E∫⊔⟩⇕⊣⊔⟩≀\ ⊣\⌈ B≀⊓\⌈⟩\} ≀{ E\⌉∇}† C≀\∫⊓⇕√⊔⟩≀\ ⟩\

B⊓∇∫⊔↖M≀⌈⌉ C≀\⊔∇≀↕ C⟩∇⌋⊓⟩⊔∫

P⌉⊔⌉∇ A↙ B⌉⌉∇⌉↕ ∗ K⌉\\⌉⊔⟨ Y↙ Y⊓\ S⊔⌉⊑⌉\ M↙ N≀⊒⟩⌋‖ † P⌉⟩↖C⟨⊓⊣\ Y⌉⟨ EE↖S†∫⊔⌉⇕∫ D⌉√⊔↙ D⌉√⊔↙ ≀{ ECE D⌉√⊔↙ ≀{ CS EE↖S†∫⊔⌉⇕∫ D⌉√⊔↙ USC UC S⊣\ D⟩⌉}≀ C≀↕⊓⇕⌊⟩⊣ U\⟩⊑⌉∇∫⟩⊔† USC L≀∫ A\}⌉↕⌉∫⇔ CA ∃′′∀∃ L⊣ J≀↕↕⊣⇔ CA ∃∈′∃∋ N⌉⊒ Y≀∇‖⇔ NY ∞′′∈ L≀∫ A\}⌉↕⌉∫⇔ CA ∃′′∀∃

A⌊∫⊔∇⊣⌋⊔ T⟨⟩∫ √⊣√⌉∇ ⌈⌉∫⌋∇⟩⌊⌉∫ ⊔⊒≀ ⊔⌉⌋⟨\⟩∐⊓⌉∫ ⊔≀ ∐⊓⊣\⊔⟩{† ⌉\⌉∇}† ⌋≀\∫⊓⇕√↖ ⊔⟩≀\ ≀{ ⌊⊓∇∫⊔↖⇕≀⌈⌉ ⊣∫†\⌋⟨∇≀\≀⊓∫⇐⌋↕≀⌋‖↖↕⌉∫∫⇒ ⌋≀\⊔∇≀↕ ⌋⟩∇⌋⊓⟩⊔∫↙ T⟨⌉ ⌋⟩∇⌋⊓⟩⊔ ∫√⌉⌋⟩⊘⌋⊣⊔⟩≀\∫ ⌋≀\∫⟩⌈⌉∇⌉⌈ ⊣∇⌉ ⌉§⊔⌉\⌈⌉⌈ ⌊⊓∇∫⊔↖⇕≀⌈⌉ ∫√⌉⌋⟩⊘↖ ⌋⊣⊔⟩≀\∫⇔ ⊣\⌈ ⊔⟨⌉ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\∫ ⊣∇⌉ ⇕⊓↕⊔⟩↖↕⌉⊑⌉↕ ↕≀}⟩⌋ ⟩⇕√↕⌉⇕⌉\↖ ⊔⊣⊔⟩≀\∫ ⊒⟨≀∫⌉ ≀⊓⊔√⊓⊔∫ ⊣∇⌉ }⊓⊣∇⊣\⊔⌉⌉⌈ ⊔≀ ⌊⌉ {∇⌉⌉ ≀{ ⊣\† ⊑≀↕⊔⊣}⌉ }↕⟩⊔⌋⟨⌉∫ ⇐⟨⊣‡⊣∇⌈∫⇒↙ B≀⊔⟨ ⊔⌉⌋⟨\⟩∐⊓⌉∫ ⊓∫⌉ ∫⊔≀⌋⟨⊣∫⊔⟩⌋ ⊣\⊣↕†∫⟩∫ ⊔≀ ⌋≀⇕⌊⟩\⌉ ⊣ ∫⇕⊣↕↕ \⊓⇕⌊⌉∇ ≀{ ∫⟩⇕⊓↕⊣⊔⟩≀\∫ ⟩\ ≀∇⌈⌉∇ ⊔≀ ∐⊓⊣\⊔⟩{† ⊣⊑↖ ⌉∇⊣}⌉ ⌉\⌉∇}† √⌉∇ ⌉§⊔⌉∇\⊣↕ ∫⟩}\⊣↕ ⊔∇⊣\∫⟩⊔⟩≀\↙ T⟨⌉ ⊘∇∫⊔ ⊔⌉⌋⟨\⟩∐⊓⌉ ⊓∫⌉∫ N↖⊑⊣↕⊓⌉⌈ ∫⟩⇕⊓↕⊣⊔⟩≀\ ⊔≀ ⌈⌉∇⟩⊑⌉ ⇕⊣⊔⟨⌉⇕⊣⊔⟩⌋⊣↕↕† ⊔⟩}⟨⊔ ⊓√√⌉∇ ⊣\⌈ ↕≀⊒⌉∇ ⌊≀⊓\⌈∫ ≀{ ⌉\⌉∇}† ⌋≀\∫⊓⇕√⊔⟩≀\↙ U∫⟩\} ⊔⟨⟩∫ ⊔⌉⌋⟨\⟩∐⊓⌉ ⊒⌉ ⌊≀⊓\⌈ ⊔⟨⌉ ⌉{{⌉⌋⊔ ≀{ ⟨⊣‡⊣∇⌈∫ ⊓\⌈⌉∇ ⊣↕↕ √≀∫∫⟩⌊↕⌉ ≀√⌉∇⊣⊔⟩\} ⌋≀\⌈⟩↖ ⊔⟩≀\∫ ⊣\⌈ ⌉\⊑⟩∇≀\⇕⌉\⊔∫ {≀∇ ⊣ }⟩⊑⌉\ ⌋⟩∇⌋⊓⟩⊔↙ A⌈⌈⟩⊔⟩≀\⊣↕↕†⇔ ⊔≀ ⌈∇⟩⊑⌉ ∫†\⊔⟨⌉∫⟩∫ ⊔≀≀↕∫ {≀∇ ↕≀⊒↖√≀⊒⌉∇⇔ ⊒⌉ √∇≀√≀∫⌉ ⊣ ∫⌉⌋≀\⌈ ⊔⌉⌋⟨\⟩∐⊓⌉ ⊔⟨⊣⊔ ⊓∫⌉∫ ⊘§⌉⌈↖⌈⌉↕⊣† ∫⟩⇕⊓↕⊣⊔⟩≀\ ⊔≀ ⌈⌉∇⟩⊑⌉ ⊣ ∇⌉⊣↕⟩∫⊔⟩⌋ ⌉∫⊔⟩⇕⊣⊔⌉ ≀{ ⌉\↖ ⌉∇}† ⌋≀\∫⊓⇕√⊔⟩≀\ ⊒⟩⊔⟨⟩\ ≀⊓∇ ⌈⌉∇⟩⊑⌉⌈ ⊓√√⌉∇ ⊣\⌈ ↕≀⊒⌉∇ ⌊≀⊓\⌈∫↙ W⌉ ⌈⌉⇕≀\∫⊔∇⊣⊔⌉ ⊔⟨⌉ {⌉⊣∫⟩⌊⟩↕⟩⊔† ≀{ ⌊≀⊔⟨ ⊔⟨⌉∫⌉ ⊔⌉⌋⟨\⟩∐⊓⌉∫ ≀\ ⊣ ⊑⊣↖ ∇⟩⌉⊔† ≀{ ⌊⊓∇∫⊔↖⇕≀⌈⌉ ⌋≀\⊔∇≀↕ ⌋⟩∇⌋⊓⟩⊔∫ ⊓∫⌉⌈ ⟩\ ⊣\ ⟩\⌈⊓∫⊔∇⟩⊣↕↖∐⊓⊣↕⟩⊔† ⌋⟨⟩√↙ O⊓∇ √∇⌉↕⟩⇕⟩\⊣∇† ∇⌉∫⊓↕⊔∫ ⟩\⌈⟩⌋⊣⊔⌉ ⊔⟨⊣⊔ ↕⌉∫∫ ⊔⟨⊣\ ▽↗ ≀{ ⊔⟨⌉ √≀⊒⌉∇ ≀{ ⊔†√⟩⌋⊣↕ ⇕⊓↕⊔⟩↖↕⌉⊑⌉↕ ⌊⊓∇∫⊔↖⇕≀⌈⌉ ⌋⟩∇⌋⊓⟩⊔∫ ⌋⊣\ ⌊⌉ ⊣⊔⊔∇⟩⌊⊓⊔⌉⌈ ⊔≀ ⟨⊣‡⊣∇⌈∫↙ ∞ INTRODUCTION O\⌉ ≀{ ⊔⟨⌉ ⇕⊣⟩\ ∇⌉⊣∫≀\∫ ⊣∫†\⌋⟨∇≀\≀⊓∫ ⌋⟩∇⌋⊓⟩⊔∫ ⟨⊣⊑⌉ ∇⌉⌋⌉\⊔↕† }⊣⟩\⌉⌈ ⟩\⊔⌉∇⌉∫⊔ ⟩∫ ⊔⟨⌉⟩∇ √≀⊔⌉\⊔⟩⊣↕ {≀∇ ⊓∫⟩\} ↕⌉∫∫ ⌉\⌉∇}† ⊔⟨⊣\ ⊔⟨⌉⟩∇ ∫†\⌋⟨∇≀\≀⊓∫ ⌋≀⊓\⊔⌉∇√⊣∇⊔∫↙ A∫†\⌋⟨∇≀\≀⊓∫ ⌋⟩∇⌋⊓⟩⊔∫ ⊣⊑≀⟩⌈ √≀⊒⌉∇↖ ⌉§√⌉\∫⟩⊑⌉ }↕≀⌊⊣↕ ⌋↕≀⌋‖∫ ⊣\⌈⇔ ⟩{ ⌈⌉∫⟩}\⌉⌈ ⊒⌉↕↕⇔ ⌋≀\∫⊓⇕⌉ ⌉\⌉∇}† ≀\↕† ⊒⟨⌉\ ⊣\⌈ ⊒⟨⌉∇⌉ \⌉⌋⌉∫∫⊣∇†↙ H≀⊒⌉⊑⌉∇⇔ ⊔⟨⌉ ‖⌉† ⊒≀∇⌈∫ ⟨⌉∇⌉ ⊣∇⌉ ⟩{ ⌈⌉∫⟩}\⌉⌈ ⊒⌉↕↕↙ A⊓⊔≀⇕⊣⊔⌉⌈ ⌉\⌉∇}† ⌋≀\∫⊓⇕√⊔⟩≀\ ⌉∫⊔⟩⇕⊣⊔⟩≀\ ⟨⊣∫ ≀\↕† ∇⌉⌋⌉\⊔↕† ⌊⌉⌉\ ⌋≀\∫⟩⌈⌉∇⌉⌈ ∪∋⇔ ∞⊎⇔ ⊣\⌈ ≀√⊔⟩⇕⟩‡⊣⊔⟩≀\ {≀∇ ⌉\↖ ⌉∇}† ⌋≀\∫⊓⇕√⊔⟩≀\ ⟨⊣∫ ⌊⌉⌉\ ↕⟩⇕⟩⊔⌉⌈ ⊔≀ ⟨⊣\⌈↖⊔∇⊣\∫{≀∇⇕⊣⊔⟩≀\∫ ∪∞▽⊎↙ H⌉\⌋⌉⇔ ⊔⟨⌉ ∐⊓⊣↕⟩⊔† ≀{ ⊔⟨⌉ ⌈⌉∫⟩}\ ⟩∫ ⌈⌉⊔⌉∇⇕⟩\⌉⌈ √⊓∇⌉↕† ⌊† ⊔⟨⌉ ⌉§√⌉∇↖ ⊔⟩∫⌉ ≀{ ⊔⟨⌉ ⌈⌉∫⟩}\⌉∇↙ O⊓∇ ⊓↕⊔⟩⇕⊣⊔⌉ }≀⊣↕ ⟩∫ ⊔≀ ⊣∫∫⟩∫⊔ ↕⌉∫∫ ⌉§√⌉∇⟩⌉\⌋⌉⌈ ⌈⌉∫⟩}\⌉∇∫ ⊒⟩⊔⟨ CAD ⊔≀≀↕∫ {≀∇ ⊣⊓⊔≀⇕⊣⊔⌉⌈ ⌉\⌉∇}† ⌉∫⊔⟩⇕⊣⊔⟩≀\ ⊣\⌈ ↕≀⊒↖√≀⊒⌉∇ ∫†\⊔⟨⌉∫⟩∫↙ I\ ⊔⟨⟩∫ √⊣√⌉∇⇔ ⊒⌉ ∇⌉∫⊔∇⟩⌋⊔ ≀⊓∇ ⊣⊔⊔⌉\⊔⟩≀\ ⊔≀ ⊔⟨⌉ ⌉\⌉∇}† ⊓∫⌉ ≀{ ⊣∫†\⌋⟨∇≀\≀⊓∫ ⌋≀\⊔∇≀↕ ⌋⟩∇⌋⊓⟩⊔∫↙ S⟩\⌋⌉ ⊔⟨⌉∫⌉ ⌋⟩∇⌋⊓⟩⊔∫ ≀√⌉∇⊣⊔⌉ ⟩\⌈⌉↖ √⌉\⌈⌉\⊔↕† ≀{ ⊣ }↕≀⌊⊣↕ ⌋↕≀⌋‖⇔ ⌉\⌉∇}† ⌋≀\∫⊓⇕√⊔⟩≀\ √⌉∇ ⌋↕≀⌋‖ ⌋†⌋↕⌉⇔ ⊣ ∗T⟨⟩∫ ∇⌉∫⌉⊣∇⌋⟨ ⊒⊣∫ {⊓\⌈⌉⌈ ⟩\ √⊣∇⊔ ⌊† ⊣ C⟨⊣∇↕⌉∫ L⌉⌉ P≀⊒⌉↕↕ F≀⊓\⌈⊣↖ ⊔⟩≀\ R⌉∫⌉⊣∇⌋⟨ E∐⊓⟩√⇕⌉\⊔ G∇⊣\⊔ {≀∇ Y≀⊓\} F⊣⌋⊓↕⊔† ≀{ ⊔⟨⌉ USC S⌋⟨≀≀↕ ≀{ E\}⟩\⌉⌉∇⟩\} ⊣\⌈ ⊣ NSF C⊣∇⌉⌉∇ G∇⊣\⊔↙ †T⟨⟩∫ ∇⌉∫⌉⊣∇⌋⟨ ⊒⊣∫ {⊓\⌈⌉⌈ ⟩\ √⊣∇⊔ ⌊† ⊔⟨⌉ N⊣⊔⟩≀\⊣↕ S⌋⟩⌉\⌋⌉ F≀⊓\⌈⊣⊔⟩≀\ MIP↖∃∋′∀∀∞′ ⊣\⌈ ⌊† ⊣ }∇⊣\⊔ {∇≀⇕ IBM R⌉∫⌉⊣∇⌋⟨↙

