�nh FF(0.020)1733 1020Ny(])p1479511052v25187 vx304e105v 149212 vx303 1240 2 187 vx329e1150182 Ua4bgpx41(t1240vV 418e1240va SDict /PsFragDict get g(gin /PsFragNoSf(iSt9(f(s modef /PsFragNewSf(i trueodef end 418 1240va @g(gin)p gial 0 @llx 0 @llyoc00 @urxoc00 @ury 4321@rwi @set)p giala-)B(ginDocumecu: shap6t/ltalc.ps gsave 1gov to 1 setl % (op or left shap6 gsave )o(75 n)gnslatx t)hpoi)h -20 -2v stroke0120 051 28 20 -2v 051 28 cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e % bottom or rnght shap6 gsave )o(25 n)gnslatx t)hpoi)h 0e0120 0a360 arc cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e gresta)e %%EndDocumecu @end(p gial 59711240v25187 vx6k611240vV 631 1240va SDict /PsFragDict get g(gin /PsFragNoSf(iSt9(f(s modef /PsFragNewSf(i trueodef end 631 1240va @g(gin)p gial 0 @llx 0 @llyoc00 @urxoc00 @ury 4321@rwi @set)p giala-)B(ginDocumecu: shap6t/ltals.ps gsave 1gov to 1 setl % (op or left shap6 gsave )o(75 n)gnslatx t)hpoi)h -20 -2v stroke0120 051 28 20 -2v 051 28 cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e % bottom or rnght shap6 gsave )o(25 n)gnslatx t)hpoi

n uless(neg(54 sin ule051 28 end cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e gresta p gial 10k611093182Fh(9)952F1150151425(0.858ngz886 1207Ny14F([)90o(1206J150.834ie Fz(�ni FF(0.017)1138 1207Ny(])p1420011240v25187 vx1226 1240va SDict /PsFragDict get g(gin /PsFragNoSf(iSt9(f(s modef /PsFragNewSf(i trueodef end 1226 1240va @g(gin)p gial 0 @llx 0 @llyoc00 @urxoc00 @ury 4321@rwi @set)p giala-)B(ginDocumecu: shap6t/lsalt.ps gsave 1gov to 1 setl % (op or left shap6 gsave )o(75 n)gnslatx t)hpoi)h 0e-2(n)gnslatx 1gdict g(gin /ss(25 def 0ess( strok ss(54 cos( uless(neg(54 sin ule051 28 s(neg(18ecos( uless(18goin ule051 28 s(18ecos( uless(18goin ule051 28 s(neg(54 cos( uless(neg(54 sin ule051 28 end cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e % bottom or rnght shap6 gsave )o(25 n)gnslatx t)hpoi)h -20 -2v stroke0120 051 28 20 -2v 051 28 cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e gresta)e %%EndDocumecu @end(p gial 1601 1093182Fh(1)8547F1150151425(0.745ngz1481 1207Ny14F([)1494 1206J150.753in Fz(�nh