S√⌉⌋⊓↕⊣⊔⟩⊑⌉ C≀⇕√↕⌉⊔⟩≀\ {≀∇ ⊔⟨⌉ D⌉∫⟩}\

≀{ H⟩}⟨↖P⌉∇{≀∇⇕⊣\⌋⌉ A∫†\⌋⟨∇≀\≀⊓∫ D†\⊣⇕⟩⌋ A⌈⌈⌉∇∫

S⊔⌉⊑⌉\ M↙ N≀⊒⟩⌋‖ ∗ D⌉√⊔↙ ≀{ CS C≀↕⊓⇕⌊⟩⊣ U\⟩⊑↙ NY⇔ NY ∞′′∈ \≀⊒⟩⌋‖ℵ⌋∫↙⌋≀↕⊓⇕⌊⟩⊣↙⌉⌈⊓

K⌉\\⌉⊔⟨ Y↙ Y⊓\ † D⌉√⊔↙ ≀{ ECE UC S⊣\ D⟩⌉}≀ L⊣ J≀↕↕⊣⇔ CA ∃∈′∃∋ ‖††ℵ√⊣∇⊣⌈⟩∫⌉↙⊓⌋∫⌈↙⌉⌈⊓

P⌉⊔⌉∇ A↙ B⌉⌉∇⌉↕ ‡ EE↖S†∫⊔⌉⇕∫ D⌉√⊔↙ USC L≀∫ A\}⌉↕⌉∫⇔ CA ∃′′∀∃ √⊣⌊⌉⌉∇⌉↕ℵ⌉⟩}⌉∇↙⊓∫⌋↙⌉⌈⊓

A†≀≀⌊ E↙ D≀≀√↕† D⌉√⊔↙ ≀{ ECE UC S⊣\ D⟩⌉}≀ L⊣ J≀↕↕⊣⇔ CA ∃∈′∃∋ ⊣⌈≀≀√↕†ℵ⊓⌋∫⌈↙⌉⌈⊓

A⌊∫⊔∇⊣⌋⊔

T⟨⟩∫ √⊣√⌉∇ √∇⌉∫⌉\⊔∫ ⊣\ ⟩\↖⌈⌉√⊔⟨ ⌋⊣∫⌉ ∫⊔⊓⌈† ⟩\ ⟨⟩}⟨↖ √⌉∇{≀∇⇕⊣\⌋⌉ ⊣∫†\⌋⟨∇≀\≀⊓∫ ⊣⌈⌈⌉∇ ⌈⌉∫⟩}\↙ A ∇⌉⌋⌉\⊔ ⇕⌉⊔⟨≀⌈⇔ ⌋⊣↕↕⌉⌈ ⊖∫√⌉⌋⊓↕⊣⊔⟩⊑⌉ ⌋≀⇕√↕⌉⊔⟩≀\⪰⇔ ⟩∫ ⊓∫⌉⌈↙ T⟨⟩∫ ⇕⌉⊔⟨≀⌈ ⊓∫⌉∫ ∫⟩\}↕⌉↖∇⊣⟩↕ ⌊⊓\⌈↕⌉⌈ ⌈⊣⊔⊣√⊣⊔⟨∫ ⌊⊓⊔ ⊣↕∫≀ ⊣↕↕≀⊒∫ ⌉⊣∇↕† ⌋≀⇕√↕⌉↖ ⊔⟩≀\↙ F⟩⊑⌉ \⌉⊒ ⌈†\⊣⇕⟩⌋ ⌈⌉∫⟩}\∫ ⊣∇⌉ √∇⌉∫⌉\⊔⌉⌈ {≀∇ B∇⌉\⊔↖ K⊓\} ⊣\⌈ C⊣∇∇†↖B†√⊣∫∫ ⊣⌈⌈⌉∇∫↙ F⊓∇⊔⟨⌉∇⇕≀∇⌉⇔ ⊔⊒≀ \⌉⊒ ⊣∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉∫ ⊣∇⌉ ⟩\⊔∇≀⌈⊓⌋⌉⌈⇔ ⊒⟨⟩⌋⟨ ⊔⊣∇}⌉⊔ ⇐⟩⇒ ∫⇕⊣↕↕ \⊓⇕⌊⌉∇ ⊣⌈⌈⟩⊔⟩≀\⇔ ⊣\⌈ ⇐⟩⟩⇒ ⟨†⌊∇⟩⌈ ≀√⌉∇⊣⊔⟩≀\↙ I\⟩⊔⟩⊣↕ SPICE ∫⟩⇕⊓↕⊣⊔⟩≀\ ⊣\⌈ ∫⊔⊣⊔⟩∫⊔⟩⌋⊣↕ ⊣\⊣↕†∫⟩∫ ∫⟨≀⊒ √⌉∇{≀∇⇕⊣\⌋⌉ ⟩⇕√∇≀⊑⌉⇕⌉\⊔∫ ⊓√ ⊔≀ ∞∃↗ ≀\ ∇⊣\⌈≀⇕ ⟩\√⊓⊔∫ ⊣\⌈ ∞△↗ ≀\ ⊣⌋⊔⊓⊣↕ √∇≀}∇⊣⇕∫ {≀∇ ∋∈↖⌊⟩⊔ ⊣⌈⌈⌉∇∫⇔ ⊣\⌈ ⊓√ ⊔≀ ∈∃↗ ≀\ ∇⊣\⌈≀⇕ ⟩\√⊓⊔∫ {≀∇ △̸↖⌊⟩⊔ ⊣⌈⌈⌉∇∫⇔ ≀⊑⌉∇ ⌋≀⇕√⊣∇⊣⌊↕⌉ ∫†\⌋⟨∇≀\≀⊓∫ ⌈⌉∫⟩}\∫↙

∞ I\⊔∇≀⌈⊓⌋⊔⟩≀\ A∫†\⌋⟨∇≀\≀⊓∫ ⌈⌉∫⟩}\ ⟩∫ ⌉\|≀†⟩\} ⊣ ∇⌉∫⊓∇}⌉\⌋⌉⇔ ⊒⟩⊔⟨ ⊣ ⇕⊣\† ∇⌉⌋⌉\⊔ ⊔⌉⌋⟨\⟩⌋⊣↕ ⊣\⌈ √∇⊣⌋⊔⟩⌋⊣↕ ⊣⌈⊑⊣\⌋⌉∫ ∪∞⊎↙ I\ √∇⟩\⌋⟩↖ √↕⌉⇔ ⊣∫†\⌋⟨∇≀\≀⊓∫ ∫†∫⊔⌉⇕∫ √∇≀⇕⟩∫⌉ ∫⌉⊑⌉∇⊣↕ ⊣⌈⊑⊣\⊔⊣}⌉∫ ≀⊑⌉∇ ∫†\⌋⟨∇≀\≀⊓∫ ∫†∫⊔⌉⇕∫¬ ⇐⟩⇒ ↕≀⊒ √≀⊒⌉∇⇔ ∫⟩\⌋⌉ ⊣\ ⊣∫†\⌋⟨∇≀\≀⊓∫ ⌋≀⇕√≀\⌉\⊔ ⌋≀⇕√⊓⊔⌉∫ ≀\↕† ⊒⟨⌉\ \⌉⌋⌉∫∫⊣∇†∅ ⇐⟩⟩⇒ ⟨⟩}⟨ √⌉∇{≀∇↖ ⇕⊣\⌋⌉⇔ ∫⟩\⌋⌉ }↕≀⌊⊣↕ ⌋↕≀⌋‖ ⌈⟩∫⊔∇⟩⌊⊓⊔⟩≀\ ⊣\⌈ ∫†\⌋⟨∇≀\⟩‡⊣⊔⟩≀\ ⌋⊣\ ⌊⌉ ⊣⊑≀⟩⌈⌉⌈∅ ⊣\⌈ ⇐⟩⟩⟩⇒ ∫⌋⊣↕⊣⌊⟩↕⟩⊔† ⊣\⌈ ⌉⊣∫⌉ ≀{ ⌈⌉∫⟩}\⇔ ∫⟩\⌋⌉ ⊔⟨⌉∇⌉ ⊣∇⌉ \≀ }↕≀⌊⊣↕ ⊔⟩⇕⟩\} ⌋≀\∫⊔∇⊣⟩\⊔∫↙ T⟨⌉ √∇≀⇕⟩∫⌉ ≀{ ⟨⟩}⟨↖√⌉∇{≀∇⇕⊣\⌋⌉ ⌈⊣⊔⊣√⊣⊔⟨∫ ⟩∫ ⌉∫√⌉⌋⟩⊣↕↕† ⊣⊔⊔∇⊣⌋⊔⟩⊑⌉↙ I\ √∇⟩\⌋⟩√↕⌉⇔ ⊣ \⊓⇕⌊⌉∇ ≀{ ⌋≀⇕√≀\⌉\⊔∫ ⟨⊣⊑⌉ ⌈⊣⊔⊣↖ ⌈⌉√⌉\⌈⌉\⊔ ⌊⌉⟨⊣⊑⟩≀∇¬ {⊣∫⊔ ≀√⌉∇⊣⊔⟩≀\ ≀\ ⌋⌉∇⊔⊣⟩\ ⟩\√⊓⊔∫⇔ ⊣\⌈ ∫↕≀⊒⌉∇ ≀√⌉∇⊣⊔⟩≀\ ≀\ ≀⊔⟨⌉∇ ⟩\√⊓⊔∫↙ T⟨⌉∇⌉{≀∇⌉⇔ {≀↕↕≀⊒⟩\} ⊔⟨⌉ RISC √⟨⟩↕≀∫≀√⟨† ≀{ ⊖⇕⊣‖⟩\} ⊔⟨⌉ ⌋≀⇕⇕≀\ ⌋⊣∫⌉ {⊣∫⊔⪰⇔ ⊣∫†\↖ ∗T⟨⟩∫ ∇⌉∫⌉⊣∇⌋⟨ ⊒⊣∫ {⊓\⌈⌉⌈ ⟩\ √⊣∇⊔ ⌊† ⊣\ NSF CAREER A⊒⊣∇⌈ MIP↖ ∃▽′∞∀∀′ ⊣\⌈ ⌊† ⊣\ A↕{∇⌉⌈ P↙ S↕≀⊣\ R⌉∫⌉⊣∇⌋⟨ F⌉↕↕≀⊒∫⟨⟩√↙ †T⟨⟩∫ ⊒≀∇‖ ⟩∫ {⊓\⌈⌉⌈ ⟩\ √⊣∇⊔ ⌊† ⊣ NSF CAREER A⊒⊣∇⌈ MIP↖∃∉▽′∋△⇔ ⊣ }⟩{⊔ {∇≀⇕ ⊔⟨⌉ I\⊔⌉↕ C≀∇√≀∇⊣⊔⟩≀\⇔ ⊣\⌈ ⊣ H⌉↕↕⇕⊣\ F⊣⌋⊓↕⊔† F⌉↕↕≀⊒∫⟨⟩√↙ ‡T⟨⟩∫ ∇⌉∫⌉⊣∇⌋⟨ ⊒⊣∫ {⊓\⌈⌉⌈ ⟩\ √⊣∇⊔ ⌊† ⊣\ NSF CAREER A⊒⊣∇⌈ MIP↖ ∃▽′∈∋∀⇎ ⊣ }⟩{⊔ {∇≀⇕ ⊔⟨⌉ I\⊔⌉↕ C≀∇√≀∇⊣⊔⟩≀\⇔ ⊣\⌈ ⊣ ∇⌉∫⌉⊣∇⌋⟨ ∫⌉⌉⌈ }∇⊣\⊔ {∇≀⇕ ⊔⟨⌉ J⊣⇕⌉∫ H↙ Z⊓⇕⌊⌉∇}⌉ F⊣⌋⊓↕⊔† R⌉∫⌉⊣∇⌋⟨ ⊣\⌈ I\\≀⊑⊣⊔⟩≀\ F⊓\⌈ ⊣⊔ USC↙