F⟩}⊓∇⌉ ∞¬ A ⌊⊓∇∫⊔↖⇕≀⌈⌉ ∫√⌉⌋⟩⊘⌋⊣⊔⟩≀\ ≀{ ⊔⟨⌉ ⌉§⊣⇕√↕⌉ ∫⌋∫⟩↖⟩\⟩⊔↖∫⌉\⌈ ↙

⌋≀⇕⇕≀\ ⇕⌉⊣\∫ ≀{ ∐⊓⊣\⊔⟩{†⟩\} ⌉\⌉∇}† ⌈⟩∫∫⟩√⊣⊔⟩≀\ ⟩\ ∫†\⌋⟨∇≀\≀⊓∫ ⌋⟩∇⌋⊓⟩⊔∫⇔ ⌋⊣\ \≀⊔ ⌊⌉ ⊓∫⌉⌈↙ B⌉⌋⊣⊓∫⌉ ≀{ ⊔⟨⟩∫⇔ K⊓⌈⊑⊣ ⌉⊔ ⊣↕↙ ∪∋⊎ ∫⊓}↖ }⌉∫⊔⌉⌈ ⇕⌉⊣∫⊓∇⟩\} ⌉\⌉∇}† ⌋≀\∫⊓⇕√⊔⟩≀\ √⌉∇ ≀⊓⊔√⊓⊔ ⊔∇⊣\∫⟩⊔⟩≀\↙ T⟨⟩∫ ⊒⊣∫ ⊣√√∇≀√∇⟩⊣⊔⌉ {≀∇ ⊔⟨⌉⟩∇ ⊣√√↕⟩⌋⊣⊔⟩≀\ ⌊⌉⌋⊣⊓∫⌉ ⌋≀\⊔∇≀↕ ⌋⟩∇⌋⊓⟩⊔∫ ⊒⌉∇⌉ ↕⟩⇕⟩⊔⌉⌈ ⊔≀ √∇⌉↖⌋⊣↕⌋⊓↕⊣⊔⌉⌈ ⇕⊣⌋∇≀ }⊣⊔⌉∫ ⊒⟨≀∫⌉ ⌉\⌉∇}† ⌋≀\∫⊓⇕√↖ ⊔⟩≀\ ⌋≀⊓↕⌈ ⌊⌉ √∇⌉↖⇕⌉⊣∫⊓∇⌉⌈ ⊓∫⟩\} SPICE↙ B⌉⌉∇⌉↕ ⌉⊔ ⊣↕↙ √∇≀√≀∫⌉⌈ ⇕⌉⊣∫⊓∇⟩\} ⌉\⌉∇}† √⌉∇ ⌉§⊔⌉∇\⊣↕ ∫⟩}\⊣↕ ⊔∇⊣\∫⟩⊔⟩≀\ {≀∇ ⇕≀∇⌉ }⌉\⌉∇⊣↕ ⌋⟩∇⌋⊓⟩⊔ ∫⊔∇⊓⌋⊔⊓∇⌉∫ ⌋≀⇕√≀∫⌉⌈ ≀{ ⊣ \⌉⊔↕⟩∫⊔ ≀{ }⊣⊔⌉∫⇔ ⊔⟨≀⊓}⟨ ⊔⟨⌉† ≀\↕† ⟨⊣\⌈↕⌉⌈ ∫√⌉⌉⌈↖⟩\⌈⌉√⌉\⌈⌉\⊔ ⌋⟩∇⌋⊓⟩⊔∫ ⊒⟨≀∫⌉ ⌊⌉⟨⊣⊑⟩≀∇ ⟩∫ ⟩\⌈⌉√⌉\↖ ⌈⌉\⊔ ≀{ ∇⌉↕⊣⊔⟩⊑⌉ }⊣⊔⌉ ⌈⌉↕⊣†∫ ⊣\⌈ ⟩\ ⊒⟨⟩⌋⟨ ⊣↕↕ ⌋⟩∇⌋⊓⟩⊔ \≀⌈⌉∫ ⊣∇⌉ }⊓⊣∇⊣\⊔⌉⌉⌈ ⊔≀ ⌊⌉ ⟨⊣‡⊣∇⌈↖{∇⌉⌉ ∪∞⊎↙ T⟨⟩∫ √⊣√⌉∇ ⊣⌈⌈∇⌉∫∫⌉∫ ⌊⊓∇∫⊔↖⇕≀⌈⌉ ⊣∫†\⌋⟨∇≀\≀⊓∫ ⌋⟩∇⌋⊓⟩⊔∫ ⊒⟨⟩⌋⟨ ⌈⟩{{⌉∇ {∇≀⇕ ∫√⌉⌉⌈↖⟩\⌈⌉√⌉\⌈⌉\⊔ ⌋⟩∇⌋⊓⟩⊔∫ ⟩\ ⊔⟨⊣⊔ ⟩\⊔⌉∇\⊣↕ ∫⟩}\⊣↕∫ ⇕⊣† ⌉§⟨⟩⌊⟩⊔ ⊑≀↕⊔⊣}⌉ }↕⟩⊔⌋⟨⌉∫↙ I\ ⌊⊓∇∫⊔↖⇕≀⌈⌉ ⌋⟩∇⌋⊓⟩⊔∫ ≀\↕† √∇⟩⇕⊣∇† ≀⊓⊔↖ √⊓⊔∫ ⊣∇⌉ }⊓⊣∇⊣\⊔⌉⌉⌈ ⊔≀ ⌊⌉ ⟨⊣‡⊣∇⌈↖{∇⌉⌉↙ T⟨⌉∫⌉ ⌋⟩∇⌋⊓⟩⊔∫ ⊣∇⌉ ∫√⌉⌋⟩↖ ⊘⌉⌈ ⊒⟩⊔⟨ ⊣\ ⌉§⊔⌉\⌈⌉⌈ ⌊⊓∇∫⊔↖⇕≀⌈⌉ ⇐XBM⇒ ⌈⟩⊣}∇⊣⇕ ⊣\⌈ ⊣∇⌉ ⟩⇕√↕⌉↖ ⇕⌉\⊔⌉⌈ ⊓∫⟩\} ⊣ ⇕≀⌈⟩⊘⌉⌈ H⊓{{⇕⊣\ ⊣∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉↙ A∫ ⊣\ ⌉§⊣⇕√↕⌉⇔ ⊔⟨⌉ ⌉§⊔⌉\⌈⌉⌈ ⌊⊓∇∫⊔ ⇕≀⌈⌉ ∫√⌉⌋⟩⊘⌋⊣⊔⟩≀\ {≀∇ ∫⌋∫⟩↖⟩\⟩⊔↖∫⌉\⌈ ⟩∫ }⟩⊑⌉\ ⟩\ F⟩}⊓∇⌉ ∞↙ T⟨⟩∫ ⊣∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉ ⟨⊣∫ ⊔⟨⌉ ⊣⌈⊑⊣\⊔⊣}⌉ ≀{ ⊑⌉∇† ↕≀⊒ ↕⊣⊔⌉\⌋† ⌊⌉⌋⊣⊓∫⌉ ⊔⟨⌉ ⟩\√⊓⊔ ⊔≀ ≀⊓⊔√⊓⊔ √⊣⊔⟨ ⟩∫ √⊓∇⌉↕† ⌋≀⇕⌊⟩\⊣⊔⟩≀\⊣↕ ↕≀}⟩⌋�\≀ ⌉§√↕⟩⌋⟩⊔ ∫⊔≀∇⊣}⌉ ⌉↕⌉⇕⌉\⊔∫ ⊣∇⌉ ⊓∫⌉⌈↙ I\ ⌉⊣⌋⟨ ∫⊔⊣⊔⌉ ≀{ ⊔⟨⌉ ⇕⊣⌋⟨⟩\⌉⇔ ⊔⟨⌉ ⌋⟩∇⌋⊓⟩⊔ ⊒⊣⟩⊔∫ {≀∇ ⊣ ∫⌉⊔ ≀{ ∫√⌉⌋⟩⊘⌉⌈ ⟩\√⊓⊔ ⊔∇⊣\∫⟩⊔⟩≀\∫ ⇐⊣\ ⟩\√⊓⊔ ⌊⊓∇∫⊔⇒⇔ ⊔⟨⌉\ ∫⟩⇕⊓↕⊔⊣\⌉≀⊓∫↕† ⌋⟨⊣\}⌉∫ ⊣ ⊑⊣∇⟩⌉⊔† ≀{ ≀⊓⊔√⊓⊔ ∫⟩}\⊣↕∫ ⇐√∇≀⌈⊓⌋⌉∫ ⊣\ ≀⊓⊔√⊓⊔ ⌊⊓∇∫⊔⇒ ⊣\⌈ ⟩\⊔⌉∇\⊣↕↕† ∫⌉⊔∫ ⊣\† \⊓⇕⌊⌉∇ ≀{ ∫⊔⊣⊔⌉ ∫⟩}\⊣↕∫↙ I⊔ ⟩∫ ⟩⇕√≀∇⊔⊣\⊔ ⊔≀ \≀⊔⌉ ⊔⟨⊣⊔ {∇≀⇕ ⊣ }⟩⊑⌉\ ∫⊔⊣⊔⌉ ⊣ ⊑⊣∇⟩⌉⊔†