FF(0.019)1733 1207Ny(])p1479511240v25187 vx304e12425149212 vx303 1428 25187 vx346i1338182 Ua5gpx41(t1428vV 418e1428va SDict /PsFragDict get g(gin /PsFragNoSf(iSt9(f(s modef /PsFragNewSf(i trueodef end 418e1428 a @g(gin)p gial 0 @llx 0 @llyoc00 @urxoc00 @ury 4321@rwi @set)p giala-)B(ginDocumecu: shap6t/stalc.ps gsave 1gov to 1 setl % (op or left shap6 gsave )o(65 n)gnslatx 0.5a0.5aydn1ct)hpoi)h -20 -2v stroke0120 051 28 20 -2v 051 28 cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e % bottom or rnght shap6 gsave )o(25 n)gnslatx t)hpoi)h 0e0120 0a360 arc cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e gresta)e %%EndDocumecu @end(p gial 59711428v25187 vx6k611428vV 631 1428va SDict /PsFragDict get g(gin /PsFragNoSf(iSt9(f(s modef /PsFragNewSf(i trueodef end 631 1428va @g(gin)p gial 0 @llx 0 @llyoc00 @urxoc00 @ury 4321@rwi @set)p giala-)B(ginDocumecu: shap6t/stalc.ps gsave 1gov to 1 setl % (op or left shap6 gsave )o(65 n)gnslatx 0.5a0.5aydn1ct)hpoi)h -20 -2v stroke0120 051 28 20 -2v 051 28 cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e % bottom or rnght shap6 gsave )o(25 n)gnslatx t)hpoi)h 0e0120 0a360 arc cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e gresta)e %%EndDocumecu @end(p gial 10k611281182Fh(9)952F1338151425(1.000ngz886 139)8014F([)90o(139v 501.000ie Fz(�ni FF(0.000ir138 139)80(])p1420011428v25187 vx1226 1428va SDict /PsFragDict get g(gin /PsFragNoSf(iSt9(f(s modef /PsFragNewSf(i trueodef end 1226 1428va @g(gin)p gial 0 @llx 0 @llyoc00 @urxoc00 @ury 4321@rwi @set)p giala-)B(ginDocumecu: shap6t/ltasc.ps gsave 1gov to 1 setl % (op or left shap6 gsave )o(75 n)gnslatx t)hpoi)h -20 -2v stroke0120 051 28 20 -2v 051 28 cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e % bottom or rnght shap6 gsave )o(35 n)gnslatx 0.5a0.5aydn1ct)hpoi)h 0e0120 0a360 arc cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e gresta)e %%EndDocumecu @end(p gial 1601 1281182Fh(1)8547F1338151425(0.837ngz1481 139)8014F([)1494 139v 500.836nn Fz(�nh FF(0.014yh733 139)80(])p1479511428v25187 vx304e1429e149212 vx303 1615 25187 vx346i1525182 Ua6gpx41(t1615vV 418e1615va SDict /PsFragDict get g(gin /PsFragNoSf(iSt9(f(s