⌋⟨∇≀\≀⊓∫ ⌈⊣⊔⊣√⊣⊔⟨∫ ⟨⊣⊑⌉ ⊔⟨⌉ √≀⊔⌉\⊔⟩⊣↕ ⊔≀ ≀⊓⊔√⌉∇{≀∇⇕ ∫†\↖ ⌋⟨∇≀\≀⊓∫ ⌈⌉∫⟩}\∫ ≀\ ⊣⊑⌉∇⊣}⌉ ⟩\√⊓⊔∫↙ I\ √∇⊣⌋⊔⟩⌋⌉⇔ ⊔⟨≀⊓}⟨⇔ ⊔⟨⟩∫ √≀⊔⌉\⊔⟩⊣↕ ⟩∫ ≀{⊔⌉\ ⌈⟩{⊘⌋⊓↕⊔ ⊔≀ ∇⌉⊣↕↖ ⟩‡⌉↙ E§⟩∫⊔⟩\} ⇕⌉⊔⟨≀⌈∫ {≀∇ ⊣∫†\⌋⟨∇≀\≀⊓∫ ⌈⊣⊔⊣√⊣⊔⟨ ⌈⌉∫⟩}\ ⌋⊣\ ⟩\⌋⊓∇ ∫⟩}\⟩⊘⌋⊣\⊔ √⌉∇{≀∇⇕⊣\⌋⌉ ≀⊑⌉∇⟨⌉⊣⌈⇔ ⊓\⌈⌉∇⌋⊓⊔⊔⟩\} ⊔⟨⌉ √≀⊔⌉\⊔⟩⊣↕ ⌊⌉\⌉⊘⊔∫↙ T⟨⌉ }≀⊣↕ ≀{ ⊔⟨⟩∫ √⊣√⌉∇ ⟩∫ ⊔≀ ⌈⌉∫⟩}\ ⟨⟩}⟨↖ √⌉∇{≀∇⇕⊣\⌋⌉ ⊣∫†\⌋⟨∇≀\≀⊓∫ ⌈⊣⊔⊣√⊣⊔⟨ ⌋≀⇕√≀\⌉\⊔∫⇔ ⊒⟨⟩⌋⟨ ⊣∇⌉ {⊣∫⊔⌉∇ ⊔⟨⊣\ ∫†\⌋⟨∇≀\≀⊓∫ ⌈⌉∫⟩}\∫ ⊣\⌈ †⌉⊔ ⟨⊣⊑⌉ ↕≀⊒ ⊣∇⌉⊣ ≀⊑⌉∇↖ ⟨⌉⊣⌈↙ A \⊓⇕⌊⌉∇ ≀{ ⊣√√∇≀⊣⌋⟨⌉∫ ⟨⊣⊑⌉ ⌊⌉⌉\ √∇≀√≀∫⌉⌈ ⊔≀ ⌈⌉∫⟩}\ ⊣∫†\⌋⟨∇≀\≀⊓∫ ⌈⊣⊔⊣√⊣⊔⟨ ⌋≀⇕√≀\⌉\⊔∫↙ M≀∫⊔ {⊣↕↕ ⟩\⊔≀ ≀\⌉ ≀{ ⊔⊒≀ ⌋⊣⊔⌉}≀∇⟩⌉∫⇔ ⌈⌉√⌉\⌈⟩\} ≀\ ⟨≀⊒ ⌋≀⇕√↕⌉⊔⟩≀\ ⟩∫ ⌈⌉⊔⌉∇⇕⟩\⌉⌈¬ ⌊⊓\⌈↕⌉⌈ ⌈⊣⊔⊣ ⊣\⌈ ⌋≀⇕√↕⌉⊔⟩≀\ ⌈⌉⊔⌉⌋⊔⟩≀\↙ A ⌊⊓\⌈↕⌉⌈ ⌈⊣⊔⊣ ⌈⌉∫⟩}\ ⊓∫⌉∫ ⊣ ⊒≀∇∫⊔↖⌋⊣∫⌉ ⇕≀⌈⌉↕ ⌈⌉↕⊣†⇔ ⌈⌉∫⟩}\⌉⌈ ⊔≀ ⌉§⌋⌉⌉⌈ ⊔⟨⌉ ↕≀\}⌉∫⊔ √⊣⊔⟨ ⊔⟨∇≀⊓}⟨ ⊔⟨⌉ ∫⊓⌊∫†∫↖ ⊔⌉⇕ ∪⇎ ∞⊎↙ T⟨⟩∫ ⌈⌉↕⊣† ⇕⊣† ⌊⌉ ⊣\ ⟩\⊑⌉∇⊔⌉∇ ⌋⟨⊣⟩\ ≀∇ ⊣ ∇⌉√↕⟩↖ ⌋⊣⊔⌉⌈ √≀∇⊔⟩≀\ ≀{ ⊔⟨⌉ ⌋∇⟩⊔⟩⌋⊣↕ √⊣⊔⟨↙ T⟨⟩∫ ⇕⌉⊔⟨≀⌈ ⟨⊣∫ ⌊⌉⌉\ ⊒⟩⌈⌉↕† ⊓∫⌉⌈ ∪△⇔ ∋⇔ ∈⇔ ▽⊎↙ T⟨⌉ ⇕⊣⟩\ ⊣⌈⊑⊣\⊔⊣}⌉ ⟩∫ ⊔⟨⊣⊔ ⊣ ∫⊔⊣\⌈⊣∇⌈ ∫†\⌋⟨∇≀\≀⊓∫ ⇐⟩↙⌉↙⇔ \≀\↖⟨⊣‡⊣∇⌈↖{∇⌉⌉⇒ ∫⟩\}↕⌉↖∇⊣⟩↕ ⟩⇕↖ √↕⌉⇕⌉\⊔⊣⊔⟩≀\ ⇕⊣† ⌊⌉ ⊓∫⌉⌈⇔ ∫≀ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\∫ ⊣∇⌉ ⌉⊣∫† ⊔≀ ⌈⌉∫⟩}\⇔ ⊣\⌈ ⟨⊣⊑⌉ ↕≀⊒ √≀⊒⌉∇ ⊣\⌈ ↕⟩⇕⟩⊔⌉⌈ ⊣∇⌉⊣↙ H≀⊒⌉⊑⌉∇⇔ ⊔⟨⌉ ‖⌉† ⌈⟩∫⊣⌈⊑⊣\⊔⊣}⌉ ⟩∫ ⊔⟨⊣⊔ ⌋≀⇕√↕⌉⊔⟩≀\ ⟩∫ ⊘§⌉⌈ ⊔≀ ⊒≀∇∫⊔↖⌋⊣∫⌉ ⌋≀⇕√⊓⊔⊣⊔⟩≀\⇔ ∇⌉}⊣∇⌈↕⌉∫∫ ≀{ ⊣⌋⊔⊓⊣↕ ⌈⊣⊔⊣ ⟩\√⊓⊔∫↙ ∞ A ⌋≀⇕√↕⌉⊔⟩≀\ ⌈⌉⊔⌉⌋⊔⟩≀\ ⇕⌉⊔⟨≀⌈ ∪∞⇔ ⊎ ⌈⌉⊔⌉⌋⊔∫ ⊒⟨⌉\ ⌋≀⇕↖ √⊓⊔⊣⊔⟩≀\ ⟩∫ ⊣⌋⊔⊓⊣↕↕† ⌋≀⇕√↕⌉⊔⌉⌈↙ T⟨⌉ ⌈⊣⊔⊣√⊣⊔⟨ ⟩∫ ⊔†√⟩⌋⊣↕↕† ⟩⇕√↕⌉⇕⌉\⊔⌉⌈ ⟩\ ⌈⊓⊣↕↖∇⊣⟩↕⇔ ⊒⟨⌉∇⌉ ⌉⊣⌋⟨ ⌊⟩⊔ ⟩∫ ⇕⊣√√⌉⌈ ⊔≀ ⊣ √⊣⟩∇ ≀{ ⊒⟩∇⌉∫⇔ ⊒⟨⟩⌋⟨ ⌉\⌋≀⌈⌉ ⌊≀⊔⟨ ⊔⟨⌉ ⊑⊣↕⊓⌉ ⊣\⌈ ⊑⊣↕⟩⌈⟩⊔† ≀{ ⊔⟨⌉ ⌈⊣⊔⊣↙ D⟩{{⌉∇⌉\⊔ ⌉\⌋≀⌈⟩\} ∫⌋⟨⌉⇕⌉∫ ⟨⊣⊑⌉ ⌊⌉⌉\ ⊓∫⌉⌈⇔ ∫⊓⌋⟨ ⊣∫ △↖√⟨⊣∫⌉ RZ ⊣\⌈ ∈↖√⟨⊣∫⌉ LEDR ⇐∫⌉⌉ ∪∞⊎⇒⇔ ⊣\⌈ ⊔⟨⌉ ⇕⌉⊔⟨≀⌈∫ ⟨⊣⊑⌉ ⌊⌉⌉\ ⊣√√↕⟩⌉⌈ ⊔≀ ⊣ \⊓⇕⌊⌉∇ ≀{ ⌈⌉∫⟩}\∫ ∪∀⇔ ⊎↙ I\ √∇⟩\⌋⟩↖ √↕⌉⇔ ⊔⟨⟩∫ ⊣√√∇≀⊣⌋⟨ ⟨⊣∫ ⊔⟨⌉ ⊣⌈⊑⊣\⊔⊣}⌉ ⊔⟨⊣⊔ ⊔⟨⌉ ⌈⊣⊔⊣√⊣⊔⟨ ⟩⊔∫⌉↕{ ⟩\⌈⟩⌋⊣⊔⌉∫ ⊒⟨⌉\ ⌋≀⇕√⊓⊔⊣⊔⟩≀\ ⟩∫ ⊣⌋⊔⊓⊣↕↕† ⌋≀⇕√↕⌉⊔⌉⌈↙ T⟨⌉ ‖⌉† ⌈⟩∫⊣⌈⊑⊣\⊔⊣}⌉⇔ ⟩\ ⇕⊣\† ⊣√√↕⟩⌋⊣⊔⟩≀\∫⇔ ⟩∫ ⊔⟨⊣⊔ ⊣ ⌋≀⇕√↕⌉⊔⟩≀\ ⌈⌉⊔⌉⌋⊔⟩≀\ \⌉⊔⊒≀∇‖ ⟩∫ ⊓∫⊓⊣↕↕† ∇⌉∐⊓⟩∇⌉⌈⇔ ⊣⌈⌈⟩\} ∫⌉⊑⌉∇⊣↕ }⊣⊔⌉ ∞U\↕⟩‖⌉ ∫†\⌋⟨∇≀\≀⊓∫ ⌈⌉∫⟩}\⇔ ⊔⟨≀⊓}⟨⇔ ⌈⌉↕⊣† ⇕⊣∇}⟩\∫ ⇕⊣† ⌊⌉ ∫≀⇕⌉⊒⟨⊣⊔ ⊔⟩}⟨⊔⌉∇⇔ ∫⟩\⌋⌉ ⊔⟩⇕⟩\} ⌋≀\∫⊔∇⊣⟩\⊔∫ ⊣∇⌉ ↕≀⌋⊣↕⟩‡⌉⌈↙