≀{ ⌈⟩{{⌉∇⌉\⊔ ⟩\√⊓⊔ ⌊⊓∇∫⊔∫ ⇕⊣† ≀⌋⌋⊓∇⇔ ⌈∇⟩⊑⟩\} ⊔⟨⌉ ⌋⟩∇⌋⊓⟩⊔ ⟩\⊔≀ ⌈⟩{{⌉∇↖ ⌉\⊔ ⇕≀⌈⌉∫ ≀{ ⊣⌋⊔⟩⊑⟩⊔†↙ F≀∇ ⌉§⊣⇕√↕⌉⇔ ⟩\ ⊔⟨⌉ ∫⌋∫⟩↖⟩\⟩⊔↖∫⌉\⌈ ⌉§⊣⇕√↕⌉ ⌈⌉√⟩⌋⊔⌉⌈ ⟩\ F⟩}⊓∇⌉ ∞⇔ ⊔⟨⌉∇⌉ ⊣∇⌉ ⊔⊒≀ ⌊∇⊣\⌋⟨⌉∫ {∇≀⇕ ∫⊔⊣⊔⌉ ∋↙ T⟨⌉ ⊘∇∫⊔⇔ ⊔≀ ∫⊔⊣⊔⌉ △ ∇⌉√∇⌉∫⌉\⊔∫ ⊔⟨⌉ ∫⌉\⌈⟩\} ≀{ ⊣\≀⊔⟨⌉∇ ⌊†⊔⌉⇔ ⊒⟨⟩↕⌉ ⊔⟨⌉ ∫⌉⌋≀\⌈⇔ ⊔≀ ∫⊔⊣⊔⌉ ̸∇⌉√∇⌉∫⌉\⊔∫ ⊔⟨⌉ ∫⟩}\⊣↕⟩\} ≀{ ⊔⟨⌉ ⌉\⌈ ≀{ ⊔∇⊣\∫⇕⟩∫↖ ∫⟩≀\↙ U∫⟩\} ⊔⟨⟩∫ ⌈⌉∫⟩}\ ∫⊔†↕⌉⇔ SCSI ⟩\⊔⌉∇{⊣⌋⌉∫⇔ ⌋⊣⌋⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇∫⇔ ⊣\ ⟩\{∇⊣∇⌉⌈ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\∫ ⌋≀\⊔∇≀↕↕⌉∇⇔ ⊣∫ ⊒⌉↕↕ ⊣∫ ⊣ ⊑⊣∇⟩⌉⊔† ≀{ ⟩\↖ ⊔⌉∇{⊣⌋⌉ ∫√⌉⌋⟩⊘⌋⊣⊔⟩≀\∫ ⟨⊣⊑⌉ ⌊⌉⌉\ ⌈⌉∫⟩}\⌉⌈ ⊒⟩⊔⟨ √∇≀⇕⟩∫⟩\} ∇⌉∫⊓↕⊔∫ ∪∃⇔ ∞∈⇔ ∞⇔ ∞⇎ ∞∀⇔ ⊎↙ T⟨⟩∫ √⊣√⌉∇ √∇≀⊑⟩⌈⌉∫ ⌉{⊘⌋⟩⌉\⊔ ⊣↕}≀∇⟩⊔⟨⇕∫ {≀∇ ∐⊓⊣\⊔⟩{†⟩\} ⊔⟨⌉ ⌉\↖ ⌉∇}† ⌋≀\∫⊓⇕√⊔⟩≀\ ≀{ ⌊⊓∇∫⊔↖⇕≀⌈⌉ ⌋⟩∇⌋⊓⟩⊔∫ ⟩⇕√↕⌉⇕⌉\⊔⌉⌈ ⊒⟩⊔⟨ ⊔⊒≀↖ ↕⌉⊑⌉↕ ≀∇ ⇕⊓↕⊔⟩↖↕⌉⊑⌉↕ ↕≀}⟩⌋↙ S⟩\⌋⌉ ⌈⟩{{⌉∇⌉\⊔ ⇕≀⌈⌉∫ ≀{ ⌋⟩∇⌋⊓⟩⊔ ≀√⌉∇⊣↖ ⊔⟩≀\ ⇕⊣† ⌋≀\∫⊓⇕⌉ ⌈⟩{{⌉∇⌉\⊔ ⊣⇕≀⊓\⊔∫ ≀{ ⌉\⌉∇}†⇔ ⊒⌉ ⇕⊓∫⊔ ⌈⌉⊔⌉∇⇕⟩\⌉ ⊔⟨⌉ ∇⌉↕⊣⊔⟩⊑⌉ ↕⟩‖⌉↕⟩⟨≀≀⌈ ≀{ ⌉§⌉⌋⊓⊔⟩\} ⌈⟩{{⌉∇⌉\⊔ ⇕≀⌈⌉∫↙ T≀ ⌈≀ ⊔⟨⟩∫⇔ ⊒⌉ ⊣∫∫⊓⇕⌉ ⊔⟨⌉ ⊣⊑⊣⟩↕⊣⌊⟩↕⟩⊔† ≀{ ⌊∇⊣\⌋⟨ ∫⊔⊣⊔⟩∫⊔⟩⌋∫ ⊒⟨⟩⌋⟨ ⌈⌉∫⌋∇⟩⌊⌉ ⊔⟨⌉ ∇⌉↕⊣⊔⟩⊑⌉ √∇≀⌊⊣⌊⟩↕⟩⊔⟩⌉∫ ≀{ ⌈⟩{{⌉∇⌉\⊔ ⌊⊓∇∫⊔↖⇕≀⌈⌉ ⌊∇⊣\⌋⟨⌉∫↙ I\ √∇⊣⌋↖ ⊔⟩⌋⌉⇔ ⊔⟨⌉∫⌉ ⌊∇⊣\⌋⟨ ∫⊔⊣⊔⟩∫⊔⟩⌋∫ ⇕⊣† ⌊⌉ }⟩⊑⌉\ ⌊† ⊔⟨⌉ ⊓∫⌉∇ ≀∇ ⌉∫⊔⟩⇕⊣⊔⌉⌈ ⊔⟨∇≀⊓}⟨ ⌊⌉⟨⊣⊑⟩≀∇⊣↕ ∫⟩⇕⊓↕⊣⊔⟩≀\ ≀{ ⊔⟨⌉ ⌋⟩∇⌋⊓⟩⊔ ⟩\ ⟩⊔∫ ⌉\⊑⟩∇≀\⇕⌉\⊔↙ I\ ⊔⟨⌉ ∫⌋∫⟩↖⟩\⟩⊔↖∫⌉\⌈⇔ ⊔⟨⌉ ⌊∇⊣\⌋⟨ √∇≀⌊⊣⌊⟩↕⟩⊔⟩⌉∫ ⌈⌉√⌉\⌈ ≀\ ⊔⟨⌉ √⊣⌋‖⌉⊔ ∫⟩‡⌉∫ ≀{ SCSI ⊔∇⊣\∫{⌉∇∫↙ F≀∇ ⌉§⊣⇕√↕⌉⇔ ⊣ ∇⌉⊣∫≀\⊣⌊↕⌉ √⊣⌋‖⌉⊔ ∫⟩‡⌉ ⟩∫ ∞K ⌊†⊔⌉∫⇔ ⟩\ ⊒⟨⟩⌋⟨ ⌋⊣∫⌉ ⊔⟨⌉ ⌊∇⊣\⌋⟨ √∇≀⌊⊣⌊⟩↕⟩⊔⟩⌉∫ ⊒≀⊓↕⌈ ⌊⌉ ⊣∫ {≀↕↕≀⊒∫¬ ∫⊔⊣⊔⌉ ∋ ⊔≀ ∫⊔⊣⊔⌉ △¬ ′↙∃∃∃ ⊣\⌈ ∫⊔⊣⊔⌉ ∋ ⊔≀ ∫⊔⊣⊔⌉ ¬̸ ′↙′′∞↙ O⊓∇ ⌉\⌉∇}† ⌉∫⊔⟩⇕⊣⊔⟩≀\ ⊔⌉⌋⟨\⟩∐⊓⌉∫ {≀↕↕≀⊒ ⊣ ⊔⊒≀ ∫⊔⌉√ ⊣√√∇≀⊣⌋⟨↙ F⟩∇∫⊔⇔ ⊒⌉ ∐⊓⊣\⊔⟩{† ⊔⟨⌉ ⌉\⌉∇}† ⌋≀\∫⊓⇕⌉⌈ {≀∇ ⌉⊣⌋⟨ ∫√⌉⌋⟩⊘⌉⌈ ⌊⊓∇∫⊔ ⟩\ ⊔⟨⌉ XBM ⌈⟩⊣}∇⊣⇕↙ S⌉⌋≀\⌈⇔ ⊓∫⟩\} ⊔⟨⌉ ∐⊓⊣\⊔⟩⊘⌉⌈ ⌉\⌉∇}⟩⌉∫ √⌉∇ ⌊⊓∇∫⊔⇔ }⟩⊑⌉\ ⌊∇⊣\⌋⟨ ∫⊔⊣⊔⟩∫⊔⟩⌋∫⇔ ⊣\⌈ M⊣∇‖≀⊑ ⌋⟨⊣⟩\ ⊣\⊣↕†∫⟩∫⇔ ⊒⌉ ∐⊓⊣\⊔⟩{† ⊔⟨⌉ ⌉\⌉∇}† √⌉∇ ⊣⊑⌉∇⊣}⌉ ⌉§⊔⌉∇\⊣↕ ∫⟩}\⊣↕ ⊔∇⊣\∫⟩⊔⟩≀\∫↙ E\⌉∇}† ⌋≀\∫⊓⇕√⊔⟩≀\ ⟩∫ ∐⊓⊣\⊔⟩⊘⌉⌈ ⟩\ ⊔⊒≀ ⊒⊣†∫↙ F⟩∇∫⊔⇔ N↖⊑⊣↕⊓⌉⌈ ∫⟩⇕⊓↕⊣⊔⟩≀\ ⟩∫ ⊓∫⌉⌈ ⊔≀ √∇≀⊑⟩⌈⌉ ⇕⊣⊔⟨⌉⇕⊣⊔⟩⌋⊣↕↕† ⊔⟩}⟨⊔ ⊓√√⌉∇ ⊣\⌈ ↕≀⊒⌉∇ ⌊≀⊓\⌈∫ ≀\ ≀⊑⌉∇⊣↕↕ ⌉\⌉∇}† ⌋≀\∫⊓⇕√⊔⟩≀\ ⊣∫∫⊓⇕⟩\} ⊔⟨⌉ ⊓\⌊≀⊓\⌈⌉⌈ ⇐⊔⟩⇕⌉↖⊑⊣∇†⟩\}⇒ }⊣⊔⌉ ⊣\⌈ ⊒⟩∇⌉ ⌈⌉↕⊣† ⇕≀⌈⌉↕↙ T⟨⟩∫ ⌊≀⊓\⌈∫ ⊔⟨⌉ √≀↖ ⊔⌉\⊔⟩⊣↕ ⌉{{⌉⌋⊔∫ ≀{ ⟨⊣‡⊣∇⌈∫ ≀\ ∫⊒⟩⊔⌋⟨⟩\} ⊣⌋⊔⟩⊑⟩⊔† ≀⊑⌉∇ ⊣↕↕ √≀∫∫⟩⌊↕⌉ ≀√⌉∇⊣⊔⟩\} ⌋≀\⌈⟩⊔⟩≀\∫ ⊣\⌈ √∇≀⌋⌉∫∫ ⊑⊣∇⟩⊣⊔⟩≀\∫↙ S⌉⌋≀\⌈⇔ ⊘§⌉⌈↖⌈⌉↕⊣† ∫⟩⇕⊓↕⊣⊔⟩≀\ ⟩∫ √⌉∇{≀∇⇕⌉⌈ ⊔≀ √∇≀⊑⟩⌈⌉ ⊣ ∇⌉⊣∫≀\⊣⌊↕⌉ ⌉∫⊔⟩⇕⊣⊔⌉ ≀{ √≀⊒⌉∇ ⌋≀\∫⊓⇕√⊔⟩≀\ ⊔⟨⊣⊔ ⇕⊣† ⌊⌉ ⊓∫⌉⌈ ⊔≀ }⊓⟩⌈⌉ ↕≀⊒↖√≀⊒⌉∇ ∫†\⊔⟨⌉∫⟩∫ ⊣\⌈ ⌋⟨≀⟩⌋⌉∫ ⌊⌉⊔⊒⌉⌉\ ⌋⟩∇⌋⊓⟩⊔∫ ⌈⌉∫⟩}\⌉⌈ ⊒⟩⊔⟨ ⌈⟩{{⌉∇⌉\⊔ ⊣∫†\⌋⟨∇≀\≀⊓∫ ⇕⌉⊔⟨≀⌈≀↕≀}⟩⌉∫↙ T⟨⌉ ≀∇}⊣\⟩‡⊣⊔⟩≀\ ≀{ ⊔⟨⌉ √⊣√⌉∇ ⟩∫ ⊣∫ {≀↕↕≀⊒∫↙ S⌉⌋⊔⟩≀\ ∈ ⌈⟩∫↖ ⌋⊓∫∫⌉∫ ⊔⟨⌉ ⌈⟩{{⌉∇⌉\⌋⌉∫ ⟩\ ⌋⊣↕⌋⊓↕⊣⊔⟩\} ⌉\⌉∇}† ⟩\ ⊣∫†\⌋⟨∇≀\≀⊓∫ ⌋⟩∇↖ ⌋⊓⟩⊔∫ ⊑⌉∇∫⊓∫ ∫†\⌋⟨∇≀\≀⊓∫⌋⟩∇⌋⊓⟩⊔∫⇔ ⊔⟨⌉∇⌉⌊† ⇕≀⊔⟩⊑⊣⊔⟩\} ≀⊓∇ ⊔⊒≀↖∫⊔⌉√ ⊣√√∇≀⊣⌋⟨ ⊔≀ ⌉\⌉∇}† ⌉∫⊔⟩⇕⊣⊔⟩≀\↙ S⌉⌋⊔⟩≀\ ∋ ⌈⌉∫⌋∇⟩⌊⌉∫ ⊔⟨⌉ ⌋↕⊣∫∫⌉∫ ≀{ ⌊⊓∇∫⊔↖⇕≀⌈⌉ ⌋⟩∇⌋⊓⟩⊔∫ ⊣\⌈ ⊔⟨⌉⟩∇ ∫√⌉⌋⟩⊘⌋⊣⊔⟩≀\∫↙ S⌉⌋⊔⟩≀\ △ √∇⌉∫⌉\⊔∫ ≀⊓∇ ⊔⌉⌋⟨\⟩∐⊓⌉∫ ⊔≀ ∐⊓⊣\⊔⟩{† ⌉\⌉∇}† ⌋≀\∫⊓⇕⌉⌈ ⌈⊓∇⟩\} ⊣ }⟩⊑⌉\ ∫⟩⇕↖ √↕⌉ ⌊⊓∇∫⊔↙ S⌉⌋⊔⟩≀\ ▽ ⌈⌉∫⌋∇⟩⌊⌉∫ ≀⊓∇ ∫⊔≀⌋⟨⊣∫⊔⟩⌋ ⊣\⊣↕†∫⟩∫ ⊔≀ ⌋≀⇕⌊⟩\⌉ ⊔⟨⌉ ⇕⌉⊣∫⊓∇⌉⌈ ⊣\⌈ ⌉∫⊔⟩⇕⊣⊔⌉⌈ ⌉\⌉∇}† √⌉∇ ⌊⊓∇∫⊔∫ ⟩\⊔≀ ∫⟩\}↕⌉ ⊘}⊓∇⌉∫ ≀{ ⇕⌉∇⟩⊔↙ S⌉⌋⊔⟩≀\ ̸⌉§⊔⌉\⌈∫ ⊔⟨⌉ ⊔⌉⌋⟨\⟩∐⊓⌉∫ ⊔≀ ⌉§⊔⌉\⌈⌉⌈ ⌊⊓∇∫⊔↖⇕≀⌈⌉ ⌋⟩∇⌋⊓⟩⊔∫↙ S⌉⌋⊔⟩≀\ ∇⌉↕⊣⊔⌉∫ ≀⊓∇ ⊒≀∇‖ ⊔≀ ⊔⟨⊣⊔ ⟩\ ∫†\⌋⟨∇≀\≀⊓∫ ∫⊒⟩⊔⌋⟨↖ ⟩\} ⌉∫⊔⟩⇕⊣⊔⟩≀\↙ S⌉⌋⊔⟩≀\ ∀ ⌈⌉∫⌋∇⟩⌊⌉∫ ∫≀⇕⌉ √∇⌉↕⟩⇕⟩\⊣∇† ∇⌉∫⊓↕⊔∫ ⊣\⌈ ⌋≀\⌋↕⊓∫⟩≀\∫↙