modef /PsFragNewSf(i trueodef end 418e1615 a @g(gin)p gial 0 @llx 0 @llyoc00 @urxoc00 @ury 4321@rwi @set)p giala-)B(ginDocumecu: shap6t/stalc.ps gsave 1gov to 1 setl % (op or left shap6 gsave )o(65 n)gnslatx 0.5a0.5aydn1ct)hpoi)h -20 -2v stroke0120 051 28 20 -2v 051 28 cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e % bottom or rnght shap6 gsave )o(25 n)gnslatx t)hpoi)h 0e0120 0a360 arc cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e gresta f(s modef /PsFragNewSf(i trueodef end 631 1615va @g(gin)p gial 0 @llx 0 @llyoc00 @urxoc00 @ury 4321@rwi @set)p giala-)B(ginDocumecu: shap6t/ssalq.ps gsave 1gov to 1 setl % (op or left shap6 gsave )o(65 n)gnslatx 0.5a0.5aydn1ct)hpoi n 18ecos( uless(18goin ule051 28 s(neg(54 cos( uless(neg(54 sin ule051 28 end cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e % bottom or rnght shap6 gsave )o(25 n)gnslatx t)hpoi)h -20 -2v stroke-2v 20 051 28 20 20 051 28 20 -2v 051 28 cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e gresta ] f(s modef /PsFragNewSf(i trueodef end 1226 1615va @g(gin)p gial 0 @llx 0 @llyoc00 @urxoc00 @ury 4321@rwi @set)p giala-)B(ginDocumecu: shap6t/lsasq.ps gsave 1gov to 1 setl % (op or left shap6 gsave )o(75 n)gnslatx t)hpoi n 18ecos( uless(18goin ule051 28 s(neg(54 cos( uless(neg(54 sin ule051 28 end cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e % bottom or rnght shap6 gsave )o(35 n)gnslatx 0.5a0.5aydn1ct)hpoi)h -20 -2v stroke-2v 20 051 28 20 20 051 28 20 -2v 051 28 cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e gresta 0.036yh733 158396(])p1479511615v25187 vx304e1617 149212 vxr5ri1745 a 425sfigurn2 b(-oatch)h(tdpoaterials)c laadghpg trix whose 0judgedcn(A)hne innyel 191165aan armesLan g(a)Headimecs(ac)jotasgfh(512le23SRNs.),y3bolmea(tihnlueso)etmada19b(Ssfue(r)o(orsnqueviaefrc00i r)o(1971150runsze)aimes)g(asf(innhnin)((squlimes)ghobrackets)h)80 2r13J15warmesiernfsmemos. the prtoedifabe Laf(d2abevi�)y1bolaadgh af(d2bel)w�le18(Las.)s atiofphet(a ds(dirst(r5ri2169e5(trix)w)ry(21122e6J15So975ch 1766r)()leHRRtai)aime s)h(asf(innifencffs)l(abl nf46.2.yh(task)l(ntn8(Land(toedifabes))faime s)g(ausde.yh(tasOn nFV(5isbp (di2aimes)g(ahorizb(-t)80 2282Fy(tal�,)84(Lacask)gmohasgp iwosfphe)1ol s:)20 Laf(d2left�)y3bolaadggpf(d2rnght�le23SRNs.),y3 Lao(to)grnnd(toedifabe)(nisbhh(di2aimes)gean rv cnc�,)i)task)gyel 233815ohasges)wosephe)1ol s:Aepg minratiog FQ(bel)wLaAllex(imes)gg(f(d2rgnd(m1yel 245ovy)base)g)n g(a)sn276abevi lytrix n epg airay af0ehap6tigfaime s trix atialcircl tp1425,nd FQ(gquli tp1425,ne)luesi FQ(gt219f 425asgp foce(wsbhh((tp14M(h�rixign FSpisFh)(into)normalizt)(acgf (tpern2 b():lp tiva-)p eop %27 141 127 140SR149127 bop 1882 -1027lp 256e55e1589 25v 255 205v251bl v 2571205va SDict /PsFragDict get g(gin /PsFragNoSf(iSt9(f(s modef /PsFragNewSf(i trueodef end 2571205va @g(gin)p gial 0 @llx 0 @llyoc00 @urxoc00 @ury 360 @rwi @set)p giala-)B(ginDocumecu: shap6t/lcalq.ps gsave 1gov to 1 setl % (op or left shap6 gsave )o(75 n)gnslatx t)hpoi)h 0e0120 0a360 arc cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e % bottom or rnght shap6 gsave )o(25 n)gnslatx t)hpoi)h -20 -2v stroke-2v 20 051 28 20 20 051 28 20 -2v 051 28 cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e gresta gmgllan rv cnc+og Fs(abevi)g Fr(~oh2Fs(lgCircl tf FF(+og Fs(bel)w)g Fr(~oh2Fs(lgSquli tp14z(ii)p14843 205vV 256e207N1589 25v 255(357v251bl v 2571357va SDict /PsFragDict get g(gin /PsFragNoSf(iSt9(f(s modef /PsFragNewSf(i trueodef end 2571357va @g(gin)p gial 0 @llx 0 @llyoc00 @urxoc00 @ury 360 @rwi @set)p giala-)B(ginDocumecu: shap6t/lcnlt.ps gsave 1gov to 1 setl % (op or left shap6 gsave 25 )o(n)gnslatx t)hpoi)h 0e0120 0a360 arc cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e % bottom or rnght shap6 gsave 75 )o(n)gnslatx t)hpoi)h -20 -2v stroke0120 051 28 20 -2v 051 28 cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e grestaLa1/atalleftrnghtf(s modef /PsFragNewSf(i trueodef end 2571508ea @g(gin)p gial 0 @llx 0 @llyoc00 @urxoc00 @ury 360 @rwi @set)p giala-)B(ginDocumecu: shap6t/ssalq.ps gsave 1gov to 1 setl % (op or left shap6 gsave )o(65 n)gnslatx 0.5a0.5aydn1ct)hpoin18ecos( uless(18goin ule051 28 s(neg(54 cos( uless(neg(54 sin ule051 28 end cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e % bottom or rnght shap6 gsave )o(25 n)gnslatx t)hpoi)h -20 -2v stroke-2v 20 051 28 20 20 051 28 20 -2v 051 28 cloe)g(th gsave 0ay 90.00 lgxetogresta)e 0.5ay 90.00 fill gresta)e grestan rv cncabevi+of2Fs(bel)wibl63818225sLafenao975ghumbLaHRRsin�g(a)s.