⌈⌉↕⊣†∫ ⌊⌉⊔⊒⌉⌉\ ⌋≀⇕√↕⌉⊔⟩≀\ ⊣\⌈ ⟩⊔∫ ⌈⌉⊔⌉⌋⊔⟩≀\↙ F⊓∇⊔⟨⌉∇⇕≀∇⌉⇔ ⊔⟨⌉ ⟩\⌋∇⌉⊣∫⌉⌈ ⊒⟩∇⟩\} ⊣\⌈ ∫⊒⟩⊔⌋⟨⟩\} ⊣⌋⊔⟩⊑⟩⊔† ≀{⊔⌉\ ∇⌉∫⊓↕⊔ ⟩\ ⇕⊓⌋⟨ }∇⌉⊣⊔⌉∇ ⊣∇⌉⊣ ⊣\⌈ √≀⊒⌉∇ ⌋≀\∫⊓⇕√⊔⟩≀\↙ A\ ⊣↕⊔⌉∇\⊣⊔⟩⊑⌉ ∫⌋⟨⌉⇕⌉⇔ ⌋⊓∇∇⌉\⊔↖∫⌉\∫⟩\} ⌋≀⇕√↕⌉⊔⟩≀\ ⌈⌉⊔⌉⌋⊔⟩≀\⇔ ⊣⊑≀⟩⌈∫ ⊔⟨⌉ ⌈⌉⊔⌉⌋⊔⟩≀\ \⌉⊔⊒≀∇‖ ∪∃⊎⇔ ⌊⊓⊔ ∇⌉∐⊓⟩∇⌉∫ ∫√⌉⌋⟩⊣↕ ⌋⊓∇∇⌉\⊔ ∫⌉\∫≀∇∫ ⊣\⌈ ∫⊔⟩↕↕ ∇⌉∐⊓⟩∇⌉∫ ⊣ \⊓⇕⌊⌉∇ ≀{ }⊣⊔⌉ ⌈⌉↕⊣†∫ ≀{ ≀⊑⌉∇⟨⌉⊣⌈↙ I\ ∇⌉⌋⌉\⊔ ⊒≀∇‖ ∪∞∈⊎⇔ ⊒⌉ ⟩\⊔∇≀⌈⊓⌋⌉⌈ ⊣ \⌉⊒ ⇕⌉⊔⟨≀⌈ {≀∇ ⌈⌉∫⟩}\⟩\} ⊣∫†\⌋⟨∇≀\≀⊓∫ ⌈⊣⊔⊣√⊣⊔⟨ ⌋≀⇕√≀\⌉\⊔∫⇔ ⌋⊣↕↕⌉⌈ ∫√⌉⌋↖ ⊓↕⊣⊔⟩⊑⌉ ⌋≀⇕√↕⌉⊔⟩≀\↙ T⟨⌉ ⇕⌉⊔⟨≀⌈ ⟨⊣∫ ⇕⊣\† ⊣⌈⊑⊣\⊔⊣}⌉∫ ≀{ ⊔⟨⌉ ⌊⊓\⌈↕⌉⌈ ⌈⊣⊔⊣ ⊣√√∇≀⊣⌋⟨⇔ ∫⊓⌋⟨ ⊣∫ ⊔⟨⌉ ⊓∫⌉ ≀{ ⊣ ∫⟩\}↕⌉↖∇⊣⟩↕ ∫†\⌋⟨∇≀\≀⊓∫ ⌈⊣⊔⊣√⊣⊔⟨↙ U\↕⟩‖⌉ ⌊⊓\⌈↕⌉⌈ ⌈⊣⊔⊣⇔ ⊔⟨≀⊓}⟨⇔ ∫⌉⊑⌉∇⊣↕ ⌈⟩{{⌉∇⌉\⊔ ⇕⊣⊔⌋⟨⌉⌈ ⌈⌉↕⊣†∫ ⊣∇⌉ ⊓∫⌉⌈¬ ⊣ ⊒≀∇∫⊔↖⌋⊣∫⌉ ⇕≀⌈⌉↕ ⌈⌉↕⊣†⇔ ⊣\⌈ ≀\⌉ ≀∇ ⇕≀∇⌉ ∫√⌉⌋⊓↕⊣⊔⟩⊑⌉ ⌈⌉↕⊣†∫↙ T⟨⌉∇⌉{≀∇⌉⇔ ⊣ ⌋≀⇕√≀↖ \⌉\⊔ ⌋⊣\ ≀√⌉∇⊣⊔⌉ ⊣⊔ ∫⌉⊑⌉∇⊣↕ √≀∫∫⟩⌊↕⌉ ∫√⌉⌉⌈∫↙ A ∫√⌉⌋⊓↕⊣⊔⟩⊑⌉ ⌈⌉↕⊣† ⊣↕↕≀⊒∫ ⌉⊣∇↕† ⌋≀⇕√↕⌉⊔⟩≀\⇔ ⊣\⌈ ⟩∫ ⌈⟩∫⊣⌊↕⌉⌈ {≀∇ ⊒≀∇∫⊔↖⌋⊣∫⌉ ⌈⊣⊔⊣↙ H≀⊒⌉⊑⌉∇⇔ ⊓\↕⟩‖⌉ ⌋≀⇕√↕⌉⊔⟩≀\ ⌈⌉⊔⌉⌋⊔⟩≀\ ⇕⌉⊔⟨≀⌈∫⇔ ⌉⊣∇↕† ⌋≀⇕√↕⌉⊔⟩≀\ ⌈⌉⊔⌉⌋⊔⟩≀\ ≀⌋⌋⊓∇∫ ⟩\ √⊣∇⊣↕↕⌉↕ ⊒⟩⊔⟨ ⊔⟨⌉ ⌈⊣⊔⊣√⊣⊔⟨ ⌋≀⇕√⊓⊔⊣⊔⟩≀\⇔ \≀⊔ ⊣{⊔⌉∇ ⌋≀⇕√⊓⊔⊣⊔⟩≀\ ⟩∫ ⌋≀⇕√↕⌉⊔⌉↙ T⟨⌉∇⌉{≀∇⌉⇔ ⌋≀⇕√↕⌉⊔⟩≀\ ≀⊑⌉∇⟨⌉⊣⌈ ⟩∫ ⇕⟩\⟩⇕⊣↕↙ A∫ ⊣\ ⟩\⟩⊔⟩⊣↕ ⌋⊣∫⌉ ∫⊔⊓⌈†⇔ ⊒⌉ √∇⌉∫⌉\⊔⌉⌈ ⊣ ⌈⌉∫⟩}\ {≀∇ ⊣\ ⊣∫†\⌋⟨∇≀\≀⊓∫ B∇⌉\⊔↖K⊓\} ⊣⌈⌈⌉∇ ∪∞∈⊎↙ T⟨⟩∫ ∫⊔⊓⌈† ⊒⊣∫ ∐⊓⟩⊔⌉ ↕⟩⇕⟩⊔⌉⌈¬ ≀\↕† ≀\⌉ }⊣⊔⌉↖↕⌉⊑⌉↕ ⌈⌉∫⟩}\ ⊒⊣∫ √∇⌉∫⌉\⊔⌉⌈↙ I\ ⊣⌈↖ ⌈⟩⊔⟩≀\⇔ ⊔⟨≀⊓}⟨ ⌋⊣∇⌉{⊓↕ }⊣⊔⌉↖↕⌉⊑⌉↕ ⊣\⊣↕†∫⟩∫ ⊒⊣∫ ⟩\⌋↕⊓⌈⌉⌈⇔ ⊒⌉ ⟩\⌋↕⊓⌈⌉⌈ \≀ SPICE ∫⟩⇕⊓↕⊣⊔⟩≀\∫↙ O⊓∇ {≀⌋⊓∫ ⊒⊣∫ ≀\↕† ≀\ ∫⊔⊣⊔⟩⌋ CMOS ⌈⌉∫⟩}\⇔ ⊣\⌈ ≀\⌉ √⊣∇⊔⟩⌋⊓↕⊣∇ ⌋≀⇕√≀\⌉\⊔ ≀{ ≀⊓∇ ⌈⌉∫⟩}\ ⇐⊖⇕≀⌈⟩⊘⌉⌈ ∫⊓⇕ }⌉\⌉∇⊣⊔⟩≀\⪰⇒ ⊒⊣∫ ⌋≀⇕√↕⌉§↙ T⟨⌉ ⌋≀\⊔∇⟩⌊⊓⊔⟩≀\ ≀{ ⊔⟨⟩∫ √⊣√⌉∇ ⟩∫ ⊣ ⌈⌉⊔⊣⟩↕⌉⌈ ⌋⊣∫⌉ ∫⊔⊓⌈† ≀{ ⊔⟨⌉ ⌈⌉∫⟩}\ ≀{ ⟨⟩}⟨↖√⌉∇{≀∇⇕⊣\⌋⌉ ⊣∫†\⌋⟨∇≀\≀⊓∫ ⊣⌈⌈⌉∇∫⇔ ⊓∫⟩\} ∫√⌉⌋⊓↕⊣⊔⟩⊑⌉ ⌋≀⇕√↕⌉⊔⟩≀\↙ T⟨⌉ {≀⌋⊓∫ ⟩∫ ≀\ ⌈†\⊣⇕⟩⌋ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\∫↙ D⌉⊔⊣⟩↕⌉⌈ SPICE ∫⟩⇕⊓↕⊣⊔⟩≀\∫ ⊣∇⌉ √∇≀⊑⟩⌈⌉⌈ {≀∇ ▽ ⌈⌉∫⟩}\∫⇔ ⟩\⌋↕⊓⌈⟩\} ⌊≀⊔⟨ B∇⌉\⊔↖K⊓\} ⊣\⌈ C⊣∇∇†↖B†√⊣∫∫ ⊣⌈⌈⌉∇∫↙ W⌉ ⊘∇∫⊔ ∫⟨≀⊒ ⊔⟨⊣⊔ ⊔⟨⌉ ⊓∫⌉ ≀{ ⌈†\⊣⇕⟩⌋ ↕≀}⟩⌋ ⌋⊣\ ∫⟩⇕√↕⟩{† ⊔⟨⌉ ⌈⌉∫⟩}\ ≀{ ∫√⌉⌋⊓↕⊣⊔⟩⊑⌉ ⊣⌈⌈⌉∇∫↙ B≀⊔⟨ ∈↖∫√⌉⌉⌈ ⊣\⌈ ∋↖∫√⌉⌉⌈ ⌈⌉∫⟩}\∫ ⊣∇⌉ √∇⌉∫⌉\⊔⌉⌈⇔ {≀∇ ∋∈↖ ⊣\⌈ △̸↖⌊⟩⊔ ⊣⌈⌈⟩⊔⟩≀\↙ W⌉ ⊔⟨⌉\ ⟩\⊔∇≀⌈⊓⌋⌉ ⊔⊒≀ \⌉⊒ ⊑⊣∇⟩⊣\⊔ ⊣∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉∫↙ T⟨⌉ ⊘∇∫⊔ ⟩∫ ⌈⌉∫⟩}\⌉⌈ ⊔≀ ⟨⊣\⌈↕⌉ ⊣⌈⌈⟩⊔⟩≀\ ≀{ ∫⇕⊣↕↕ \⊓⇕⌊⌉∇∫⇔ ⊣\⌈ ⊣↕↕≀⊒∫ ⊑⌉∇† ⌉⊣∇↕† ⌋≀⇕√↕⌉⊔⟩≀\↙ S⇕⊣↕↕↖\⊓⇕⌊⌉∇ ⊣⌈⌈⟩⊔⟩≀\ ⟩∫ ⊣\ ⟩⇕√≀∇⊔⊣\⊔ ∫√⌉⌋⟩⊣↕ ⌋⊣∫⌉⇔ ⊒⟨⟩⌋⟨ ⊣∇⟩∫⌉∫ ⟩\ ⊔⊒≀ ⌋≀⇕⇕≀\ √∇≀⌋⌉∫↖ ∫≀∇ ⊣√√↕⟩⌋⊣⊔⟩≀\∫¬ ⇐⟩⇒ ∫⟩}\↖⌉§⊔⌉\⌈⌉⌈ ⊣⌈⌈⟩⊔⟩≀\⇔ ⊣\⌈ ⇐⟩⟩⇒ \≀\↖ ∇⊣\⌈≀⇕ ⟩\√⊓⊔ ⌈⟩∫⊔∇⟩⌊⊓⊔⟩≀\∫↙ S⟩}\↖⌉§⊔⌉\∫⟩≀\ ≀{ ⊣\ ≀√⌉∇⊣\⌈ ⌋≀⇕⇕≀\↕† ≀⌋⌋⊓∇∫ ⟩\ √∇≀⌋⌉∫∫≀∇∫ ⌈⊓∇⟩\} ⌊∇⊣\⌋⟨ ⊔⊣∇}⌉⊔ ⊣⌈⌈∇⌉∫∫ ⌋⊣↕⌋⊓↕⊣⊔⟩≀\ ⇐{≀∇ ⌋≀\⌈⟩⊔⟩≀\⊣↕ ⌊∇⊣\⌋⟨⌉∫⇒ ⊣\⌈ ⌉{{⌉⌋⊔⟩⊑⌉ ⊣⌈⌈∇⌉∫∫ ⌋⊣↕⌋⊓↕⊣⊔⟩≀\ ⇐{≀∇ ⇕⌉⇕≀∇† ⌈⊣⊔⊣ ⊔∇⊣\∫{⌉∇∫⇒↙ N≀\↖∇⊣\⌈≀⇕ ⟩\√⊓⊔ ⌈⟩∫⊔∇⟩⌊⊓⊔⟩≀\∫ ≀⌋⌋⊓∇ ⊒⟨⌉\ ∇⊓\\⟩\} ⌋≀⌈⌉ ∫⌉∐⊓⌉\⌋⌉∫ {≀∇ ⊣⌋⊔⊓⊣↕ √∇≀}∇⊣⇕∫↙ I\ ⊔⟨⟩∫ ⌋⊣∫⌉⇔ ≀√⌉∇⊣\⌈∫ ⇕⊣† ⌊⌉ ∫⊔⊣⊔⟩∫⊔⟩⌋⊣↕↕† ∫‖⌉⊒⌉⌈ ⊔≀⊒⊣∇⌈∫ ∫⇕⊣↕↕ \⊓⇕⌊⌉∇∫↙ W⌉ ⟩\⊔∇≀⌈⊓⌋⌉ ⊔⟨⌉ ⊣∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉⇔ ⊣\⌈ ⊣√√↕† ⟩⊔ ⊔≀ B∇⌉\⊔↖K⊓\} ⊣⌈⌈⌉∇∫↙ T⟨⌉ ∫⌉⌋≀\⌈ ⊣∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉ ⟩∫ ⊣ ⟨†⌊∇⟩⌈ ⌈⌉∫⟩}\⇔ ⊒⟨⟩⌋⟨ ⌋≀⇕↖ ⌊⟩\⌉∫ ∫√⌉⌋⊓↕⊣⊔⟩⊑⌉ ⌋≀⇕√↕⌉⊔⟩≀\ ⇐{≀∇ ⌉⊣∇↕† ⌋⊣∫⌉∫⇒ ⊒⟩⊔⟨ ⌋≀⇕√↕⌉↖ ⊔⟩≀\ ∫⌉\∫⟩\} ⇐{≀∇ ≀⊔⟨⌉∇ ⌋⊣∫⌉∫⇒↙ T⟨⌉ }≀⊣↕ ⟩∫ ⊔≀ ⊣⊑≀⟩⌈ ⌋≀⇕√↕⌉↖ ⊔⟩≀\ ∫⌉\∫⟩\} ≀⊑⌉∇⟨⌉⊣⌈ {≀∇ ⌉⊣∇↕† ⌋⊣∫⌉∫⇔ ⌊⊓⊔ ≀⌊⊔⊣⟩\ ⊔⟨⌉ ⌊⌉\⌉⊘⊔ ≀{ ⊑⊣∇⟩⊣⌊↕⌉ ⌋≀⇕√↕⌉⊔⟩≀\ ∫⌉\∫⟩\} {≀∇ ∫↕≀⊒⌉∇ ⌋⊣∫⌉∫↙ W⌉ ⟩\⊔∇≀↖