∈ ENERGY ESTIMATION IN ASYNCHRONOUS VERSUS SYNCHRONOUS CIRCUITS ∈↙∞ M≀⊔⟩⊑⊣⊔⟩≀\ T⟨⌉ ↕⊣⌋‖ ≀{ ⊣ }↕≀⌊⊣↕ ⌋↕≀⌋‖ ⟩\ ⊣∫†\⌋⟨∇≀\≀⊓∫ ⌋⟩∇⌋⊓⟩⊔∫ ⌋∇⌉⊣⊔⌉∫ ⌋⟩∇↖ ⌋⊓⟩⊔ ⊣\⌈ ⊣∇⌋⟨⟩⊔⌉⌋⊔⊓∇⊣↕ ⌋⟨⊣∇⊣⌋⊔⌉∇⟩∫⊔⟩⌋∫ ⊒⟨⟩⌋⟨ ⇕≀⊔⟩⊑⊣⊔⌉ ≀⊓∇ ⊔⊒≀↖∫⊔⌉√ ⊣√√∇≀⊣⌋⟨ ⊔≀ ⌉∫⊔⟩⇕⊣⊔⟩\} ⌉\⌉∇}† ⌋≀\∫⊓⇕√⊔⟩≀\ ⟩\ ⊣∫†\⌋⟨∇≀\≀⊓∫ ⌋⟩∇↖ ⌋⊓⟩⊔∫¬

• C≀\⊔∇≀↕ ⌋⟩∇⌋⊓⟩⊔∫ ⌈∇⟩⊑⌉ ∇⌉}⟩∫⊔⌉∇∫¬ B⌉⌋⊣⊓∫⌉ ⊣∫†\⌋⟨∇≀\≀⊓∫ ⌋≀\⊔∇≀↕ ⌋⟩∇⌋⊓⟩⊔∫ ⊣∇⌉ ∇⌉∫√≀\∫⟩⌊↕⌉ {≀∇ ⌋≀\⊔∇≀↕↕⟩\} ⊣\⌈ ⌈∇⟩⊑⟩\} ⊣↕↕ ∇⌉}⟩∫⊔⌉∇ ⌉\⊣⌊↕⌉ ↕⟩\⌉∫ ⇐⟩\ ↕⟩⌉⊓ ≀{ ⊣ }↕≀⌊⊣↕ ⌋↕≀⌋‖⇒⇔ ⌋⌉∇⊔⊣⟩\ ≀⊓⊔√⊓⊔∫ ⊒⟩↕↕ ⟨⊣⊑⌉ ↕⊣∇}⌉ ⌋⊣√⊣⌋⟩⊔⟩⊑⌉ ↕≀⊣⌈∫⇔⟩⇕√↕†⟩\} ⊔⟨⊣⊔ ⊔⟨⌉∫⌉ ⌋≀\⊔∇≀↕ ⌋⟩∇⌋⊓⟩⊔∫ ⇕⊣† ⊑⌉∇† ⊒⌉↕↕ ⌋≀\∫⊓⇕⌉ ⊣ ↕⊣∇}⌉∇ √⌉∇⌋⌉\⊔↖ ⊣}⌉ ≀{ ⊔≀⊔⊣↕ ⌋⟨⟩√ ⌉\⌉∇}† ⊣∫ ⌋≀⇕√⊣∇⌉⌈ ⊔≀ ∫†\⌋⟨∇≀\≀⊓∫ ⌋≀\↖ ⊔∇≀↕ ⌋⟩∇⌋⊓⟩⊔∫↙ M≀∇⌉≀⊑⌉∇⇔ ∫⟩\⌋⌉ ⊔⟨⌉ }⊣⊔⌉ ⌋⊣√⊣⌋⟩⊔⊣\⌋⌉∫ ⊒⟩⊔⟨⟩\ ⊣\ ⊣∫†\⌋⟨∇≀\≀⊓∫ ⌋⟩∇⌋⊓⟩⊔ ⌋⊣\ ⊑⊣∇† ⌈∇⊣⇕⊣⊔⟩⌋⊣↕↕†⇔ ⊣⌋⌋⊓∇⊣⊔⌉ ∫⊒⟩⊔⌋⟨⟩\} ⌉∫⊔⟩⇕⊣⊔⌉∫ {≀∇ ⌉⊣⌋⟨ }⊣⊔⌉ ⇕⊣† ⌊⌉ ⇕≀∇⌉ ⟩⇕√≀∇⊔⊣\⊔ ⟩\ ⊣∫†\⌋⟨∇≀\≀⊓∫ ⌋⟩∇⌋⊓⟩⊔∫ ⊔⟨⊣\ ⟩\ ∫†\⌋⟨∇≀\≀⊓∫ ≀\⌉∫↙ • D⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ⌋≀\⊔∇≀↕¬ C≀\⊔∇≀↕ ⌋⟩∇⌋⊓⟩⊔∫ ⟩\ ⊣∫†\⌋⟨∇≀\≀⊓∫⌋⟩∇↖ ⌋⊓⟩⊔∫ ⊔⌉\⌈ ⊔≀ ⌊⌉ ⇕≀∇⌉ \⊓⇕⌉∇≀⊓∫ ⊣\⌈ ≀\ ⊣⊑⌉∇⊣}⌉ ∫⇕⊣↕↕⌉∇ ⊔⟨⊣\ ⊔⟨≀∫⌉ ⟩\ ∫†\⌋⟨∇≀\≀⊓∫ ⌋⟩∇⌋⊓⟩⊔∫↙ I\ ≀⊓∇ ⌉§√⌉∇⟩⌉\⌋⌉⇔ ⇕≀∫⊔ √∇⊣⌋⊔⟩⌋⊣↕ ⌊⊓∇∫⊔↖⇕≀⌈⌉ ∫√⌉⌋⟩⊘⌋⊣⊔⟩≀\∫ ⊣∇⌉ ↕⌉∫∫ ⊔⟨⊣\ ∞′′ ∫√⌉⌋⟩⊘⌉⌈ ⌊⊓∇∫⊔∫ ⊣\⌈ ⌋⟩∇⌋⊓⟩⊔ ∫⟩‡⌉∫ ≀{ ↕⌉∫∫ ⊔⟨⊣\ ∞K }⊣⊔⌉∫↙ C≀\∫⌉∐⊓⌉\⊔↕†⇔ ⟩⊔ ⟩∫ ⌋≀⇕√⊓⊔⊣⊔⟩≀\⊣↕↕† {⌉⊣∫⟩⌊↕⌉ ⊔≀ ⊓∫⌉ ⊣ ⇕≀∇⌉ ⌋≀⇕√↕⌉§ √≀⊒⌉∇↖⌉∫⊔⟩⇕⊣⊔⟩≀\ √∇≀⌋⌉⌈⊓∇⌉ ⊔⟨⊣⊔ ⟩∫ ⇕≀∇⌉ ⊣⌋⌋⊓∇⊣⊔⌉↙ M≀∫⊔ ∫†\⌋⟨∇≀\≀⊓∫ ∫⊒⟩⊔⌋⟨⟩\}↖⌉∫⊔⟩⇕⊣⊔⟩≀\ √∇≀⌋⌉⌈⊓∇⌉∫ ⇐⌉↙}↙⇔ ∪▽⇔ ∞△⇔ ∀⊎⇒ ⊣∫∫⊓⇕⌉ }⟩⊑⌉\ ∫⊒⟩⊔⌋⟨⟩\} √∇≀⌊⊣⌊⟩↕⟩⊔⟩⌉∫ ≀\ ⟩\√⊓⊔∫ ⊔⟨⊣⊔ ⊣∇⌉ ∫†⇕⌊≀↕⟩⌋⊣↕↕† √∇≀√⊣}⊣⊔⌉⌈ ⊔⟨∇≀⊓}⟨ ⊣↕↕ ⌋⟩∇⌋⊓⟩⊔ \≀⌈⌉∫ ⊔≀ ⊔⟨⌉ ≀⊓⊔√⊓⊔∫↙ T⟨⟩∫ ⇕⌉⊔⟨≀⌈≀↕≀}† ⟨⊣∫ ↕≀⊒ ⌋≀⇕√⊓⊔⊣⊔⟩≀\ ⌋≀⇕√↕⌉§⟩⊔†⇔ ⊒⟨⟩⌋⟨ ⟩∫ ⟩⇕↖ √≀∇⊔⊣\⊔ ∫⟩\⌋⌉ ⇕⊣\† ∫†\⌋⟨∇≀\≀⊓∫ ⌋⟩∇⌋⊓⟩⊔∫ ⟨⊣⊑⌉ ⇕≀∇⌉ ⊔⟨⊣\ ∞′K }⊣⊔⌉∫↙ H≀⊒⌉⊑⌉∇⇔ ⟩⊔ ⟩∫ \≀⊔ ≀⌊⊑⟩≀⊓∫ ⟨≀⊒ ⊔≀ ⌈⌉∇⟩⊑⌉ ∫⟩}\⊣↕ √∇≀⌊⊣↖ ⌊⟩↕⟩⊔⟩⌉∫ ⊣\⌈ ⌋≀∇∇⌉↕⊣⊔⟩≀\∫ {∇≀⇕ ⊣∫†\⌋⟨∇≀\≀⊓∫ ⌋⟩∇⌋⊓⟩⊔ ∫√⌉⌋⟩⊘⌋⊣⊔⟩≀\∫↙ M≀∇⌉≀⊑⌉∇⇔ {⌉⊒ ⊔≀≀↕∫ ⌊⊣∫⌉⌈ ≀\ ⊔⟨⟩∫ ⊣√√∇≀⊣⌋⟨ ⌋⊣\ }⟩⊑⌉ ⊣⌋⌋⊓∇⊣⊔⌉ ∫⊒⟩⊔⌋⟨⟩\} ⌉∫⊔⟩⇕⊣⊔⌉∫ ≀\ ⟩\⌈⟩⊑⟩⌈⊓⊣↕ }⊣⊔⌉∫∅ ⊔⟨⌉† ⊣∇⌉ ⇕⊓⌋⟨ ⌊⌉⊔⊔⌉∇ ⊣⊔ √∇≀⊑⟩⌈⟩\} }≀≀⌈ ⊔≀⊔⊣↕ ⌉\⌉∇}† ⌉∫⊔⟩⇕⊣⊔⌉∫↙ T⟨⟩∫ ∫⊓}}⌉∫⊔∫⊔⟨⊣⊔ {≀∇ ⊣∫†\↖ ⌋⟨∇≀\≀⊓∫ ⌋⟩∇⌋⊓⟩⊔∫⇔ \⊣⟩⊑⌉ √∇≀⌊⊣⌊⟩↕⟩∫⊔⟩⌋ ⊣√√∇≀⊣⌋⟨⌉∫ ⇕⊣† ⟨⊣⊑⌉ ↕≀⊒⌉∇ ⊣⌋⌋⊓∇⊣⌋†↙ O\ ⊔⟨⌉ ≀⊔⟨⌉∇ ⟨⊣\⌈⇔ ⌉§⊔⌉\∫⟩⊑⌉ ∫⟩⇕⊓↕⊣⊔⟩≀\ ≀{ ⊣\ ⊣∫†\↖ ⌋⟨∇≀\≀⊓∫ ⌋⟩∇⌋⊓⟩⊔ ⟩\ ⟩⊔∫ ⌉\⊑⟩∇≀\⇕⌉\⊔ ⟩∫ ∫⊔⟩↕↕ ⌋≀⇕√⊓⊔⊣⊔⟩≀\⊣↕↕† ⊑⌉∇† ⌉§√⌉\∫⟩⊑⌉ ⊣\⌈ ⊓\\⌉⌋⌉∫∫⊣∇†↙ W⌉ √∇≀√≀∫⌉ ⊣ ⊔⊒≀↖∫⊔⌉√ ⊣√√∇≀⊣⌋⟨ ⟩\ ⊒⟨⟩⌋⟨ ⊣\ ⌉{⊘⌋⟩⌉\⊔ ∫⟩⇕⊓↕⊣⊔⟩≀\↖⌊⊣∫⌉⌈ ⊣↕}≀∇⟩⊔⟨⇕ ⌊≀⊓\⌈∫ ⌉\⌉∇}† √⌉∇ ⌊⊓∇∫⊔ {∇≀⇕ ⊒⟨⟩⌋⟨ ⌊≀⊓\⌈∫≀\ ⊔≀⊔⊣↕ ⊣⊑⌉∇⊣}⌉⌉\⌉∇}† ⌋≀\∫⊓⇕⌉⌈⌋⊣\ ⌊⌉ ⌈⌉∇⟩⊑⌉⌈ ⊓∫⟩\} }⟩⊑⌉\ ⌊∇⊣\⌋⟨ √∇≀⌊⊣⌊⟩↕⟩⊔⟩⌉∫ ⊣\⌈ ∫⊔≀⌋⟨⊣∫⊔⟩⌋ ⊣\⊣↕†∫⟩∫↙ ∈↙∈ A⊑⌉∇⊣}⌉ ⌉\⌉∇}† √⌉∇ ⌉§⊔⌉∇\⊣↕ ∫⟩}\⊣↕ ⊔∇⊣\∫⟩⊔⟩≀\ T≀ ⌈⌉⊘\⌉ ⌉\⌉∇}† √⌉∇ ⌉§⊔⌉∇\⊣↕ ∫⟩}\⊣↕ ⊔∇⊣\∫⟩⊔⟩≀\ {≀∇ ⊣ ⌋⟩∇⌋⊓⟩⊔⇔ ⊔⟨⌉ {≀↕↕≀⊒⟩\} ⌈⌉⊘\⟩⊔⟩≀\∫ ⊣∇⌉ \⌉⌉⌈⌉⌈¬ ⊣ ⊔∇⊣⌋⌉ T of the circuit is a sequence of speciαed signal transitions ⟨t1, . . . , tn⟩∅ T ⟩∫ ⊔⟨⌉ ∫⌉⊔ ≀{ ⊣↕↕ ⊔∇⊣⌋⌉∫ ⊔⟨⊣⊔ ∫⊔⊣∇⊔ ⊣⊔ ⊔⟨⌉ ⟩\⟩⊔⟩⊣↕ ∫⊔⊣⊔⌉ ⊣\⌈ ⊣∇⌉ ∫√⌉⌋⟩⊘⌉⌈ ⊔≀ ≀⌋⌋⊓∇∅ ⊣\⌈⇔ T^k is a set of all traces in T ⊔⟨⊣⊔ ⟨⊣⊑⌉ k exter nal signal transitions▷ For example in the scsiinitsend exam ple rin⇀ is a directed donφt care signal which may or may not rise in state 0 ↼described more formally below↽▷ As a result T ∋ = { < ok+, rin+, frout+ > < rin+, ok+, frout+ > < ok+, frout+, rin+ > < ok+, frout+, fain+ > }↙ F≀∇ ∫⟩⇕√↕⟩⌋⟩⊔†⇔ ⊒⌉ ⊣∫∫⊓⇕⌉ ⌉\⌉∇}† ⌋≀\∫⊓⇕√⊔⟩≀\ ⌈⌉√⌉\⌈∫ ≀\↕† ≀\ ⊔⟨⌉ ⌋⊣√⊣⌋⟩⊔⊣\⌋⌉ ⊣⊔ ⊔⟨⌉ ≀⊓⊔√⊓⊔ ≀{ ⊔⟨⌉ }⊣⊔⌉∫ ⊔⟨⊣⊔ ∫⊒⟩⊔⌋⟨ ⌈⊓∇⟩\} ⊔⟨⌉ ⌉§⌉⌋⊓⊔⟩≀\ ≀{ T ▷ The wellknown formula for energy consumption is. En(T ) = Xgates12· Cgateload· V dd2· (# of gate switches). (1) A more accurate model of En(T ) would consider the energy consumed through charging/dischargingof capacitancethat is internal to the gates along with other factors, such as short-circuit current.