⟩ ↕∈∞}⌉ ⟩ ↕∈∞}⌉ ↕∈∞}⌉ ↕∈∞}⌉ \}⇐⊔⟨⌉⇒⌊↕⊗⇕⊔⟩⟨\⟩⇕⌊ ⌉√} ⌉§\⊔≀⇐⌉√}⇒|⇐⊣⟩∇⊣†\∈←⌊⇐⊔⟩⟩≀I⌉{∇⊔⟨⌉⇒∞↚⊓∇⌉⇐∫⟩‡}⇐⟩′⊣⊔⟩≀⊗{⇒∫⟨⊣√†̸⟨⊗⊣∫}√⊗{⌉⊣⇐†←FS⇐F∫⇒{↕⊣⊣⌈}⟨√∫⊓∇\∀⌊̸√⇕↕†⇒⟨√\}⇐⇕⇒⌉′\≀∫∇▽∇⊗∞∞△∀⌉▽⇐\⊔≀⇐⌉√}⇒|⇐⊣⟩∇⊣†⇒†∞⌊≀↕⊣⊣∃{}\⌊|⊗}⇐⌈⇒}≀{⇒∇⇒⊣⇒}†}⊣∇⊑←⌋⊓↕∈∞∃⟨⇐∫⟨⊣√†̸}⊗⇐⊣⊔⟩≀{√∫⟩‡}∇†⟨SRNT}⟩∫⇒†∞⌊≀↕⌋⊣⊣∃{}⌋⟨⌉⇒∞↚⌊⌉∫}√∫↕⟩⇕⌉∫⌉\⌋}≀S⌉{∫⇕C⟩∇⌋↕⊗⊔⌋∈←∈▽⇓≀}←FQ⇐↕}S∐⊓↕⟩⊗⊔√∞△∈▽∇††∋⌊≀↕H↙⇒∈∃⌊̸⇐H≀⊒⌉⌉∫⊔⌉⇒}⟩∫⌊⟩\}⇐⊔⟨⌉⇒⌊↕⊗⇕{}∞⌈≀⌉}}⇐⊒⊣⇒{⊣⟩⟩↕†⌉√}⊣⟩∇⊣†\∈←⌊⇐⇒⌈⊣{⌉\{⇐⌈∈↕↕⟩⇕⌉∫}⌉⇒\{⌋⟩⟩⇕⌉∫⌋↕⊗⊔⊗}⇐⊣⌊⌉⊑⟩⇒{⇐}⇕}↕↕⇒⟨⇐∫∐⊓↕⟩⇕⌉∫⇒\∈F̸√}{⌉⌈∈}⇕}↕↕ F∫\⊣⊔⟩≀{√{⇐⌈∈↕↕⟩⇕⌉∫}⌉\∈\̸}‡⊣⊓⊣⟩⇕⌉∫⇒}⊓\⌋⊗∞△∀⌉̸▽⇐⌊≀⊓\⌈⇒⌉′\≀∫{∇⇐⟩\⊔≀⇒⊓⌋⌉\ ⊔⟨\⟩⟨⊓⇕⌊ L⊣{⊣⌋⊔⇔↕⌉⟩⇕⌊ ⟩\⊔{ ⌈⟩{⊣ ⌉√} \{⇐⌈∈⟩∫⌊√⊗↕↕⟩⇕⌉∫}⌉∇⊣⊗⟨⇐∇⇒≀⇐\∈⇏⌈∫∇\∈⊔≀⇒}∇\∇⊔|√HRR∫ RN∫\}{}⇐⊒⊣}⇒⊣}⟨⌉ ⇐⌉√≀∇∫⟨⊣⌉\⌋}≀S⌉{⇒⇐⊣⌋}{⇐↙̸∀↙∋↕⌉∀⊔⊣‖⌉∃▽▽†←FV≀↙̸∋⇒▽∃SRNA\⊓⌋≀}⟩⌉∫\∞△⊗RN⌊⌉⊔⊒⌉⌉}⇔{⇒⇕⊓⊔J⟩√↕⇐⊔⟨⇒⊓⟨∇\∈←⌊⇐⊔⟩⊔†⇒}∈′∀′∞▽∞△∈▽∫⇕⊗≀↕B⌉⊣\⌈\}⇐∇▽∇⟩∈∞∃⇒∞▽⇐⇒⊒⌉\}⇐∇⊗∞∫∫⊔⊣⇒⟩⌉√⇐⇒{⊣⟩⇕⌉∫ |∇I ⟩\\}⇐⟩⌉∇\{∫⇒↕⇐⊣⌊↕⊗\}≀↙̸∋∇†∋∈⊗⌊▽∫↙⇒⇔†⌊≀↕⇕⌉⇕≀∇⟩‡⌉⌈∫{⊓⌉√⟩∫≀⇐⌉∫⊣⇒{⊣⟩⇕⌉∫ ⊣∫ ≀\↕† ⌈⟩{L⊣⌉√⟩∫≀⇐⌉∫⊣⇒{⊣⟩⇕⌉∫ ⊔∇⟩§ ⟩⇐⇒⊗∇s(th)aimes ubj�g(sgp1425(alsolhnhe)1ef(d(toedzfrtosehay)oFS(�nt)fie)lp�425)ry1bl25885y5sokensze okenszhrumbrFh85b(1425uce)hrn2b(tiiuaimes)gf(nfmly)hotask (havelptiva-)p�eop�%28e142�%28e141SR149127bop1882-1028f(75381514F(Pd(toog(:)50�LaSpot560(Labiutg(Jane,)rnfaus)h(gpsJane)grtoseh�6angu(trix)g(h�aSpotryy303885y5A)p�g(s)ftof)r)s)mel21 imesiern�loh(-t29mdggmemory:)p14237N153125lv507wFf(OAe16�olFORtraHORte(RFBtraHOS)ftOLI)p14746i153vV42wFF5stp�rsfaustrixtoedza2n�ahsfaus2:trixX×75 2896514s(Etp14F(3:)p1316 304eVv010 wuFelixc11 olbah)unMort,ihnctus trix f0Felix.tp r237N304eVv885w Fz(�)42SR2 r(X)53SR(X)n Fz(�)d r(X)daXtp14746i304eVv53 w14F(AN56838 29)8014J(1)875 3396514s(Etp14F(4:)p1316 354eVv010 wuMorto61bolbah)unFelix,ihnctus trix ×X×▽←∋∃∞▽̸∞△∫⇐E⊔√∞△F⇐▽¬⇒√⊗∋∞↚△′▽⊑∈▽▽∈←⊑§∇∞′←⊒⊓R⌉⊑⟩⊣⌉∞̸⌊≀↕⌊⊣⟨⇒⊓\F⌈⇐⊔≀⌉⌈⊒⌉⟩⇒⌋⊔⊓∫ ⊔∇⟩§ 1

⊔∇⟩§ ⟨↕F⟩⌈≀⇔∫{∫{⊣⊓∫ XX× ▽←△∃∞▽̸∞△∫⇐E⊔√∞△F⇐¬⇒√∞∋∞↚▽′⊗̸V⊑′∞′←⊒⊓M≀∇⊔≀∞̸⌊≀↕⌊⊣⟨⇒⊓\F⌉↕⟩§⇔⟩⟨\⌋⊔⊓∫ ⊔∇⟩⊗§ ×X×X×X××⊔∇⟩§XXE⊔√∞△F⇐∞′¬⇒√∞∋∞↚▽̸⌉̸∈←▽↕←⊑←∀∃⋣⊓F⌈⇐⊔≀⌉⌈‡⊣∈⊗∞∫∫⊔⟨⌉⇒∞≀‖⌉⌈R⌉⊑⟩⊣⌉H≀⊒⌉⟨\⌋⊔⊓∫