⌈⊓⌋⌉ ⊔⟨⌉ ⟨†⌊∇⟩⌈ ⊣∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉⇔ ⊣\⌈ ⊣√√↕† ⟩⊔ ⊔≀ ⊣ ⌋⊣∇∇†↖⌊†√⊣∫∫ ⊣⌈⌈⌉∇↙ F⟩\⊣↕↕†⇔ SPICE ⊣\⊣↕†∫⟩∫ ⊣\⌈ ⌈⌉⊔⊣⟩↕⌉⌈ ⌉§√⌉∇⟩⇕⌉\⊔⊣↕ √⌉∇↖ {≀∇⇕⊣\⌋⌉ ⌉⊑⊣↕⊓⊣⊔⟩≀\∫ ≀{ ⊔⟨⌉ ⊣⌈⌈⌉∇∫ ⊣∇⌉ √∇⌉∫⌉\⊔⌉⌈⇔ ⊣∫∫⊓⇕⟩\} ⌊≀⊔⟨ ∇⊣\⌈≀⇕ ⊣\⌈ \≀\↖∇⊣\⌈≀⇕ ⟩\√⊓⊔ ⌈⟩∫⊔∇⟩⌊⊓⊔⟩≀\∫↙ N≀\↖ ∇⊣\⌈≀⇕ ⟩\√⊓⊔ ⌈⟩∫⊔∇⟩⌊⊓⊔⟩≀\∫ ⊒⌉∇⌉ ≀⌊⊔⊣⟩\⌉⌈ {∇≀⇕ ⊣\ ARM ∫⟩⇕⊓↕⊣⊔≀∇⇔ ⌉⊑⊣↕⊓⊣⊔⌉⌈ ≀⊑⌉∇ ⊣ ∫⇕⊣↕↕ ∫⌉⊔ ≀{ √∇≀}∇⊣⇕∫ ⇐⌉↙}↙⇔ ⌉∫√∇⌉∫∫≀⇒ ⊣\⌈ ⌊⌉\⌋⟨⇕⊣∇‖∫ ⇐⌉↙}↙⇔ ⌈⟨∇†∫⊔≀\⌉⇒↙ I\⟩⊔⟩⊣↕ ∇⌉∫⊓↕⊔∫ ⟩\⌈⟩⌋⊣⊔⌉ √⌉∇{≀∇⇕⊣\⌋⌉ ⟩⇕√∇≀⊑⌉⇕⌉\⊔∫ ∇⊣\}⟩\} ⊓√ ⊔≀ ∞∃↗ ≀\ ∇⊣\⌈≀⇕ ⟩\√⊓⊔∫⇔ ⊣\⌈ ∞△↗ ≀\ ⌉§√⌉∇⟩⇕⌉\⊔⊣↕ ⟩\√⊓⊔∫⇔ {≀∇ ∋∈↖⌊⟩⊔ ⊣⌈⌈⟩⊔⟩≀\⇔ ⊣\⌈ ∈∃↗ ≀\ ∇⊣\⌈≀⇕ ⟩\√⊓⊔∫ {≀∇ △̸↖⌊⟩⊔ ⊣⌈⌈⟩⊔⟩≀\⇔ ≀⊑⌉∇ ⌋≀⇕√⊣∇⊣⌊↕⌉ ∫†\⌋⟨∇≀\≀⊓∫ ⊣⌈⌈⌉∇∫↙ T⟨⌉ ⌋⊣∫⌉ ∫⊔⊓⌈⟩⌉∫ ⟩\ ⊔⟨⟩∫ √⊣√⌉∇ ⊣∇⌉ ⇕⌉⊣\⊔ ⊔≀ ⌈⌉⇕≀\∫⊔∇⊣⊔⌉ ⊔⟨⌉ ⊑⟩⊣⌊⟩↕⟩⊔† ≀{ ⊔⟨⟩∫ ⊣√√∇≀⊣⌋⟨ {≀∇ ⟨⟩}⟨↖√⌉∇{≀∇⇕⊣\⌋⌉ ⌈⌉∫⟩}\↙ I⊔ ⟩∫ ⟩⇕√≀∇⊔⊣\⊔ ⊔≀ \≀⊔⌉ ⊔⟨⊣⊔ ∫√⌉⌋⊓↕⊣⊔⟩⊑⌉ ⌋≀⇕√↕⌉⊔⟩≀\ ⟩∫ \≀⊔ ↕⟩⇕⟩⊔⌉⌈ ⊔≀ B∇⌉\⊔↖K⊓\} ≀∇ C⊣∇∇†↖B†√⊣∫∫ ⊣⌈⌈⌉∇∫↙ I⊔ ⌋⊣\ ⌊⌉ ⊣√√↕⟩⌉⌈ ⊔≀ ≀⊔⟨⌉∇ ⊣⌈⌈⌉∇∫⇔ ⊣∫ ⊒⌉↕↕ ⊣∫ ⇕⊓↕⊔⟩√↕⟩⌉∇∫ ⊣\⌈ ≀⊔⟨⌉∇ ⌋≀⇕√≀\⌉\⊔∫ ⊒⟨⟩⌋⟨ ⌉§⟨⟩⌊⟩⊔ ⌈⊣⊔⊣↖⌈⌉√⌉\⌈⌉\⊔ ≀√⌉∇⊣⊔⟩≀\↙ ∈ B⊣⌋‖}∇≀⊓\⌈¬ S√⌉⌋⊓↕⊣⊔⟩⊑⌉ C≀⇕√↕⌉⊔⟩≀\ T⟨⟩∫ ∫⌉⌋⊔⟩≀\ ∇⌉⊑⟩⌉⊒∫ ⊔⟨⌉ ⌊⊣∫⟩⌋ ∫√⌉⌋⊓↕⊣⊔⟩⊑⌉ ⌋≀⇕√↕⌉⊔⟩≀\ ⊣∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉⇔ ⊣∫ √∇⌉∫⌉\⊔⌉⌈ ⟩\ ∪∞∈⊎↙ ∈↙∞ B⊣∫⟩⌋ A∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉ A ∫⊔⊣\⌈⊣∇⌈ ∫⟩\}↕⌉↖∇⊣⟩↕ ⌊⊓\⌈↕⌉⌈ ⌈⊣⊔⊣√⊣⊔⟨ ⟩∫ ∫⟨≀⊒\ ⟩\ F⟩}↖ ⊓∇⌉ ∞⇐⊣⇒↙ T⟨⌉ {⊓\⌋⊔⟩≀\ ⌊↕≀⌋‖ ⌋⊣\ ⌊⌉ ⟩⇕√↕⌉⇕⌉\⊔⌉⌈ ⊓∫⟩\} ∫†\⌋⟨∇≀\≀⊓∫ ⇐⟩↙⌉↙⇔ \≀\↖⟨⊣‡⊣∇⌈↖{∇⌉⌉⇒ ∫⟩\}↕⌉↖∇⊣⟩↕ ↕≀}⟩⌋↙ A ∫⟩\↖ }↕⌉ ⇕≀⌈⌉↕ ⌈⌉↕⊣† ⟩∫ ⊓∫⌉⌈⇔ ⊒⟩⊔⟨ ⟩\√⊓⊔ req and output ack▷ This delay receives a request req when data inputs are valid and will produce an ack only after the function outputs are valid▷ This matched delay must be slower than the function block under all physical conditions and all data inputs▷ Figure 1↼b↽ shows the basic architecture of our specula tive completion datapath▷ There are three key features▷ First we use multiple model delays. one for worstcase and the remaining ones for speculative completion▷ These specula tive delays allow different speeds of early completion▷ For example in a ripplecarry adder an Ψaveragecaseν delay might be used if adder inputs result in short carry chains, a Ψbestcaseν delay might be used if there is no carry chain ↼e▷g▷ if an operand is 0↽▷ Second an abort detection network is associated with each speculative delay▷ The network determines if the core sponding speculative completion must be aborted due to worstcase data▷ Abort detection is computed in parallel with datapath computation▷ The abort signal is allowed to glitch▷ The only timing requirement is that it become stable and valid faster than the speculative delay▷ Interestingly the abort detection network does not need to detect the exact conditions for abort▷ Instead the network can be simpliαed to safely approximate the abort condi tions▷ In particular the abort detection network must detect all worstcase data where abort is required▷ However it

Figure 1▷ Comparison of ↼a↽ standard bundled datapath and ↼b↽ speculative completion dat apath

may also abort for some Ψbestcaseν inputs where abort is unnecessary▷ The only impact of an unnecessary abort is to produce a late completion signal▷ Safe approximation of abort conditions can be used to simplify the abort detection logic▷ The third feature modiαed result logic is not visible in Figure 1↼b↽▷ With speculative completion early completion is allowed when results can be produced early▷ In practice though some datapaths do not allow early generation of results▷ For example in certain adder designs ↼see below↽ even if all carries are computed early these carries must pass through several levels of logic before producing the correct sum▷ Therefore bypass logic is required to allow the sum to be generated using these early carries▷ Further details appear in the next subsection▷