Furthermore, we associate a probability for each trace in T ∈ T^k denoted P r XBM(T ), subject to the constraint that

P_{T ∈T k P rXBM(T ) = 1 for all k▷ Theseprobabilities dependson} gate delays and the probability of various environmental choices▷ For example consider the four traces in T∋↙ W⟨⟩↕⌉ ⊔⟨⌉ ∫⊓⇕ ≀{ ⊔⟨⌉⟩∇ √∇≀⌊⊣⌊⟩↕⟩⊔⟩⌉∫ ∫⟨≀⊓↕⌈ ⌉∐⊓⊣↕ ∞⇔ ⊔⟨⌉⟩∇ ⌉§⊣⌋⊔ √∇≀⌊⊣⌊⟩↕⟩⊔⟩⌉∫⇔ ⟨≀⊒⌉⊑⌉∇⇔ ⌈⌉√⌉\⌈ ≀\ ⊔⟨⌉ ∇⌉↕⊣⊔⟩⊑⌉ ⌈⌉↕⊣†∫ ≀{ ⊔⟨⌉ ⌋⟩∇⌋⊓⟩⊔ ⊣\⌈ ⊔⟨⌉ ⌉\⊑⟩∇≀\⇕⌉\⊔↙ I{ ⊔⟨⌉ ⌉\⊑⟩∇≀\⇕⌉\⊔ ⟩∫ ‖\≀⊒\ ⊔≀ }⌉\⌉∇⊣⊔⌉ \⌉⊒ ∇⌉∐⊓⌉∫⊔∫ ⇐∇⊣⟩∫⌉ ∇⟩\⇒ ∇⌉↕⊣⊔⟩⊑⌉↕† ∫↕≀⊒↕†⇔ ⊣ ⌈⌉↕⊣† ⊣\⊣↕†∫⟩∫ ⇕⟩}⟨⊔ }⌉\⌉∇⊣⊔⌉ ′↙ {≀∇ ⊔⟨⌉ √∇≀⌊↖ ⊣⌊⟩↕⟩⊔† ≀{ ⊔⟨⌉ {≀⊓∇⊔⟨ ⊔∇⊣⌋⌉ < ok+, frout+, fain+ > and 0▷1 for each of the other three traces▷ These probabilities depend on gate delays and the probabilities ov various environmental choices▷ Finally we present our deαnition for average energy per exter nal signal transition denoted E. E = lim k → ∞ P_{T ∈T k En(T ) · P rXBM(T )k . (2)} 3 SPECIFICATIONS AND CIRCUIT IMPLEMENTATIONS In this paper we restrict ourselves to speciffcations that are extended burst-mode diagrams and hazard-free multi-level logic implementations, as deffned in this section. 3.1 Extended Burst-Mode Speciffcations An extended burst-mode asynchronous ffnite state machine [18] is speciffed by a state diagram which consists of a ffnite number of states, a set of labeled state transitions connecting pairs of states, and a start state. (These speciffcations extend the original burst-mode format introduced in [11].)

Figure 1 shows an example of the extended burst-mode speciffcation. Signals not enclosed in angle brackets and ending with + or − ⊣∇⌉ ⊔⌉∇⇕⟩\⊣⊔⟩\} ⌉⌈}⌉ ∫⟩}\⊣↕∫↙ T⟨⌉ ∫⟩}\⊣↕∫ ⌉\⌋↕≀∫⌉⌈ ⟩\ ⊣\}↕⌉ ⌊∇⊣⌋‖⌉⊔∫ ⊣∇⌉ ⌋≀\⌈⟩⊔⟩≀\⊣↕∫⇔ ⊒⟨⟩⌋⟨ ⊣∇⌉ ↕⌉⊑⌉↕ ∫⟩}\⊣↕∫ ⊒⟨≀∫⌉ ⊑⊣↕⊓⌉∫ ⊣∇⌉ ∫⊣⇕√↕⌉⌈ ⊒⟨⌉\ ⊣↕↕ ≀{ ⊔⟨⌉ ⊔⌉∇⇕⟩\⊣⊔⟩\} ⌉⌈}⌉∫ ⊣∫∫≀⌋⟩⊣⊔⌉⌈ ⊒⟩⊔⟨ ⊔⟨⌉⇕ ⟨⊣⊑⌉ ≀⌋⌋⊓∇∇⌉⌈↙ A ⌋≀\⌈⟩⊔⟩≀\⊣↕ ⟨a+⟩ ⌈⌉\≀⊔⌉∫ ⊖⟩{ a is highν and ⟨a^−⟩ ⌈⌉\≀⊔⌉∫ ⊖⟩{ a is low▷ν A state transition occurs only if all of the conditions are met and all the terminating edges have appeared▷ A signal ending with an asterisk is a directed donφt care▷ If a is a directed donφt care there must be a sequence of state transitions in the machine labeled with a^∗↙ I{ ⊣ ∫⊔⊣⊔⌉ ⊔∇⊣\∫⟩⊔⟩≀\ ⟩∫ ↕⊣⌊⌉↕⌉⌈ ⊒⟩⊔⟨ a ∗⇔ ⊔⟨⌉ {≀↕↕≀⊒⟩\} ∫⊔⊣⊔⌉ ⊔∇⊣\∫⟩⊔⟩≀\∫ ⟩\ ⊔⟨⌉ ⇕⊣⌋⟨⟩\⌉ ⇕⊓∫⊔ ⌊⌉ ↕⊣⌊⌉↕⌉⌈ ⊒⟩⊔⟨ a ∗ ≀∇ ⊒⟩⊔⟨ a + or a− ⇐⊔⟨⌉ ⊔⌉∇⇕⟩\⊣⊔⟩\} ⌉⌈}⌉ {≀∇ ⊔⟨⌉ ⌈⟩∇⌉⌋⊔⌉⌈ ⌈≀\≃⊔ ⌋⊣∇⌉⇒↙ F⟩}⊓∇⌉ ∞ ⌈⌉∫⌋∇⟩⌊⌉∫ ⊣ ∫⊔⊣⊔⌉ ⇕⊣⌋⟨⟩\⌉ ⟨⊣⊑⟩\} ⊣ ⌋≀\⌈⟩⊔⟩≀\⊣↕ ⟩\√⊓⊔ ⌋\⊔}⊔∞⇔ ∋ ⌉⌈}⌉ ⟩\√⊓⊔∫ ⇐≀‖⇔ ∇⟩\⇔ {⊣⟩\⇒⇔ ⊣\⌈ ∈ ≀⊓⊔√⊓⊔∫ ⇐⊣≀⊓⊔⇔ {∇≀⊓⊔⇒↙ C≀\∫⟩⌈⌉∇ ⊔⟨⌉ ∫⊔⊣⊔⌉ ⊔∇⊣\∫⟩⊔⟩≀\∫ ≀⊓⊔ ≀{ ∫⊔⊣⊔⌉ ∋↙ T⟨⌉ ⌊⌉⟨⊣⊑⟩≀∇ ≀{ ⊔⟨⌉ ⇕⊣⌋⟨⟩\⌉ ⊣⊔ ⊔⟨⟩∫ √≀⟩\⊔ ⟩∫¬ ⊖⟩{ ⌋\⊔}⊔∞ ⟩∫ ↕≀⊒ ⊒⟨⌉\ ∇⟩\ {⊣↕↕∫⇔ ⌋⟨⊣\}⌉ ⊔⟨⌉ ⌋⊓∇∇⌉\⊔ ∫⊔⊣⊔⌉ {∇≀⇕ ∋ ⊔≀ ̸⊣\⌈ ↕≀⊒⌉∇ ⊔⟨⌉ ≀⊓⊔√⊓⊔ ⊣≀⊓⊔∅ ⟩{ ⌋\⊔}⊔∞ ⟩∫ ⟨⟩}⟨ ⊒⟨⌉\ ∇⟩\ {⊣↕↕∫⇔ ⌋⟨⊣\}⌉ ⊔⟨⌉ ⌋⊓∇∇⌉\⊔ ∫⊔⊣⊔⌉ {∇≀⇕ ∋ ⊔≀ △ ⊣\⌈ ↕≀⊒⌉∇ ⊣≀⊓⊔ ⊣\⌈ ∇⊣⟩∫⌉ {∇≀⊓⊔↙⪰ A ⌈⟩∇⌉⌋⊔⌉⌈ ⌈≀\≃⊔ ⌋⊣∇⌉ ⇕⊣† ⌋⟨⊣\}⌉ ⊣⊔ ⇕≀∫⊔ ≀\⌋⌉ ⌈⊓∇⟩\} ⊣ ∫⌉↖ ∐⊓⌉\⌋⌉ ≀{ ∫⊔⊣⊔⌉ ⊔∇⊣\∫⟩⊔⟩≀\∫ ⊒⟨⟩⌋⟨ ⟩⊔ ↕⊣⌊⌉↕∫↙ T⟨⊣⊔ ⟩∫⇔ ⌈⟩∇⌉⌋⊔⌉⌈ ⌈≀\≃⊔ ⌋⊣∇⌉∫ ⊣∇⌉ ⇕≀\≀⊔≀\⟩⌋ ∫⟩}\⊣↕∫⇔ ⊣\⌈⇔ ⟩{ ≀\⌉ ⌈≀⌉∫ \≀⊔ ⌋⟨⊣\}⌉ ⌈⊓∇⟩\} ⊔⟨⟩∫ ∫⌉∐⊓⌉\⌋⌉⇔ ⟩⊔ ⇕⊓∫⊔ ⌋⟨⊣\}⌉ ⟩\ ⊔⟨⌉ ∫⊔⊣⊔⌉ ⊔∇⊣\∫⟩⊔⟩≀\ ↕⊣⌊⌉↕⌉⌈ ⌊† ⊔⟨⌉ ⊔⌉∇⇕⟩\⊣⊔⟩\} ⌉⌈}⌉↙ I\ ⊘}⊓∇⌉ ∞⇔ rin is low when the speciffcation is in state 4. It can rise at any point as the machine moves through state 5 but it must have risen by the time the machine moves to state 3 becausethe terminating edge rin+ appears between states 5 and 3.

The input signals are globally partitioned into level signals (conditionals), which can never be used as edge signals, and edge signals (terminating or directed don’t care), which can never be used as level signals. If a level signal is not mentioned on a particular state transition, it may change freely. If an edge signal is not mentioned, it is not allowed to change. 3.2 3-D Machines In this paper, we assume that XBM speci�cations are implemented in 3-D design style [17] (for an alternative burst-mode style, see [9]). A 3-D machine is formally representedas a 4-tuple (X, Y, Z, δ), where X is a set of primary input symbols Y a set of primary output symbols Z a possibly empty set of state variable symbols and δ . X × Y × Z → Y × Z is a nextstate function▷ The hardware implementation of a 3D machine is a combinational network which implements the nextstate func tion with the outputs of the network fed back as inputs to the network▷ There are no explicit storage elements such as latches βipβops or Celements in a 3D machine▷ 3▷3 Multilevel implementations Multilevel implementations of the combinational network imple menting the nextstate functions can be derived from a BDDbased synthesis ♭18♯ or from hazardfree twolevel circuits ♭12♯ using hazardnonincreasing transformations ♭4♯▷ In both cases the combinational circuits resulting from cutting feedback paths are guaranteed to be hazardfree at the outputs under arbitrary wire delay assumption▷ Multilevel logic may amplify the potential effect of hazards on energy consumption▷ In the presence of widely varying path lengths through the combinational logic an internal signal can glitch multiple times consuming a signiαcant fraction of energy▷ This is a wellknown problem within many implementation of combinational multipliers ♭2♯ suggesting that the analysis of haz ards in multilevel burstmode circuits is worthwhile▷ 4 QUANTIFYING ENERGY PER BURST This αrst half of our energy estimation procedures analyzes the energy consumption of each input◁output burst in isolation▷ We αrst present an algorithm to αnd mathematically tight bounds of energy consumed and then a methodology to provide an estimate on energy consumed▷ The estimate indicates where between the upper and lower bounds the actual energy consumption will be▷ 4▷1 Bounding energy per burst To mathematically bound the switching activity of a burst an un derlying delay model much be chosen▷ This delay model should be pessimistic which can take into consideration all possible changes in operating and process conditions▷ Note that a αxeddelay model would not be a good choice since small variations in αxed de lays could lead to signiαcant differences in switching activity▷ We propose instead the unbounded gate and wire delay model in which wires can have arbitrary ↼but αnite↽ and timevarying delays▷ Although this model may be unrealistically pessimistic our experimental results suggest that the difference in upper and lower bounds is often a very small percentage of the total energy consumed▷ Hence using this model we can provide solid evi dence that hazards do not signiαcantly contribute to the energy consumption of burstmode circuits▷ To bound the energy per burst under the unbounded gate and wire delay model we introduce a new method called Nvalued

Algorithm 4▷1 ↼Nvalued simulation↽ ◁⇀ G = (V, E) is the graph of the circuit T / topological sort of gates from inputs to outputs i / a given burst ↼e▷g i = a+b+c+) n^{max} / a vector containing all upper bounds n^{max}[u] = upper bound on # times signal u switches n^{min} / a vector containing all lower bounds n^{min}[u] = lower bound on # times signal u switches v^{new} / a vector for each new value v^{new}[u] = value of signal u after burst occurs and circuit settles v^{old} / a vector of all old values v^{old}[u] = value of signal u before burst occurs ⇀◁ Nvaluesimulation↼T, i↽ { S⌉⊔ v^{new}[u] and v^{old}[u] for all signals u in burst i For each gate u in topological order T { n^{max}[u] = ub # gate switches(n^{max}v^{old}, v^{new}u↽ n^{min}[u] = lb # gate switches(n^{min}n^{max}v^{old}, v^{new}u↽ }} F⟩}⊓∇⌉ ∈¬ N↖⊑⊣↕⊓⌉⌈ ∫⟩⇕⊓↕⊣⊔⟩≀\ ⊔≀ ⌊≀⊓\⌈ ∫⊒⟩⊔⌋⟨⟩\} ⊣⌋⊔⟩⊑⟩⊔† ⌈⊓∇⟩\} ⊣ }⟩⊑⌉\ ⌊⊓∇∫⊔ ∫⟩⇕⊓↕⊣⊔⟩≀\⇔ ⊒⟨⟩⌋⟨ ⟩∫ ⊑⌉∇† ∫⟩⇕⟩↕⊣∇ ⊔≀ ∃↖⊑⊣↕⊓⌉⌈ ∫⟩⇕⊓↕⊣⊔⟩≀\ ⌈⌉∫⌋∇⟩⌊⌉⌈ ⌊† K⊓\} ∪△⊎↙ L⟩‖⌉ ∃↖⊑⊣↕⊓⌉⌈ ∫⟩⇕⊓↕⊣⊔⟩≀\⇔ ≀⊓∇ N↖⊑⊣↕⊓⌉⌈ ∫⟩⇕⊓↕⊣⊔⟩≀\ ⊔∇⊣⊑⌉∇∫⌉∫ ⊔⟨⌉ ⌋⟩∇⌋⊓⟩⊔ ⊔≀√≀↕≀}⟩⌋⊣↕↕† ⊣\⌈ √∇≀√⊣}⊣⊔⌉∫ ⊔⟨⌉ \⊓⇕⌊⌉∇ ≀{ ⊔∇⊣\∫⟩⊔⟩≀\∫ √≀∫∫⟩⌊↕⌉ ⊣⊔ ⌉⊣⌋⟨ }⊣⊔⌉↙ H≀⊒⌉⊑⌉∇⇔ ⊓\↕⟩‖⌉ ∃↖⊑⊣↕⊓⌉⌈ ∫⟩⇕⊓↖ ↕⊣⊔⟩≀\⇔ N↖⊑⊣↕⊓⌉⌈ ∫⟩⇕⊓↕⊣⊔⟩≀\ ⌋⊣\ ‖⌉⌉√ ⊔∇⊣⌋‖ ≀{ ⊣\ ⊣∇⌊⟩⊔∇⊣∇† \⊓⇕⌊⌉∇ ≀{ }↕⟩⊔⌋⟨⌉∫ ⊣⊔ ⌉⊣⌋⟨ \≀⌈⌉↙ M≀∇⌉≀⊑⌉∇⇔ ⟩\∫⊔⌉⊣⌈ ≀{ ⇕⊣\⊣}⟩\} ⇕⌉⇕≀∇†↖ ⟩\⊔⌉\∫⟩⊑⌉ ↕≀≀‖ ⊓√ ⊔⊣⌊↕⌉∫⇔ ⊒⌉ ⟩⇕√↕⌉⇕⌉\⊔ ⌉⊣⌋⟨ ∫⊔⌉√ ⟩\ ⊔⟨⌉ N↖⊑⊣↕⊓⌉⌈ ∫⟩⇕⊓↕⊣⊔⟩≀\ ⊓∫⟩\} ⊣ ∫⟩⇕√↕⌉ ⌈⌉⌋⟩∫⟩≀\ √∇≀⌋⌉⌈⊓∇⌉ ⌊⊣∫⌉⌈ ≀\ ⊣↕}⌉⌊∇⊣⟩⌋ ⌉∐⊓⊣⊔⟩≀\∫↙ F⟩\⊣↕↕†⇔ ⊒⌉ ⟨⊣⊑⌉ ⊣⌈⊣√⊔⌉⌈ ≀⊓∇ N↖⊑⊣↕⊓⌉⌈ ∫⟩⇕⊓↕⊣⊔⟩≀\ ⊔≀ ‖⌉⌉√ ⌊≀⊔⟨ ⊓√√⌉∇ ⊣\⌈ ↕≀⊒⌉∇ ⌊≀⊓\⌈∫ ≀{ ∫⊒⟩⊔⌋⟨⟩\} ⊣⌋⊔⟩⊑⟩⊔† ⊣⊔ ⌉⊣⌋⟨ \≀⌈⌉↙ T⟨⌉ ⟨⟩}⟨↖↕⌉⊑⌉↕ ⌈⌉∫⌋∇⟩√⊔⟩≀\ ≀{ ⊔⟨⌉ ⊣↕}≀∇⟩⊔⟨⇕ ⟩∫ }⟩⊑⌉\ ⟩\ F⟩}↖ ⊓∇⌉ ∈↙ T⟨⌉∇⌉ ⊣∇⌉ ⊔⊒≀ ‖⌉† {⊓\⌋⊔⟩≀\∫ ⟩\ ⊔⟨⌉ ⊣↕}≀∇⟩⊔⟨⇕ ⊒⟨⟩⌋⟨ ∇⌉⊔⊓∇\ ↕≀⊒⌉∇ ⊣\⌈ ⊓√√⌉∇ ⌊≀⊓\⌈∫ ≀\ ⊔⟨⌉ ∫⊒⟩⊔⌋⟨⟩\} ⊣⌋⊔⟩⊑⟩⊔† ≀{ ⊣ }⊣⊔⌉ }⟩⊑⌉\ ⌊≀⊓\⌈∫ ≀\ ⊔⟨⌉ ∫⊒⟩⊔⌋⟨⟩\} ≀{ ⊔⟨⌉ }⊣⊔⌉∫ ⟩\√⊓⊔∫↙ T⟨⌉∫⌉ {⊓\⌋⊔⟩≀\∫ ⊣∇⌉ ⌈⌉∫⌋∇⟩⌊⌉⌈ ⟩\ ⇕≀∇⌉ ⌈⌉⊔⊣⟩↕ ⌊⌉↕≀⊒↙ N≀⊔⌉ ⊔⟨⊣⊔ {≀∇ ∫⟩⇕√↕⟩⌋⟩⊔† ⊒⌉ ⊣∫∫⊓⇕⌉ ⊔⟨⊣⊔ ⌉⊣⌋⟨ ⌊⊓∇∫⊔ ⌋≀\∫⟩∫⊔ ≀{ ⊔∇⊣\∫⟩⊔⟩≀\∫ ≀{ ⌉§⊔⌉∇\⊣↕ ∫⟩}\⊣↕∫ ⊔⟨⊣⊔ ⌉⟩⊔⟨⌉∇ ∇⌉⇕⊣⟩\ ⌋≀\∫⊔⊣\⊔ ≀∇ ∫⊒⟩⊔⌋⟨ ⇕≀\≀⊔≀\⟩⌋⊣↕↕†↙ W⌉ ⊒⟩↕↕ ⌉§⊔⌉\⌈ ⟩⊔∫ ⊣√√↕⟩⌋⊣⊔⟩≀\ ⊔≀ DDC ⌊⊓∇∫⊔∫ ⊣\⌈ ⌋≀\⌈⟩⊔⟩≀\⊣↕ ∫⟩}\⊣↕∫ ⟩\ S⌉⌋⊔⟩≀\ ↙̸ △↙∈ L≀⊒⌉∇ ⌊≀⊓\⌈⟩\} }⊣⊔⌉ ∫⊒⟩⊔⌋⟨⌉∫ A ↕≀⊒⌉∇ ⌊≀⊓\⌈ ≀\ ⊔⟨⌉ \⊓⇕⌊⌉∇ ≀{ ⊔⟩⇕⌉∫ ⊣ }⊣⊔⌉ ∫⊒⟩⊔⌋⟨⌉∫ ⟩∫ ⊣\† \⊓⇕⌊⌉∇ ⊒⟨⟩⌋⟨ ⟩∫ ↕⌉∫∫ ⊔⟨⊣\ ≀∇ ⌉∐⊓⊣↕ ⊔≀ ⊔⟨⌉ ⇕⟩\⟩⇕⊓⇕ \⊓⇕⌊⌉∇ ≀{ ⊔⟩⇕⌉∫ ⊔⟨⌉ }⊣⊔⌉ ⌋⊣\ ∫⊒⟩⊔⌋⟨ ⊓\⌈⌉∇ ⊔⟨⌉ ⊓\⌊≀⊓\⌈⌉⌈}⊣⊔⌉ ⊣\⌈ ⊒⟩∇⌉ ⌈⌉↕⊣† ⇕≀⌈⌉↕↙ A ↕≀⊒⌉∇ ⌊≀⊓\⌈ ≀\ ⊔⟨⌉ \⊓⇕⌊⌉∇ ≀{ ∫⊒⟩⊔⌋⟨⌉∫ {≀∇ ⊣ }⊣⊔⌉ u that should execute a 00 or 11 transition ↼i▷e▷ v^{old}[u] = v^{new}[u]) is zero. Moreover, a lower bound on a gate that should execute a 0-1 or 1-0 transition (i.e., v^{old}[u] ≠ v^{new}[u]) is one. Since we presume the gate is initially at v^{old}[u] and we simulate the burst until the internal signals in the circuit stabilizes, the gate has to switch at least once.