2▷2 A Preliminary GateLevel Study. Brent Kung Adder We now review our previous case study ♭12♯. the design of BrentKung 32bit binary lookahead carry ↼BLC↽ adder using speculative completion▷ The design was gatelevel only, no simulations were presented▷ The focus of the study was on static implementations▷ 2▷2▷1 BLC Adder Design A parallel 32bit carrylookahead adder of Brent and Kung ♭10 11♯ is shown in Figure 2▷ This adder uses a bit wise or binary lookahead carry ↼BLC↽ method▷ In a CMOS implementation of this adder the stack depth of each gate is 2 and the gate fanout load is usually 2▷ The design is amenable to regular layout▷ The 32bit adder produces all propagate ↼p↽ and generate ↼g↽ signals in Level0 and produces a sum in Level6▷ The critical path from input to output is therefore 7 gate delays▷ Between Level0 and Level6 the adder computes the cu mulative P and G values in parallel for each of the 32 bit slices▷ Speciαcally Level1 computes all 2bit P and G values ↼where P1_i = p_i · p_{i−∞} ⊣\⌈ G 1_i = g_i + p_i · g_{i−∞}⇒⇔ L⌉⊑⌉↕↖∈ ⌋≀⇕√⊓⊔⌉∫ ⊣↕↕ △↖⌊⟩⊔ ⊑⊣↕⊓⌉∫ ⇐⊒⟨⌉∇⌉ P 2i = P 1i · P 1i−∈ ⊣\⌈ G 2_i = G1_i + P 1_i · G1_{i−∈}⇒⇔ ⊣\⌈ ∫≀ ≀\↙ I\ L⌉⊑⌉↕↖⇎ ⊔⟨⌉ ith sum bit s_i is computed as the XOR of propagate bit p_i ↼taken from Level0↽ and the αnal generate bit ↼or Ψcarry outν↽ G 5i−∞ ≀{ ⊔⟨⌉ √∇⌉⌋⌉⌈⟩\} ∫⊔⊣}⌉ ⇐⊔⊣‖⌉\ {∇≀⇕ L⌉⊑⌉↕↖▽⇒↙ ∈↙∈↙∈ S√⌉⌋⊓↕⊣⊔⟩⊑⌉ A⌈⌈⌉∇ D⌉∫⟩}\ T⟨⌉ ∫√⌉⌋⊓↕⊣⊔⟩⊑⌉ ⊣⌈⌈⌉∇ ⊓∫⌉∫ ⊔⟨⌉ ∫⊣⇕⌉ ⌊⊣∫⟩⌋ ⌈⊣⊔⊣√⊣⊔⟨⇔ ⌊⊓⊔ ⊒⟩⊔⟨ ∫⌉⊑⌉∇⊣↕ ⇕≀⌈⟩⊘⌋⊣⊔⟩≀\∫↙ W⌉ ∇⌉⊑⟩⌉⊒ ⊔⟨⌉ ⊔⟨∇⌉⌉ ⌋≀⇕√≀\⌉\⊔∫↙ C≀⇕√↕⌉⊔⟩≀\ N⌉⊔⊒≀∇‖ F⟩}⊓∇⌉ ∋ ∫⟨≀⊒∫ ⊣ ⌊↕≀⌋‖ ⌈⟩⊣}∇⊣⇕ ≀{ ≀⊓∇ ∫√⌉⌋⊓↕⊣⊔⟩⊑⌉ ⌋≀⇕√↕⌉↖ ⊔⟩≀\ \⌉⊔⊒≀∇‖↙ F≀∇ ∫⟩⇕√↕⟩⌋⟩⊔†⇔ ⟩\⊑⌉∇⊔⌉∇ ⌋⟨⊣⟩\∫ ⊣∇⌉ ⊓∫⌉⌈ {≀∇ ⇕≀⌈⌉↕ ⌈⌉↕⊣†∫⇔ ⌊⊓⊔ ∇⌉√↕⟩⌋⊣⊔⌉⌈ √≀∇⊔⟩≀\∫ ≀{ ⊔⟨⌉ ⌋∇⟩⊔⟩⌋⊣↕ √⊣⊔⟨ ⌋⊣\ ⌊⌉ ⊓∫⌉⌈ ⟩\∫⊔⌉⊣⌈↙ I\ ⊔⟨⟩∫ ⊘}⊓∇⌉⇔ ⌉⊣⌋⟨ ⟩\⊑⌉∇⊔⌉∇ ⌈⌉↕⊣† ∇≀⊓}⟨↕† ⌋≀∇∇⌉∫√≀\⌈∫ ⊔≀ ⊔⟨⌉ ⌈⌉↕⊣† ≀{ ≀\⌉ ↕⌉⊑⌉↕ ⟩\ ⊔⟨⌉ BLC ⊣⌈⌈⌉∇↙ T⟨⌉∇⌉ ⊣∇⌉ ⊔⊒≀ ⇕≀⌈⌉↕ ⌈⌉↕⊣† √⊣⊔⟨∫↙ T⟨⌉ ⊒≀∇∫⊔↖⌋⊣∫⌉ ⌈⌉↕⊣† √⊣⊔⟨ ⟨⊣∫ }⊣⊔⌉ ⌈⌉↕⊣†∫↙ T⟨⌉ ∫√⌉⌋⊓↕⊣⊔⟩⊑⌉ ⌈⌉↕⊣† √⊣⊔⟨ ⟨⊣∫ ≀\↕† ▽ }⊣⊔⌉ ⌈⌉↕⊣†∫⇔ ⊣\⌈ ⊣√√↕⟩⌉∫ ⊔≀ ⌋⊣∫⌉∫ ⊒⟨⌉∇⌉ ⊣↕↕ ⊘\⊣↕ }⌉\⌉∇⊣⊔⌉ ⊑⊣↕⊓⌉∫ ⊣∇⌉ ⊣⊑⊣⟩↕⊣⌊↕⌉ ⟩\ L⌉⊑⌉↕↖∋ ⇐⟩↙⌉↙⇔ \≀ ⊓∫⌉{⊓↕ ⌋≀⇕√⊓⊔⊣⊔⟩≀\ ≀⌋⌋⊓∇∫ ⟩\ L⌉⊑⌉↕↖△ ⊣\⌈ L⌉⊑⌉↕↖▽⇒↙ A⌊≀∇⊔ D⌉⊔⌉⌋⊔⟩≀\ N⌉⊔⊒≀∇‖ T⟨⌉ ‖⌉† ⌋≀⇕√≀\⌉\⊔ ≀{ ⊔⟨⌉ ⌈⌉∫⟩}\ ⟩∫ ⊔⟨⌉ ⊣⌊≀∇⊔ ⌈⌉⊔⌉⌋⊔⟩≀\ \⌉⊔⊒≀∇‖⇔ ⊒⟨⟩⌋⟨ }⌉\⌉∇⊣⊔⌉∫ ⊔⟨⌉ ⊣⌊≀∇⊔ ∫⟩}\⊣↕↙ B† ⌉⊣∇↕† ⌋≀⇕↖ √↕⌉⊔⟩≀\⇔ ⊒⌉ ⇕⌉⊣\ ⊔⟨⊣⊔ ⊣↕↕ ⊘\⊣↕ }⌉\⌉∇⊣⊔⌉ ∫⟩}\⊣↕∫ ⊣∇⌉ ⊣⊑⊣⟩↕⊣⌊↕⌉ ⟩\ L⌉⊑⌉↕↖∋¬ \≀ {⊓∇⊔⟨⌉∇ ⌋⟨⊣\}⌉∫ ≀⌋⌋⊓∇ ≀\ }⌉\⌉∇⊣⊔⌉ ∫⟩}\⊣↕∫ ⟩\ L⌉⊑⌉↕↖△ ≀∇ L⌉⊑⌉↕↖▽↙ B† ↕⊣⊔⌉ ⌋≀⇕√↕⌉⊔⟩≀\⇔ ⊒⌉ ⇕⌉⊣\ ⊔⟨⊣⊔ ∫≀⇕⌉ ⊘\⊣↕ }⌉\⌉∇⊣⊔⌉ ∫⟩}\⊣↕ ⟩∫ \≀⊔ ⊣⊑⊣⟩↕⊣⌊↕⌉ ⟩\ L⌉⊑⌉↕↖∋¬ ⟩⊔ ⟩∫ ⌋≀⇕↖ √⊓⊔⌉⌈ ⟩\ L⌉⊑⌉↕↖△ ≀∇ L⌉⊑⌉↕↖▽ ⇐⟩↙⌉↙⇔ ⌈⟩{{⌉∇∫ {∇≀⇕ ⟩⊔∫ L⌉⊑⌉↕↖∋ ⊑⊣↕⊓⌉⇒↙ I\ ∪∞∈⊎⇔ ⊣ \⌉⌋⌉∫∫⊣∇† ⌋≀\⌈⟩⊔⟩≀\ {≀∇ ↕⊣⊔⌉ ⌋≀⇕√↕⌉⊔⟩≀\ ⊒⊣∫ √∇⌉∫⌉\⊔⌉⌈¬

F⟩}⊓∇⌉ ∈↙ ∋∈↖⌊⟩⊔ B∇⌉\⊔↖K⊓\} A⌈⌈⌉∇

F⟩}⊓∇⌉ ∋↙ B↕≀⌋‖ D⟩⊣}∇⊣⇕¬ ⊣⌈⌈⌉∇ ⊒⟩⊔⟨ ∫√⌉⌋⊓↕⊣↖ ⊔⟩⊑⌉ ⌋≀⇕√↕⌉⊔⟩≀\

C≀\⌈⟩⊔⟩≀\ ∈↙∞↙ L⊣⊔⌉ ⌋≀⇕√↕⌉⊔⟩≀\ ⌋⊣\ ≀\↕† ≀⌋⌋⊓∇ ⟩{ ⊔⟨⌉∇⌉ ⌉§⟩∫⊔∫ ⊣ ∇⊓\ ≀{ ∀ ⌋≀\∫⌉⌋⊓⊔⟩⊑⌉ L⌉⊑⌉↕↖′ √∇≀√⊣}⊣⊔⌉ ∫⟩}\⊣↕∫↙ 2 The resultis justi�edas follows. At the nth level a generate function of the ith stage is computed as. G^n_i = G^{n−∞}_i + P^{n−∞}_i G^{n−∞}_j where j = i − ∈^{n−∞} ⇐⟩}\≀∇⟩\} ⊔⟨⌉ ⊣↕⊔⌉∇\⊣⊔⟩\} ⟩\⊑⌉∇∫⟩≀\∫ ⟩\ ⊔⟨⌉ ⊣⌋⊔⊓⊣↕ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\⇒↙ C↕⌉⊣∇↕†⇔ G ni is the same as the generate of the preceding level G n−∞ i if the propagate term P n−∞i is 0▷ For the given detection n = 4, so each Level-4 generate signal is the same as the corresponding Level-3 generate signal if each Level-3 propagate signal is 0. Each Level-3 propagate signal is effectively the product of a run of 8 consecutive Level-0 propagate signals. Such a condition is called an 8-p run. Therefore, the goal of the abort detection network is to detect any 8-p run, and abort if one occurs.

For efffciency, this condition is further safely approximated, to produce simpler networks. As an example, con- sider the product c = p6 p7 p8▷ This product covers or detects the 8p run from p3 to p10▷ If the run occurs then c = 1. However, if the run does not occur, then c may or may not be set to 0▷ The use of c simpliαes detection and detection is Ψsafely approximateν. c is never 0 when an 8p run occurs▷ In general a product covers a set of 8p runs▷ For ex ample c covers the 8p runs from 1 − ∀ ⊔⟨∇≀⊓}⟨ ̸− ∞∋↙ T≀ ⌈⌉∫⟩}\ ⊣\ ⊣⌊≀∇⊔ ⌈⌉⊔⌉⌋⊔⟩≀\ \⌉⊔⊒≀∇‖⇔ √∇≀⌈⊓⌋⊔∫ ⊣∇⌉ ∫⌉↕⌉⌋⊔⌉⌈⇔ ⌉⊣⌋⟨ ≀{ ⊒⟨⟩⌋⟨ ⌈⌉⊔⌉⌋⊔∫ ⊣ ∫⌉⊔ ≀{ ∀↖√ ∇⊓\∫↙ T⟨⌉ ⊣⌊≀∇⊔ ⌈⌉⊔⌉⌋⊔⟩≀\ \⌉⊔⊒≀∇‖ ⟩∫ ⌋≀\∫⊔∇⊓⌋⊔⌉⌈ ≀⊓⊔ ≀{ ⊣ ∫⊓⇕ ≀{ ∫⊓⌋⟨ √∇≀⌈⊓⌋⊔∫ ⊒⟨⟩⌋⟨⇔ ⊔≀}⌉⊔⟨⌉∇⇔ ⌋≀⊑⌉∇ ⊣↕↕ √≀∫∫⟩⌊↕⌉ ∀↖√ ∇⊓\∫↙ I{ ⊣\† ∀↖√ ∇⊓\ ≀⌋⌋⊓∇∫⇔ ⊔⟨⌉ \⌉⊔⊒≀∇‖ ⊒⟩↕↕ ⌈⌉⊔⌉⌋⊔ ⟩⊔↙ A \⊓⇕⌊⌉∇ ≀{ ⌈⟩{{⌉∇⌉\⊔ ⊣⌊≀∇⊔ ⌈⌉⊔⌉⌋⊔⟩≀\ \⌉⊔⊒≀∇‖∫ ⌋⊣\ ⌊⌉ ⊓∫⌉⌈↙ E⊣⌋⟨ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ ⊓∫⌉∫ ⊣ ⌈⟩{{⌉∇⌉\⊔ ∫⊣{⌉ ⊣√√∇≀§⟩⇕⊣↖ ⊔⟩≀\ ⊔≀ ⌉§⊣⌋⊔ ⊣⌊≀∇⊔ ⌈⌉⊔⌉⌋⊔⟩≀\↙ ∋↖L⟩⊔⌉∇⊣↕ P∇≀⌈⊓⌋⊔∫↙ E⊣⌋⟨ √∇≀⌈⊓⌋⊔ ⌋≀\⊔⊣⟩\∫ ⊣ ∇⊓\ ≀{ ∋ √↖∫⟩}\⊣↕∫ ⇐⟩\ L⌉⊑⌉↕↖′⇒↙ T⟨⌉ \⌉⊔⊒≀∇‖ ⌋≀\⊔⊣⟩\∫ ▽ √∇≀⌈⊓⌋⊔∫∅ ⟩⊔ ⟩∫ }⟩⊑⌉\ ⌊† ⌉∐⊓⊣⊔⟩≀\¬ p 5p6p7 + p11p12p13+ p17p18p19+ p23p24p25+ p29p30p31▷ Product p5p6p7 covers the 8p runs from stage. 0 through 7 1 through 8 . . . 5 through 12▷ That is if any of these runs occurs this product will be 1▷ Similarly the remaining four products cover the other runs▷ 4Literal Products▷ Each product contains a run of 4 p signals, there are 5 products▷ The sumofproducts equation is. p4p5p6p7+ p9p10p11p12+ p14p15p16p17+ p19p20p21p22+ p24p25p26p27▷ Each product covers fewer 8p runs than in the preceding 3literal product implementation though the same total number of products is used▷ 5Literal Products▷ Each product contains a run of 5 psignals, there are 7 products▷ The sumofproducts equa tion is. p3p4p5p6p7 + p7p8p9p10p11+ p11p12p13p14p15+ p15p16p17p18p19 + p19p20p21p22p23 + p23p24p25p26p27 + p27p28p29p30p31▷ Note that in this case adjacent products overlap, that is they have a literal in common▷ Alternative augmented abort networks can be designed which use Ψkillν signals as well ↼see ♭12♯↽▷ The abort detection network is allowed to have hazards▷ The only requirement is that it produce a stable and valid result faster than the speculative delay▷ Because this network is critical the designer must optimize its performance to meet this timing requirement▷ Modiαed Sum Generation The αnal component of the design is sum generation▷ In a basic BrentKung adder even if all carries are computed early an early sum cannot be generated ↼see Figure 4↼a↽↽▷ The problem is that each sum bit sum_i uses a generate signal only from Level5. sum i = pi ⊕ G5i−∞↙ T⟨⌉∇⌉{≀∇⌉⇔ ⌊†√⊣∫∫ ↕≀}⟩⌋ ⟩∫ \⌉⌉⌈⌉⌈⇔ ⊔≀ ⊣↕↕≀⊒ ⊔⟨⌉ ∫⊓⇕ ⊔≀ ⊓∫⌉ ⊣ L⌉⊑⌉↕↖∋ }⌉\⌉∇⊣⊔⌉ ∫⟩}\⊣↕¬ G 3i−∞↙ A }⊣⊔⌉↖↕⌉⊑⌉↕ ∫≀↕⊓⊔⟩≀\ ⟩∫ ∫⟨≀⊒\ ⟩\ F⟩}⊓∇⌉ △⇐⌊⇒↙ T⟨⌉ ∫⟩}\⊣↕∫ ⊣∇⌉ ≀∇⌈⌉∇⌉⌈ {≀∇ {⊣∫⊔ ⌋≀⇕√↕⌉⊔⟩≀\ ⊓∫⟩\} G 3i−∞ ⊣\⌈ ∫↕≀⊒⌉∇ ⌋≀⇕↖ √↕⌉⊔⟩≀\ ⇐⊒⟩⊔⟨ ⊣⌈⌈⟩⊔⟩≀\⊣↕ ≀⊑⌉∇⟨⌉⊣⌈⇒ ⊓∫⟩\} G 5i−∞↙ T⟨⌉ ↕⊣⊔⌉↖⌉\ ∫⟩}\⊣↕∫ ⊣∇⌉ ⌈⌉∫⌋∇⟩⌊⌉⌈ ⟩\ ⇕≀∇⌉ ⌈⌉⊔⊣⟩↕ ⟩\ ∪∞∈⊎↙ B⊣∫⟩⌋⊣↕↕†⇔ ⊣ ↕⊣⊔⌉↖⌉\⊣⌊↕⌉ ∫⟩}\⊣↕ ⟩∫ ⊔⟨⌉ ≀⊓⊔√⊓⊔ ≀{ ⊣\ ⊣⌊≀∇⊔ ⌈⌉⊔⌉⌋⊔⟩≀\ √∇≀⌈⊓⌋⊔⇔ ⊒⟨⟩⌋⟨ ⌋≀⊑⌉∇∫ ⊔⟨⟩∫ ∫⊓⇕ ⌊⟩⊔↙ E⊣⌋⟨ ↕⊣⊔⌉↖⌉\ ∫⟩}\⊣↕ ⟩∫ ⌊∇≀⊣⌈⌋⊣∫⊔ ⊔≀ ⊔⟨⌉ ∫⊓⇕ ⌊⟩⊔∫ ⊒⟨⟩⌋⟨ ⟩⊔ ⌋≀⊑⌉∇∫↙ T⟨⟩∫ ∫≀↕⊓⊔⟩≀\ ⟩∫ {⊣⟩∇↕† ⌋≀⇕√↕⌉§↙ O\⌉ ∇⌉⊣∫≀\ ⟩∫ ⊔⟨⊣⊔⇔ ⟩\

F⟩}⊓∇⌉ △↙ S⊓⇕ G⌉\⌉∇⊣⊔⟩≀\ {≀∇ B∇⌉\⊔↖K⊓\} A⌈⌈⌉∇

⊣ ∫⊔⊣⊔⟩⌋ CMOS ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\⇔ ⟩\⊔⌉∇\⊣↕ \≀⌈⌉∫ ⊣∇⌉ \⌉⊑⌉∇ ∇⌉∫⌉⊔⇔ ∫≀ ⊔⟨⌉⟩∇ ∫⊔⊣⊔⌉ ⟩∫ ⟩\ }⌉\⌉∇⊣↕ ⊓\‖\≀⊒\↙ D⊓∇⟩\} ⌉⊣∇↕† ⌋≀⇕√↕⌉⊔⟩≀\⇔ ≀\⌋⌉ L⌉⊑⌉↕↖∋ G signals are valid and stable the goal is to use them for early sum generation▷ Unfortunately the values of Level5 G signals are unknown at this point▷ Therefore complex sum generation logic is needed to in sure that a valid early sum is produced using Level3 G signals regardless of the values on Level5 G signals▷ 3 Basic Dynamic BrentKung Adders We now introduce the αrst class of new speculative designs. basic dynamic implementations of BrentKung adders▷ Dynamic logic allows two key improvements. ↼i↽ greatly simpliαed sum generation, ↼ii↽ fast abort detection logic▷ We present designs for ↼i↽ 32⇁32 bit addition using 1 speculative delay ↼i▷e▷ 2speed↽ and ↼ii↽ 64⇁64 bit addition using 2 speculative delays ↼i▷e▷ 3speed↽▷ 3▷1 Basic Dynamic P◁G Cell▷

Figure 5▷ Basic dynamic cell. BrentKung adder A basic dynamic cell is shown in Figure 5▷ The cell is used for P_i/G_i generation in Level1 through Level5▷ The

static implementation alternated between P i/Gi and P i/Gi in adjacent levels▷ In contrast the dynamic implementation uses inverters so it produces P/G at each level▷ The initial Level0 p_i/g_i values are produced using dynamic XOR and AND gates respectively ↼not shown↽▷ 3▷2 Dynamic Adder Design. Overview▷ Completion Network▷

Figure 6▷ Basic completion network. Brent Kung adder

A matched completion network for a 32⇁32 bit dynamic BrentKung adder can easily be built▷ Figure 6 shows two matched delay paths. ↼i↽ a speculative path assuming Level 3 G signals are used for sum producing Done_{early} , and ↼ii↽ the default path assuming Level5 G signals are used for sum producing Done_{late}▷ The matched delay paths consist of replicated basic cells for P/G generation▷ At the left initial signals P_{dummy1} and P_{dummy2} are set to 1 in Level0▷ As a result in each subsequent level the P i output becomes 1 in turn▷ In the αnal stage in each path ↼Level3 in speculative Level5 in default↽ the G j inputs are tied to 1 and G i inputs are tied to 0 producing a αnal G i output of 1 only after input P i = 1 arrives. These signals are each fed into an XOR, to match the sum generation logic. Finally, the resulting Done_{early} and Done_{late} signals are fed into a MUX ↼not shown in the αgure↽ which is controlled by the abort detection net work▷ The resulting completion network contributes little area overhead to the entire adder▷

Abort Detection Network▷ A dynamic implementation of an abort detection network is shown in Figure 7▷ This particular network is the 4 literal◁5product network described in the previous section▷ A similar implementation can be used for other networks▷ The network has only 2 levels of logic ↼ignoring invert ers↽ and pulldown stack depth is 2▷ The network is small fast and has a low abort rate▷ The network allows early completion ↼i▷e▷ no abort↽ on 72ϱ of random inputs▷ As shown in Section 6 even a more complex abort network ↼a

Figure 7▷ A dynamic abort detection network. BrentKung adder

5literal◁7product network↽ easily meets the timing require ments ↼determines abort in less than 1ns much faster than the speculative delay path↽▷ Modiαed Sum Generation▷

Figure 8▷ Dynamic modiαedsum generation. BrentKung adder

Dynamic logic allows a greatly simpliαed design of the sum logic▷ In the static design of the previous section modiαed sum logic was complicated▷ The problem was that internal nodes are not reset and therefore their state is in general unknown▷ Therefore complex modiαed sum generation logic was needed to produce a valid early sum result▷ In addition lateenable signals had to be distributed to the different sum modules▷ In contrast with dynamic logic all nodes are reset during the precharge phase so values of internal nodes are known▷ The new dynamic implementation for modiαed sum logic is shown in Figure 8↼a↽▷ The ith sum is given by. s i = pi ⊕ (G3_{i−∞} + G5_{i−∞}). Here G3_{i−∞} ⟩∫ ⊔⟨⌉ ⌉⊣∇↕† ⇐L⌉⊑⌉↕↖∋⇒ ⌋⊣∇∇†≀⊓⊔ {∇≀⇕ ⊔⟨⌉ i−∞ ∫⊔⊣}⌉⇔ G 5i−∞ ⟩∫ ⊔⟨⌉ ↕⊣⊔⌉ ⇐L⌉⊑⌉↕↖▽⇒ ⌋⊣∇∇†≀⊓⊔ {∇≀⇕ ⊔⟨⌉ i − ∞ ∫⊔⊣}⌉⇔ ⊣\⌈ p_i is the ith Level0 propagate bit▷ No lateen signal need to be distributed▷ This scheme produces a correct sum in every case▷ If completion is late ↼i▷e▷ abort occurs↽ then either ↼i↽ G5_{i−∞} ⊣\⌈ G 3_{i−∞} ⊣∇⌉ ⌊≀⊔⟨ ∞⇔ ⇐⟩⟩⇒ G 5_{i−∞} ⊣\⌈ G 3_{i−∞} ⊣∇⌉ ⌊≀⊔⟨ ′⇔ ≀∇ ⇐⟩⟩⟩⇒ G 5i−∞ ⟩∫ ∞ ⊣\⌈ G 3i−∞ ⟩∫ ′↙ T⟨⌉ ∇⌉⇕⊣⟩\⟩\} ⌋⊣∫⌉⇔ G 5i−∞ ⟩∫ ′ ⊣\⌈ G 3_{i−∞} ⟩∫ ∞⇔ ⌋⊣\\≀⊔ ≀⌋⌋⊓∇⇔ ∫⟩\⌋⌉ G 5_{i−∞} ⟩∫ ⊣ √≀∫⟩⊔⟩⊑⌉ ⊓\⊣⊔⌉ {⊓\⌋⊔⟩≀\ ≀{ G 3i−∞↙ I\ ⊣↕↕ ⌋⊣∫⌉∫⇔ G 5i−∞ + G3i−∞ = G5i−∞⇔ ∫≀ ⊔⟨⌉ ⌋≀∇∇⌉⌋⊔ ↕⊣⊔⌉ ∫⊓⇕ ⟩∫ √∇≀⌈⊓⌋⌉⌈↙ I{ ⌋≀⇕√↕⌉⊔⟩≀\ ⟩∫ ⌉⊣∇↕† ⇐⟩↙⌉↙⇔ \≀ ⊣⌊≀∇⊔ ≀⌋⌋⊓∇∫⇒⇔ ⊔⟨⌉\ ⌋⊣∫⌉ ⇐⟩⟩⟩⇒ ⌋⊣\\≀⊔ ≀⌋⌋⊓∇⇔ ≀⊔⟨⌉∇⊒⟩∫⌉ ⊣\ ⊣⌊≀∇⊔ ⊒≀⊓↕⌈ ⟨⊣⊑⌉ ≀⌋⌋⊓∇∇⌉⌈↙ I{ G 3i−∞ = 1, then G5i−∞ + G3i−∞ = 1 as desired, regardless of whether G5_{i−∞} ⟨⊣∫ ⟨⊣⌈ ⊔⟩⇕⌉ ⊔≀ ⌊⌉ ∫⌉⊔ ⊔≀ ∞↙ S⟩⇕⟩↕⊣∇↕†⇔ ⟩{ G 3i−∞ = 0, then G5i−∞ + G3i−∞ = 0. The above scheme extends naturally when there are multiple speculative delays: each appropriate early G signal is fed into the OR gate as shown in Figure 8↼b↽▷ 3▷3 Adder Examples▷ In the Results section we will consider two basic dy namic BrentKung adders▷ 32⇁32 BK Adder ↼2speed↽▷ Level0 is p/g generation Level1 through Level5 is P/G generation and Level6 is sum generation▷ The 5literal◁7product abort network described above is used▷ The adder operates at 2 speeds▷ There is one speculative path which allows early completion after Level3 G signals have been used for sum generation▷ 64⇁64 BK Adder ↼3speed↽▷ Level0 is p/g generation Level1 through Level6 is P/G generation and Level7 is sum generation▷ In this case the adder operates at 3 speeds▷ There are two speculative delay paths allowing ↼i↽ very early completion after Level3 G signals have been used for sum generation or ↼ii↽ early completion after Level4 G signals have been used for sum generation▷ The very early abort detection network detects all 8p runs using 12 products each with 4 literals. p4p5p6p7 + p9p10p11p12+ p14p15p16p17+ p19p20p21p22+ p24p25p26p27+ p29p30p31p32+p34p35p36p37+p39p40p41p42+p44p45p46p47+ p49p50p51p52+ p54p55p56p57+ p59p60p61p62▷ The early abort detection network detects all 16p runs using 6 products each with 8 literals. p8p9p10p11p12p13p14p15+ p17p18p19p20p21p22p23p24 + p26p27p28p29p30p31p32p33 + p35p36p37p38p39p40p41p42 + p44p45p46p47p48p49p50p51 + p53p54p55p56p57p58p59p60▷ 4 Handling Small Numbers We now introduce two variant architectures to handle addition of small numbers▷ Smallnumber addition is an important special case aris ing in several processor applications▷ By a small number we mean a number with small magnitude either positive or negative▷ Our focus will be on additions A + B where one particular operand ↼say B↽ is or may be small▷ In contrast A may be large▷ The goal of this work is to allow very early completion when handling small numbers▷ Speciαcally for a 32⇁32 bit BrentKung adder our goal is to produce an early sum using Level2 G signals▷ In contrast the basic dynamic 32 bit BrentKung adder in the previous section used Level3 G signals for early sum▷ Smallnumber addition occurs in two common applica tions. ↼i↽ signextension and ↼ii↽ nonrandom input distri butions▷ Signextension of an operand from say 16 to 32bits often occurs in RISC processors during branch tar get address calculation ↼for conditional branches↽ and effec tive address calculation ↼for memory data transfers↽▷ Non random input distributions occur in actual code sequences for real programs▷ In particular even in ALU add op erations without signextension actual operands may be statistically skewed towards small numbers ↼see also ♭13♯↽▷ In each case very early completion is often possible since carry chains are often short▷ However there are two major problems in applying a basic speculative architecture for these cases▷ First abort detection logic becomes quite complex since many short carry chains must be detected▷ At the same time abort detection logic must be even faster since a very early speculative delay is used▷ We now describe two variants of the speculative archi tecture to handle signextension and nonrandom inputs▷ 4▷1 SignExtension The αrst design is a 32⇁32 bit BrentKung adder where the second operand B is a 16bit signextended integer▷ The goal is to allow very early completion i▷e▷ using Level 2 G signals for the sum▷ Consider two operands A = a31a30. . . a1a0 and B = b31b30. . . b1b0 where B is signextended 16bit number, that is b31= b30= . . . = b16= b15▷ We shall refer to bits 15 to 31 as the upper bits and to bits 0 to 14 as the lower bits▷ Since the upper bits of B are identical ↼all 0 or all 1↽ abort detection can be greatly simpliαed▷ Our basic strategy is to use partial abort detection. we detect abort conditions only in the lower bits ↼roughly↽▷ However the problem with this approach is that long carries in upper bits are still possibleω This problem is addressed in the sequel▷ Complete Abort Detection▷ A complete abort detection network could be used to de tect all long carries▷ To allow very early completion us ing Level2 G signals it is sufαcient to check for any 4p run i▷e▷ run of 4 consecutive Level0 propagate signals p_i . . . p_i+3. If no 4-p run occurs, then no late completion is