We now prove that there always exists a set of wire and gate delays that demonstrates this scenario. In other words, we prove that this lower bound is also a tight lower bound.

Theorem 1 Under the unbounded gate and wire delay model, a tight lower bound for the switching activity of a signal u in a burst b with initial value v^{old}[u] and new value v^{new}[u] is given as follows: lb # gate switches(n^{min}n^{max}v^{old}, v^{new}u↽ = | v^{new}[u] − v^{old}[u] | . ↼3↽ Proof. We use induction on the gate level to show that delays can always be selected to meet the lower bound▷ Base case ↼level / 0↽. It is assumed that primary inputs change monotonically as speciαed during the burst▷ Inductive hypothesis ↼level / n↽. Presume all inputs to all gates at level n or below change only when they are supposed to and if so monotonically▷ Inductive step ↼level / n + 1): Without loss of generality, consider an AND gate which has level equal to n+1. All inputs to this gate must have level n or below. We will show by proper setting of the input wire delays to this gate the given lower bound can be met. The analysis for other basic gates is similar. Case 1: 1-1 transition: By the inductive hypothesis, all inputs must be at a 1 and must not change. Hence, the AND gate will stay at a 1.

Case 2: 0-1 transition: By the inductive hypothesis, either an input must be at a 1 without changing, or it must monotonically change to 1. The result is a monotonic change of the AND gate. Case 3: 0-0 transition: By the inductive hypothesis, either one input is at a 0 and should remain at 0, or some input must monotonically change to 0. In the ffrst case, we are assured the AND gate will remain at 0. In the second case, we can set the input wire delays of the gate such that the falling input is the ffrst input to switch, ensuring that the AND gate remains at 0. Case 4: 1-0 transition: By the inductive hypothesis, some input must monotonically change to 0. We set the input wire delays of the gate such that this input is the ffrst to switch, ensuring that the AND gate can monotonically change to 0.

Since each gate has an independent set of input wires whose delays can be arbitrarily set, all gates at level n + 1 can simultaneously meet their given lower bound on switching activity, completing the proof.

This theorem states that the calculation of the lower bound on switching activity can be derived by a simple static analysis of the circuit in which initial and ffnal values of u are compared▷ Notice that the order in which transitions in the burst arrive is not speciαed and is not assumed during this analysis▷ Indeed due to the arbitrary wire delays at the inputs of gates this lower bound can be achieved for any transition arrival schedule▷ 4▷3 Upper bounding gate switches To explain the upper bound for switching activity we describe the case of an AND gate▷ The analysis for other basic gates is very similar▷ Let an AND gate u have nonmonotonic inputs v ∈ FI(u), where each input can switch n^{max}[v] times. To obtain the tight upper bound on number of gate switches we count the possible 1-0-1 glitches and then add any possible leading 0-1 or trailing

Figure 3: Illustration of worst-case scenario of glitch propagation in an AND gate.

1-0 transition. This method of analysis leads to a simple closed formula.

The maximum number of 1-0-1 glitches feasible at the output of an AND gate is the sum of possible 1-0-1 glitches at the inputs to the gate. This is depicted in the worst-case scenario shown in Figure 3. To obtain a 1-0-1 output glitch of the AND gate, all its inputs must be 1 or switched to 1 using a feasible transition. If an input is not 1 and cannot be driven to 1, then no 1-0-1 glitches are feasible.

Then, the input transitions are skewed such that each input executes all its feasible 1-0-1 glitches one at a time. Since input wire delays are arbitrary and time-varying, by setting all other input wire delays to be much longer, this is a feasible scenario under the unbounded gate and wire delay model. Executing all 1-0-1 glitches on the input enables the output to execute matching 1-0-1 glitches. This process is repeated until all inputs exhaust their 1-0-1 glitches.

Because only input wire delays need to be set appropriately to ensure this feasibility of this scenario, all gates in the circuit can simultaneously exhibit this scenario independent of the arrival order of the burst transitions.

We now quantify this analysis. The maximum number of 1-0-1 glitches on a particular fanin w ∈ FI(u) is given by the following formula:

num 1-0-1 glitches(n^{max}[w], v^{new}[w],v^{old}[w]) = num ones(n^{max}[w], v^{new}[w],v^{old}[w]) − ∞ ⇐△⇒ \⊓⇕ ≀\⌉∫⇐n^{max}[w], v^{new}[w],v^{old}[w]) = v^{old}[w] + n^{max}[w] + v^{new}[w] 2 . ↼5↽ Function num ones↼n^{max}[w], v^{new}[w],v^{old}[w]) gives the maxi- mum number of ones in the string of transitions at w can exhibit▷ For example if w can exhibit a 010101 glitch then the num ber of ones in the glitch is 3▷ This number can be computed by examining the initial and αnal value of u in conjunction with the number of transition u can exhibit▷ There are four cases to consider depending on the initial and the αnal value of u. ↼i↽ 0 0 transition. n even contains n/2 ones, ↼ii↽ 01 transition. n odd contains (n + 1)/2 ones, ↼iii↽ 10 transition. n odd contains (n+1)/2 ones, and ↼iv↽ 11 transition. n even contains (n+2)/2 ones▷ It can be easily veriαed that in each of the four cases the function num ones↼n^{max}[w], v^{new}[w],v^{old}[w]) returns the desired result.

The function num 1-0-1 glitches(n^{max}[w], v^{new}[w],v^{old}[w]) returns one less than num ones(n^{max}[w], v^{new}[w],v^{old}[w]) since the number of 1-0-1 glitches on u is exactly one less than the number of 1φs in u▷ For example the glitch 010101 contains two 101 glitches which share the middle 1▷ Combining the 101 glitches of all inputs to gate u we get a total number of 101 glitches that the gate u can execute tot 101 glitches↼u↽ = (6) X_{w∈FI(u) num 1-0-1 glitches(nmax[w], vnew[w],vold[w]).} Each 101 glitch of a fanin w of u represents two feasible output transitions on u▷ The remaining feasible transitions on u include a 01 transition in the case that the gate was initially 0 and a 10 trailing transition in the case u is supposed to change to 0▷ Summing up we can obtain an equation for the maximum number of output switches. ub ϑ gate switches↼n^{max}v^{old}, v^{new}u↽ = (7) 0, if some input stays 0 v^{old}[u] + 2 · ⊔≀⊔ ∞↖′↖∞ }↕⟩⊔⌋⟨⌉∫⇐⊓⇒ + v^{new}[u], otherwise Notice how the logical inverses of v^{old}[u] and v^{new}[u] quantify the existence of leading and trailing transitions.

The above analysis demonstrates that the number of glitches given by Equation 7 is feasible under the unboundedgate and wire delay assumption. It is easy to see that Equation 7 also provides an upper bound on the number of possible transitions. Hence, we have the following theorem:

Theorem 2 Under the unbounded gate and wire delay assumption, the value given by Equation 7 is a tight upper bound on the number of switches of gate u during a given burst▷ The complexity of Nvalued simulation is linear with respect to the size of the circuit▷ Because such simulation is performed only once per burst the computational cost is still quite manageable for most circuits of interest▷ 4▷4 Estimating switching activity Although the above bounds are tight in a mathematical sense there is no guarantee they will be close to measured results▷ This seemingly contradictory statement is due to the fact that the under lying unbounded gate and wire delay model is overly conservative▷ While it is important to analytically bound the effects of hazards it is equally important to provide a realistic estimate of the effect of hazards▷ Therefore we propose to use αxeddelay simulation with mea sured or estimated gate and wire delays to estimate the actual switching activity▷ Of course to perform such a simulation it is necessary to assume a schedule of arrival of transitions within a burst▷ When such information is available and used the estimate will obviously be more accurate▷ Unfortunately without analyz ing the environment of the circuit the arrival schedule of burst transitions may be difαcult to estimate▷ Hence in such cases we propose to arbitrarily pick an arrival schedule▷ Notice that the complexity of αxeddelay simulation is linear with respect to the size of the circuit▷

5 QUANTIFYING AVERAGE ENERGY This section describes the Markov chain analysis used to derive a small set of equations which bounds average energy per burst▷ These equations are based on given branch statistics and calculated energies per burst▷ To model the execution of the circuit we deαne a stochastic process {Bn, n = 0, 1, 2, . . .}↙ W⌉ ∫⊣† Bn = i if the n^{th} transi tion of a trace T is a part of burst i▷ Any trace T deαnesa sequence of n states in which the n^{th} state is i if the n^{th} transition of is part of the i th burst▷ For example if from the initial state of the circuit the input burst i = a +b+c+ must occur followed by the output burst j = x+, then the sequence of process states would be < i, i, i, j, . . . >▷ The long term proportion of a burst i denoted Pi is the long term proportion of states that the stochastic process is in state i. P_i = lim_{k → ∞} PT^∈T^k

(# times trace T visits state i) · P r_{XBM}(T ) k . (8) Then, taking into consideration upper and lower bounds for energy per burst and the number of signal transitions per burst, it is easy to see that the overall lower, estimated, and upper bounds for the average energy consumption can be calculated as follows: Emin = X i∈bursts P i · En^{min}(i) |bi| , ↼9↽

Eest = X i∈bursts P i · En^{est}(i) |bi| , and ↼10↽

Emax = X i∈bursts P i · En^{max}(i) |bi| , ↼11↽ where |bi| ⌈⌉\≀⊔⌉∫ ⊔⟨⌉ \⊓⇕⌊⌉∇ ≀{ ∫⟩}\⊣↕ ⊔∇⊣\∫⟩⊔⟩≀\∫ ⟩\ ⊔⟨⌉ i^{th} burst▷ It is possible to show that under the unbounded gate and wire delay model these upper and lower bounds are mathematically tight since the wire delays can be timevarying▷ The rationale behind this result is that at the beginning of each burst the delays can feasibly switch to whatever values necessary to ensure that the upper and lower energy bounds per burst are met▷ Markov chain theory can be used to obtain the longterm pro portions of bursts▷ We show how the stochastic process B n can be modiαed to form a Markov chain from which we can derive longterm proportion of bursts▷ First we review the deαnition of a Markov chain▷ Consider a stochastic process {X n, n = 0, 1, 2, . . .}↙ I{ Xn = i then we say the process is in state i at time n▷ If the conditional distribution of any future state Xn+1is independent of the past states and

depends only on the present state, then the process is a Markov chain.

Consider the initial �nite-state stochastic pro- cess {Bn, n = 0, 1, 2, . . .} ⊔⟨⊣⊔ ⇕≀⌈⌉↕∫ ⊔⟨⌉ ∫⌉∐⊓⌉\⌋⌉ ≀{ ⌊⊓∇∫⊔∫ ⊑⟩∫⟩⊔⌉⌈ ⌈⊓∇⟩\} ⊣ ⊔∇⊣⌋⌉ ≀{ ⊔⟨⌉ ⌋⟩∇⌋⊓⟩⊔↙ E⊣⌋⟨ √∇≀⌋⌉∫∫ ∫⊔⊣⊔⌉ Bn can take on a αnite set of values the set of bursts▷ If B n = i then the n^{th} process state is the burst i▷ Unfortunately the conditional dis tribution of the future state depends on past states▷ For example assume the process is in state B2 = i in which 2 of 3 transitions of burst i = a+b+c+ have �red. Then, the next state of process, B3 must also equal state i▷ After entering B3 all 3 transitions of burst i must have αred▷ Hence the next process state B4 must have a different value j associated to one of possibly many next bursts speciαed to occur▷ Hence the conditional probabilities of the next state depend on a number of past states▷ To overcome this problem we use a wellknown technique to form a new stochastic process B^′_n in which we use a different ↼larger↽ set of states ♭13♯▷ For each burst i B ′n contains multiple states with the following semantics. exactly one signal transition of burst i has αred ↼denoted state i1↽, exactly two signal transitions of burst i have αred ↼denoted state i2↽, and so on▷ For each burst i a state ij is created for the accumulative number of transitions j that have αred in the burst▷ For example the burst i = a+b+c+ has three associated states. The �rst state i1 represents the state in which exactly one of a+, b+, or c+ has �red. The second state i2 represents the state in which two of three transitions have αred▷ This third state i3represents the state in which all three transitions have αred▷ Assuming that there is no correlation between branch decisions the conditional distribution of any future state B^′_n+1now depends only on the present state.