necessary, as a corollary of Condition 2.1.

A complete abort detection network must detect every 4-p run, from 0 − ∋ ⊔≀ ∈∀ − ∋∞↙ F≀∇ ⌉§⊣⇕√↕⌉⇔ ⊓∫⟩\} ∋↖↕⟩⊔⌉∇⊣↕ √∇≀⌈⊓⌋⊔∫¬ √∇≀⌈⊓⌋⊔ p 1p2p3 detects two 4p runs 0 − ∋ ⊣\⌈ ∞ − △∅ p 3p4p5detects two 4p runs 2 − ▽ ⊣\⌈ ∋ − ∅̸ ⌉⊔⌋↙ T⟨⌉ ∇⌉∫⊓↕⊔⟩\} \⌉⊔⊒≀∇‖ ⟨⊣∫ ∞▽ √∇≀⌈⊓⌋⊔∫⇔ ⊣\⌈ ⌈⌉⊔⌉⌋⊔∫ ⊣↕↕ △↖√ ∇⊓\∫↙

P⊣∇⊔⟩⊣↕ A⌊≀∇⊔ D⌉⊔⌉⌋⊔⟩≀\↙ A ⌊⌉⊔⊔⌉∇ ⊣↕⊔⌉∇\⊣⊔⟩⊑⌉ ⟩∫ ⊔≀ ⊓∫⌉ ⊣ √⊣∇⊔⟩⊣↕ ⊣⌊≀∇⊔ ⌈⌉⊔⌉⌋⊔⟩≀\ \⌉⊔↖ ⊒≀∇‖↙ T⟨⌉ \⌉⊔⊒≀∇‖ ⟩∫ ⇕⊓⌋⟨ ∫⟩⇕√↕⌉∇∅ ⟩⊔ ≀\↕† ⌈⌉⊔⌉⌋⊔∫ ⊔⟨⌉ △↖√ ∇⊓\∫ {∇≀⇕ ′ − ∋ ⊔⟨∇≀⊓}⟨ ∞▽ − ∞∀↙ T⟨⌉ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ ⟩∫ ∫⟨≀⊒\ ⟩\ F⟩}⊓∇⌉ ∃↙ T≀ √∇≀⊑⌉ ⊔⟨⊣⊔ ⊔⟨⟩∫ √⊣∇⊔⟩⊣↕ \⌉⊔⊒≀∇‖ ⟩∫ ∫⊓{⊘⌋⌉\⊔⇔ ⊔⊒≀ ⌋⊣∫⌉∫ ⇕⊓∫⊔ ⌊⌉ ⌋≀\∫⟩⌈⌉∇⌉⌈⇔ ⌈⌉√⌉\⌈⟩\} ≀\ ⊒⟨⌉⊔⟨⌉∇ ⊔⟨⌉ ∫⟩}\↖ ⌉§⊔⌉\⌈⌉⌈ ≀√⌉∇⊣\⌈⇔ B is positive or negative▷ Case I. B Is Positive▷ In this case the key observation is that each upper bit i ↼i = 15 . . . 31↽ is either a propagate ↼p↽ bit ↼i▷e▷ p_i = a_i ⊕ b_i = 1) or a kill (k) bit (i.e., k_i = a_i · b_i = 1). No upper generate (g) bit (i.e., g_i = a_i · b_i↽ can occur since bits b15− b31are all 0▷ We now show that only 4p runs up to 15 − ∞∀ \⌉⌉⌈ ⊔≀ ⌊⌉ ⌈⌉⊔⌉⌋⊔⌉⌈↙ C≀\∫⟩⌈⌉∇ ⊔⟨⌉ ∇⊓\⇔ ∞▽−∞∀↙ T⟨⟩∫ ⟩∫ ⊣ ⌋∇≀∫∫≀⊑⌉∇ ∇⊓\¬ ⟩⊔ ⟩∫ ⊔⟨⌉ ↕≀⊒⌉∫⊔ △↖√ ∇⊓\ ⊔⟨⊣⊔ ⌋≀\⊔⊣⟩\∫ ≀\↕† ∫⟩}\↖⌉§⊔⌉\∫⟩≀\ ⌊⟩⊔∫ ≀{ B▷ In this case bits 15 − ∞∀ ⌋⊣\ ⟨⊣⊑⌉ ≀\↕† p or k values▷ Suppose 15 − ∞∀ ⟩∫ ⊣ △↖√ ∇⊓\ ⇐⟩↙⌉↙⇔ ⌋≀\⊔⊣⟩\∫ ⊣↕↕ p values↽▷ In this case an abort is required since a long carry chain ↼length ≥ △⇒ ⊔⟨∇≀⊓}⟨ ⌊⟩⊔ ∞∃ ⇕⊣† ≀⌋⌋⊓∇⇔ ∇⌉∫⊓↕⊔⟩\} ⟩\ ⊣ ↕⊣⊔⌉ ∫⊓⇕↙ A↕⊔⌉∇\⊣⊔⟩⊑⌉↕†⇔ ∫⊓√√≀∫⌉ ∞▽ − ∞∀ ⟩∫ \≀⊔ ⊣ △↖√ ∇⊓\↙ I\ ⊔⟨⟩∫ ⌋⊣∫⌉⇔ \≀ ⌋⊣∇∇† ⌋⟨⊣⟩\ ⟩∫ √≀∫∫⟩⌊↕⌉ ⟩\ ⊔⟨⌉ ⟨⟩}⟨⌉∇ ⌊⟩⊔∫↙ I\ √⊣∇⊔⟩⌋↖ ⊓↕⊣∇⇔ ∫≀⇕⌉ ⌊⟩⊔ j ∈ ∞▽ . . . 18 is not a propagate ↼p↽ bit so it must be a kill ↼k↽ bit▷ This bit j effectively kills any carry into the next bit 19▷ As a result no carry out will occur in any higher bit since these bits are either p or k and not g▷ Therefore no carry chain occurs in the upper bits so no higher 4p runs ↼16 − ∞∃ . . . 28 − ∋∞⇒ \⌉⌉⌈ ⊔≀ ⌊⌉ ⌈⌉⊔⌉⌋⊔⌉⌈↙ T⟨⌉ √⊣∇⊔⟩⊣↕ ⊣⌊≀∇⊔ ⌈⌉⊔⌉⌋⊔⟩≀\ \⌉⊔⊒≀∇‖ ⌋⊣\ ∫⊣{⌉↕† ⌊⌉ ⊓∫⌉⌈↙ C⊣∫⌉ II¬ B I∫ N⌉}⊣⊔⟩⊑⌉↙ I\ ⊔⟨⟩∫ ⌋⊣∫⌉⇔ ⊔⟨⌉ ‖⌉† ≀⌊∫⌉∇⊑⊣⊔⟩≀\ ⟩∫ ⊔⟨⊣⊔ ⌉⊣⌋⟨ ⊓√√⌉∇ ⌊⟩⊔⇔ i ↼i = 15 . . .31↽ is now either a propagate bit or a generate bit▷ No upper kill bit can occur since bits b15− b31are all 1▷ This case is dual to the positive case but there is a subtle difference. long carry chains can now be generated in the upper bitsω For example suppose a20is 1 and bits a21 through a28are all 0▷ Bit 20 is a generate bit ↼since b20is 1↽ while bits 21 − ∈∀ ⊣∇⌉ √∇≀√⊣}⊣⊔⌉ ⌊⟩⊔∫ {≀∇⇕⟩\} ⊣\ ∀↖√ ∇⊓\ ⇐∫⟩\⌋⌉ b 21− b28are all 1↽▷ Therefore a carry chain of length 8 occurs generated in bit 20▷ These carry chains can cause late changes in the upper sum bits▷ Our goal is to avoid detecting these long upperbit carry chains yet still produce a correct early sum▷ We now prove that only 4p runs up to 15 − ∞∀ \⌉⌉⌈ ⊔≀ ⌊⌉ ⌈⌉⊔⌉⌋⊔⌉⌈↙ A}⊣⟩\⇔ ⌋≀\∫⟩⌈⌉∇ ⊔⟨⌉ ⌋∇≀∫∫≀⊑⌉∇ ∇⊓\⇔ ∞▽ − ∞∀↙ H⌉∇⌉⇔ ⌊⟩⊔∫ ∞▽ − ∞∀ ⌋⊣\ ⟨⊣⊑⌉ ≀\↕† p or g values▷ Suppose 15 − ∞∀ ⟩∫ ⊣ △↖√ ∇⊓\ ⇐⟩↙⌉↙⇔ ⊣↕↕ p values↽▷ In this case an abort is required since a long carry chain into bit 19 may or may not occur▷ The abort is required since the value of sum19cannot safely be resolved during early completion. it depends on whether the carryin to 15 actually occurs▷ Alternatively suppose 15 − ∞∀ ⟩∫ \≀⊔ ⊣ △↖√ ∇⊓\↙ W⌉ ∫⟨≀⊒ ⊔⟨⊣⊔ ⌉⊑⌉∇† ⟨⟩}⟨⌉∇ ⌊⟩⊔ \≀⊒ ⟨⊣∫ ⊣ ⌋⊣∇∇†≀⊓⊔↙ I\ ⊔⟨⟩∫ ⌋⊣∫⌉⇔ ∫≀⇕⌉ ⌊⟩⊔ j ∈ ∞▽ . . .18 is not a propagate ↼p↽ bit so it must be a generate ↼g↽ bit▷ This bit j effectively generates a carry into the next bit 19▷ Since each upper bit is either p or g this carry initiates a carry chain insuring that every higher bit i > j ↼whether p or g↽ produces a carryout▷ As an example suppose j = 17, the upper bits 23 and 28 are g and the remaining bits 18 − ∈∈⇔ ∈△ − ∈ ⊣\⌈ ∈∃ − ∋∞ ⊣∇⌉ ⊣↕↕ p▷ Here 17 is g initiating a carry chain of length 5 through the prun from 17 − ∈∈⇔ ⊣\⌈ ⟩\∫⊓∇⟩\} ⊣ ⌋⊣∇∇†≀⊓⊔ ≀{ ⌉⊣⌋⟨ ≀{ ⊔⟨⌉∫⌉ ⌊⟩⊔∫↙ T⟨⌉ ∇⌉⇕⊣⟩\⟩\} g bits 23 and 28 already initiate carry chains into pruns 24 − ∈ ⊣\⌈ ∈∃ − ∋∞⇔ ∇⌉∫√⌉⌋⊔⟩⊑⌉↕†↙ T⟨⌉∇⌉{≀∇⌉⇔ ⌉⊑⌉∇† ⊓√√⌉∇ ⌊⟩⊔ √∇≀⌈⊓⌋⌉∫ ⊣ ⌋⊣∇∇†≀⊓⊔↙ I\ ⊔⟨⟩∫ ⌋⊣∫⌉⇔ ↕≀\} ⌋⊣∇∇† ⌋⟨⊣⟩\∫ ⟩\ ⊓√√⌉∇ ⌊⟩⊔∫ ⌋⊣\ ≀⌋⌋⊓∇↙ A\⌈ †⌉⊔⇔ ⊔⟨⟩∫ ⌋≀\⌈⟩⊔⟩≀\ ≀{ ⊖⊣↕↕↖⌋⊣∇∇†≀⊓⊔∫⪰ ⟩\ ⊓√√⌉∇ ⌊⟩⊔∫ ⌋⊣\ ⌊⌉ ⊓∫⌉⌈ ⊔≀ ⟩\∫⊓∇⌉ ⊣ ⌋≀∇∇⌉⌋⊔ ⌉⊣∇↕† ∫⊓⇕⇔ ⟩\ ∫√⟩⊔⌉ ≀{ ⊔⟨⌉ ↕≀\} ⌋⊣∇∇† ⌋⟨⊣⟩\∫↙ M≀⌈⟩⊘⌉⌈ U√√⌉∇ S⊓⇕ G⌉\⌉∇⊣⊔⟩≀\↙ T⟨⌉ ∫≀↕⊓⊔⟩≀\ ⟩∫ ⊔≀ ⇕≀⌈⟩{† ⊔⟨⌉ ⊓√√⌉∇ ∫⊓⇕ ⌊⟩⊔∫↙ W⌉ ⊘∇∫⊔ ∫⟨≀⊒ ⊔⟨⊣⊔⇔ {≀∇ ⌉⊣⌋⟨ ⊓√√⌉∇ ⌊⟩⊔ i a_i is the correct sum_i for early completion and p i ⊕ G5i−∞ ⟩∫ ⊔⟨⌉ ⌋≀∇∇⌉⌋⊔ sum i for late completion▷ This result is justiαed below▷ In Case I ↼B is positive↽ if there is no abort we showed that there is no carryout from any upper bit i i ≥ ∞∀↙ T⟨⌉∇⌉{≀∇⌉⇔ ⊣\ ⊓√√⌉∇ ⌊⟩⊔ ∫⊓⇕⇔ sum_i i > 18 is. p_i ⊕carryout_{i−∞} = p_i ⊕′ = p_i = a_i ⊕b_i = a_i ⊕′ = a_i▷ In Case II ↼B is negative↽ if there is no abort we showed that there is always a carryout from every upper bit i i ≥ ∞∀↙ I\ ⊔⟨⟩∫ ⌋⊣∫⌉⇔ ⊣\ ⊓√√⌉∇ ⌊⟩⊔ ∫⊓⇕⇔ sum_i i > 18 is. p_i ⊕ carryout_{i−∞} = p_i ⊕ ∞ = p_i = a_i ⊕ b_i = a_i ⊕ ∞ = a_i ⊕ ′ = a_i▷ In each case if there is no abort the ith upper sum bit is sum_i = a_i. This result holds regardless of long carry chains in the upper bits ↼in Case II↽▷ Based on this result modiαed sum logic for the upper sum bits sum_i i ≥ ∞∃⇔ ⇕⊓∫⊔ ⌊⌉ ⌈⌉∫⟩}\⌉⌈↙ F⟩}⊓∇⌉ ∞′ ∫⟨≀⊒∫ ≀⊓∇ \⌉⊒ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\↙ E⊣⌋⟨ ⊓√√⌉∇ ⌊⟩⊔ ⟩∫ ⟩⇕√↕⌉⇕⌉\⊔⌉⌈ ⊣∫¬ sum_i = p_i ⊕ (G5_{i−∞} + b15Z). Here, Z is the abort signal and b15is the sign bit of the 16bit operand▷2 The AND of signals Z and b15is broadcast to each of these upper sum bits▷ If there is no abort these upper sum bits generate the correct result a_i quickly even in Case II ↼B is negative↽ where there may be long carry chains in the upper bits▷ To see that this upper sum logic is correct consider the two cases▷ In Case I B is positive so b15is 0▷ Therefore sum_i = p_i⊕(G5_{i−∞}+0) = p_i⊕G5_{i−∞}↙ F≀∇ ⌉⊣∇↕† ⌋≀⇕√↕⌉⊔⟩≀\⇔ ∈A {⊣∫⊔⌉∇ ⊣↕⊔⌉∇\⊣⊔⟩⊑⌉ ⟩∫ ⊔≀ ⊓∫⌉ √∇≀⌈⊓⌋⊔⇔ p 15p16p17p18 as the Z signal▷ This product detects the crossover run 15 − ∞∀⇔ ⊣\⌈ ⌋⊣\ ∫⊣{⌉↕† ∇⌉√↕⊣⌋⌉ abort for the signextension case▷ Howevertiming constraints were easily met using abort as Z▷