For example, for the burst a+b+c+, the probability of going from state i1 to i2 denoted Pi_1i_2 is 1 while the probability of going from state i 1 to i3 denoted Pi1i3 is 0▷ For any pair of states i j and kl the conditional probability is • ≀\⌉ ⟩{ k = i and l = j + 1, • ⊔⟨⌉ √∇≀⌊⊣⌊⟩↕⟩⊔† ≀{ ⊣ ∫⊔⊣⊔⌉ ⊔∇⊣\∫⟩⊔⟩≀\ {∇≀⇕ ⌊⊓∇∫⊔ i to burst j if j = |bi| ⊣\⌈ l = 1, • ‡⌉∇≀ ≀⊔⟨⌉∇⊒⟩∫⌉↙ N≀⊔⟩⌋⌉ ⊔⟨⊣⊔ ⊔⟨⌉ ≀\↕† \≀\↖⌊⟩\⊣∇† ⌋≀\⌈⟩⊔⟩≀\⊣↕ √∇≀⌊⊣⌊⟩↕⟩⊔⟩⌉∫ ⌋⊣\ ≀⌋⌋⊓∇ ⌊⌉⊔⊒⌉⌉\ ≀⊓⊔√⊓⊔ ⌊⊓∇∫⊔∫ ⊣\⌈ ⟩\√⊓⊔ ⌊⊓∇∫⊔∫ ⊣⊔ ⌊∇⊣\⌋⟨ √≀⟩\⊔∫ ⟩\ ⊔⟨⌉ XBM ⌈⟩⊣}∇⊣⇕↙ I\ ⌋≀\⌋↕⊓∫⟩≀\⇔ ⊔⟨⌉ ∫⊔≀⌋⟨⊣∫⊔⟩⌋ √∇≀⌋⌉∫∫ B^′_n is a αnitestate Markov chain▷ In Section 7 we suggest that for burst mode circuits correlations among branch decisions do not affect the energy consumption of the circuit▷ Before deriving the αnal equations however we must show that the Markov chain B ′n satisαes a few properties▷ A Markov chain is irreducible if every state can be reached from every other state▷ Since the XBM is assumed to be stronglyconnected from every state there exists a sequence of bursts which enables every burst hence B ′n is irreducible▷ State t in a Markov chain is periodic with period d if the probability of being in state t after n transitions starting in state t is 0 whenever n is not divisible by d and d is the largest integer with this property ♭13♯▷ In other words starting in state t it may be only possible to enter state t at times 2 4 6 8 etc in which case state t will have period 2▷ State t is called aperiodic if d equals 1▷ Since a XBM transition t cannot αre twice without αring a complete cycle of bursts in the XBM diagram B^′_n is periodic▷ Because B ′n is a αnitestate Markov chain that is both irredun dant and periodic it can be shown that the P i_j are the unique nonnegative solutions to the following equations ♭13♯. P i_j = X

k_l ∈V^0 P k_l · Pk_li_j , for all ij ∈ V ′ ⇐∞∈⇒ X_{ij ∈V 0 P ij = 1 (13)}

Figure 4: The collapsed XBM diagram for the circuit scsi-init-send. The long term proportion of burst i is then simply the sum of the long term proportion of its substates. P i = X j P i_j (14)

Because most the states have a single predecessor, many of the above equations are trivial. First, all intra-burst process states ij, j > 1 have only one predecessor▷ Second many interburst process states also have only one predecessor▷ Hence many states will have the same long term proportion and can be combined into a burst list Lm▷ The different lists β form a partition of the bursts▷ For the XBM diagram depicted in The scsiinitsend XBM diagram depicted Figure 1 the bursts collapse into two burst lists as illustrated in Figure 4▷ The new system of linear equations based on this partition of bursts are as follows.

P L_m = X L_l∈β P L_l · PL_lL_m , Lm ∈ β, ↼15↽ X_{Lm∈β(number of transitions in Lm) · P Lm = 1. ↼16↽} In the scsiinitsend example this reduces the number of linear equations from 16 to 3▷ The bounds and estimates on average energy can then be cal culated in terms of these burst lists as follows.

Emax = X L_m ∈β P L_m · Enmax(Lm), ↼17↽ Emin = X L_m ∈β P L_m · Enmin(Lm), ↼18↽ Eest = X L_m ∈β P L_m · Enest(Lm), ↼19↽

Here En^{max}(Lm), En^{min}(Lm), and En^{est}(Lm) are the max- imum, minimum, and estimated energy consumed in the burst list Lm▷ They are respectively equal to the sum of the maximum min imum and estimated energy consumed in the composite bursts▷ |Lm| ⟩∫ ⊔⟨⌉ \⊓⇕⌊⌉∇ ≀{ ∫⟩}\⊣↕ ⊔∇⊣\∫⟩⊔⟩≀\∫ ⟩\ ⌊⊓∇∫⊔ ↕⟩∫⊔ Lm▷ Finally we can bound the actual average energy per signal transition as follows. Emin ≥ E ≥ Emax. (20)

6 EXTENDED BURST-MODE CIRCUITS This section extends our energy analysis to the extended burstmode features of directed don’t cares (DDCs) and conditional signals.

A signal speciffed as a DDC changes at most once during a sequence of state transitions it labels. This sequence of state transitions may span more than one burst list. However, the signal can change in only one of the burst lists (for this sequence of state transitions). We calculate the minimum/maximum energy of each burst list for each possible location of a DDC signal change (including the case that it does not need to change). Using the minimum (maximum) of these minimums (maximum) yields a minimum (maximum) bound of energy consumption. While these bounds are not mathematically tight, our results suggest that the difference is not signiffcant in practice.

Handling conditional signals is a bit more involved. Because conditional signals are excluded from the set of speciffed signal transitions, their transitions are not modeled in the Markov process. Consequently, the energy consumed as a result of switching conditional signals is refiected as an increase in the average energy per signal transition. If we assumed that the number of times a conditional signal can switch in every burst-mode state is inffnite, the tight upper bound on energy consumption would most likely be inffnity. In practice, however, information concerning the behavior of these signals is known. Hence, it is reasonable to assume the circuit designer can provide bounds on their switching in each burst-mode state. For example, in the scsi-init-send circuit, the cntgt1 signal is an output of a counter that counts the number of bytes sent. Hence, it is reasonable to assume that the cntgt1 conditional signal can only change a small number of times (e.g., four) and only in burst mode state 3, the state in which it is set up.

Given minimum, maximum and estimated bounds on conditional signals, the techniques to bound average energy can trivially be extended to handle transitions on conditional signals.

7 RELATIONSHIP TO OTHER WORK The goal of current research is to obtain the most accurate estimate of switching activity while maintaining low complexity. Current research in the synchronous energy estimation targets incorporating different correlations among different circuits signals into the energy estimation procedure. Correlations among signals can be related temporally (on the same signal at different times) [2], spatially (between different signals at the same time), and spatio-temporal correlations (different signals at different times) [5, 14, 8, 6].

In our circuits, the only correlations that are not taken into consideration by our Markov model are correlations between different branch decisions. Correlations among the branch decisions affect the probability of each burst list. We believe, however, that they do not affect the expected number of occurrences of a particular burst list in long sequence of burst lists. Since the energy consumed in a circuit depends only on the long term proportion of each burst list, we conjecture that correlations do not affect average energy.

8 RESULTS AND CONCLUSIONS # signal # # transi- burst Emin Emax Circuit nodes tions lists ↼pJ▷↽ pipeline ctrl 3 9 1 2▷81 2▷89 scsiinitsend 7 22 2 1▷95 2▷03 binarycounter 32 80 1 6▷25 6▷25 bufctrl 3 10 1 2▷13 2▷19 cachectrl 38 359 18 13▷44 13▷58 dramc 12 53 3 3▷07 3▷07 pesendifc 11 52 8 4▷15 4▷16 q42 4 14 1 2▷77 2▷77

Table 1. Calculated average energy bounds▷

We have automated our upper◁lower bounding algorithms tested them on a number of circuit examples taken from academia and industry and present the results in Table 1▷ The circuits were gen erated using the multilevel logic synthesis technique described in ♭18♯▷ We assumed that each minimum sized fanout of a signal contributes 25fF to the output load of a gate and counted fanouts, we also assumed a 5 volt power supply▷ Primary outputs were assumed to drive four additional minimum sized gates▷ The largest circuit we tested is a secondlevel cachecontroller ♭10♯ which consists of over 400 gates and 20 burst lists▷ We assumed a 80ϱ hit rate for both read and write cycles that 90ϱ of the cycles were read accesses 8ϱ write accesses 2ϱ snoop accesses▷ The table shows that hazards for these circuits contribute less than 5ϱ of the total energy consumed per signal transition▷ While the results are not conclusive due to the relatively small sam ple size they suggest that unlike some multilevel combinational circuits burstmode multilevel circuits have very few glitches▷ REFERENCES ♭1♯ P▷ A▷ Beerel C▷T▷ Hsieh and S▷ Wadekar▷ Estimation of energy consumption in speedindependent control circuits▷ In International Symposium on Low Power Design 1995▷ ♭2♯ A▷ Ghosh S▷ Devadas K▷ Keutzer and J▷ White▷ Estimation of average switching activity in combinational and sequential circuits▷ In Proc▷ ACM◁IEEE Design Automation Conferencepages 253δ259 1992▷ ♭3♯ P▷ Kudva and V▷ Akella▷ A technique for estimating power in asyn chronous circuits▷ In International Symposium on Advanced Re search in Asynchronous Circuits and Systems ↼ASYNC↽ pages 166δ 175 1994▷ ♭4♯ D▷ S▷ Kung▷ HazardNonIncreasingGateLevel Optimization Algo rithms▷ In IEEE ICCAD Digest of Technical Papers pages 631δ634 1992▷ ♭5♯ R▷ Marcalescu D▷ Marcalescu and M▷ Pedram▷ Switching activiy analysis considering spatiotermporal correlations▷ In Proc▷ Inter national Conf▷ ComputerAided Design ↼ICCAD↽ pages 294δ299 1994▷ ♭6♯ R▷ Marcalescu D▷ Marcalescu and M▷ Pedram▷ Efαcient poewr estimation of highly correlated input streams▷ In International Sym posium on Low Power Design 1995▷

♭7♯ A▷ Marshall B▷ Coates and P▷ Siegel▷ Designing an asynchronous communications chip▷ IEEE Design ς Test of Computers 11↼2↽.8δ 21 1994▷ ♭8♯ J▷ Monteiro S▷ Devadas and B▷ Lin▷ A methodology for efαcient estimation of switching activity in sequential circuits▷ In Proc▷ ACM◁IEEE Design Automation Conference pages 12δ17 1994▷ ♭9♯ S▷M▷ Nowick and B▷ Coates▷ UCLOCK. automated design of high performance unclocked state machines▷ In Proc▷ International Conf▷ Computer Design ↼ICCD↽ October 1994▷ ♭10♯ S▷M▷ Nowick M▷E▷ Dean D▷L▷ Dill and M▷ Horowitz▷ The design of a highperformance cache controller. a case study in asynchronous synthesis▷ INTEGRATION the VLSI journal 15↼3↽.241δ262 Octo ber 1993▷ ♭11♯ S▷M▷ Nowick and D▷L▷ Dill▷ Synthesis of asynchronous state ma chines using a local clock▷ In Proc▷ International Conf▷ Computer Design ↼ICCD↽▷ IEEE Computer Society Press 1991▷ ♭12♯ S▷M▷ Nowick and D▷L▷ Dill▷ Exact twolevel minimization of hazardfree logic with multipleinput changes▷ IEEE Transactions on ComputerAided Design 14↼8↽.986δ997 August 1995▷ ♭13♯ S▷ Ross▷ Introduction to Probability Models▷ Academic Press 1985▷ ♭14♯ C▷Y▷ Tsui M▷ Pedram and A▷ Despain▷ Exact and approximate methods for calculating signal and transition probabilities in FSMs▷ In Proc▷ ACM◁IEEE Design Automation Conference pages 18δ24 1994▷ ♭15♯ K▷ van Berkel R▷ Burgess J▷ Kessels M▷ Roncken F▷ Saeijs and A▷ Peeters▷ Asynchronous circuits for low power. A DCC error corrector▷ IEEE Design ς Test of Computers pages 22δ32 Summer 1994▷ ♭16♯ K▷ Y▷ Yun and D▷ L▷ Dill▷ Unifying synchronous◁asynchronous state machine synthesis▷ In IEEE 1993 ICCAD Digest of Papers▷ IEEE Computer Society Press 1993▷ ♭17♯ K▷ Y▷ Yun D▷ L▷ Dill and S▷ M▷ Nowick▷ Synthesis of 3D asyn chronous state machines▷ In International Conference on Computer Design ICCD1992▷ IEEE Computer Society Press 1992▷ ♭18♯ K▷ Y▷ Yun B▷ Lin D▷ L▷ Dill and S▷ Devadas▷ Performancedriven synthesis of asynchronous controllers▷ In IEEE 1994 ICCAD Digest of Papers▷ IEEE Computer Society Press 1994▷