Figure 9▷ Partial Abort Detection for SignExtension. BrentKung Adder

Figure 10▷ Modiαed Upper Sum Bit for SignExtension ↼bit i/1931↽. BrentKung Adder

there are no upper carries so G 5i_{−∞} ∇⌉⇕⊣⟩\∫ ⊣⊔ ′⇔ ⊣\⌈ sum i = p_i ⊕ ′ = p_i = a_i ⊕ b_i = a_i ⊕ ′ = a_i▷ For late completion sum_i = p_i ⊕ G5_{i−∞}⇔ ⊣∫ ⌈⌉∫⟩∇⌉⌈↙ I\ C⊣∫⌉ II⇔ B is negative so b15 is 1▷ For early completion Z = 0, so sum_i = p_i ⊕ (G5_{i−∞} + b15Z) = p_i ⊕ (G5_{i−∞} + 1) = p_i ⊕ ∞ = p_i = a_i ⊕ b_i = a_i ⊕ ∞ = a_i▷ For late completion Z = 1, so sum_i = p_i ⊕(G5_{i−∞} +b15Z) = p_i ⊕(G5_{i−∞} +0) = p_i ⊕G5_{i−∞}. In both cases the logic produces the correct sum. a_i if no abort otherwise p i ⊕ G5i−∞↙ A∫ ∫⟨≀⊒\ ⟩\ S⌉⌋⊔⟩≀\ ⇎ ⊔⟨⌉ √⊣∇⊔⟩⊣↕ ⊣⌊≀∇⊔ ⌈⌉⊔⌉⌋⊔⟩≀\ \⌉⊔↖ ⊒≀∇‖ ⊣\⌈ ⇕≀⌈⟩⊘⌉⌈ ⊓√√⌉∇ ∫⊓⇕ ↕≀}⟩⌋ ⌉⊣∫⟩↕† ⇕⌉⌉⊔ ⊣↕↕ ⊔⟩⇕⟩\} ⌋≀\∫⊔∇⊣⟩\⊔∫↙ T⟨⌉† ⊣↕↕≀⊒ ⊑⌉∇† {⊣∫⊔ ⌋≀⇕√↕⌉⊔⟩≀\⇔ ⊓∫⟩\} L⌉⊑⌉↕↖∈ G signals▷ 4▷2 Case 2. NonRandom Input Distributions▷ Our second design is a 32⇁32 bit BrentKung adder where the second operand B is frequently small▷ This case arises in practice where a 32⇁32 bit adder receives nonrandom input distributions e▷g▷ when running programs where the inputs are skewed to small numbers▷ This case is more general than Case 1 since B may not always be a signextended 16bit number▷ Again the goal is to allow very early completion after Level2 ↼not Level3↽ G signals are produced▷ Our solution is a simple modiαcation of our approach for signextension▷ We simply check if operand B is a sign extended number▷ If it is very early completion is used ↼if there is no abort↽ as before▷ If not the default late completion is used ↼using Level5 G signals to produce the sum↽▷ Two hardware modiαcations are needed over the Case 1 design▷ First a signextend_B detection network is added to check if B is a signextended number▷ This network consists of two subnetworks upper0 and upper1▷ Output upper0 is the NOR of bits b15− b31 and determines if these bits are all 0, if so B is a signextended positive number▷ Output upper1 is the AND of bits b15− b31 and determines if these bits are all 1, if so B is a signextended negative number▷ Operand B is a signextended number if signextend_B = upper0+ upper1 = 1. Second, signextend_B is used to augment the abort de tection network▷ In particular the term signextend B = upper0·upper1is ORed with the original abort network▷ The new abort detection network is shown in Figure 11▷ An abort occurs if a 4p run is detected in the lower bits ↼as before↽ or if B is not a signextended number ↼signextend_B = 0). The idea is that, if B is not a signextended number we conservatively abort since a 4p run may occur in the upper bits and will not be detected▷ There are no changes to upper sum bits, the same imple mentations are used as in sign extension ↼see Figure 10↽▷ 5 Hybrid CarryBypass Adder This section illustrates how the abort detection scheme can be efαciently combined with existing completion sens ing strategies▷ Our goal is to avoid completion sensing overhead for fast cases but obtain the beneαt of variable completion sensing for slower cases▷ We target a dynamic 32bit asynchronous carrybypass adder ↼CBA↽ illustrated in Figure 12↼a↽ ♭15♯▷ The adder con tains eight 4bit dualrail Manchester carry groups that gen erate dualrail carry signals as illustrated in Figure 12↼b↽▷ For bit i either c^T_i or c^F_i rising signiαes that the carry gener ation is completed▷ Because the carry bits can complete in any order the completion sensing logic must detect when all 32 carry bits are completed▷ Thus the completion sensing logic consists of a 32bit ORAND network▷ Figure 12↼c↽ illustrates our implementation consisting of

Figure 11▷ Partial Abort Detection for Small Numbers. BrentKung Adder

a tree of domino logic gates that we optimized to minimize the worstcase delay▷ Speciαcally the delay from c 31to the done signal goes through two fast 2input domino AND gates while the delay from other carry signals such as c1go through up to three additional domino gates▷ The sum logic is faster than the fastest completion sensing delay and thus is guaranteed to complete before done⇁ is generated▷ In fact done⇁ occurs up to 1 ns after the last sum bit changes representing signiαcant delay overhead▷ In order to reduce completion sensing overhead we com bine the completion sensing logic with a speculative com pletion scheme as illustrated in Figure 13▷ Here a matched averagecase delay line qualiαed with the output of an abort network is ORed with the existing variabledelay comple tion sensing network▷ When an early case occurs both inputs to the OR gate will rise but the αrst to rise causes done⇁ signifying completion▷ Since the matched delay line is fast we can often save a signiαcant fraction of the comple tion sensing overhead▷ For the nonearly cases ↼abort / 1↽ only the completion sensing network rising causes done⇁▷ A statistical analysis by Garside et al▷ ♭14♯ guided our choice of abort detection networks▷ He observed that real data often exhibits a twohumped carrychain length distri bution one hump near a carrychain length of 5 and one much closer to the worstcase▷ Since the original adder was already designed to minimize worstcase delay we chose to target the abort network towards additions having very short carrychains▷ As illustrated in Figure 14 the abort detection network consists of a group of eight 4p product terms▷ The upper 7 terms form the main portion of the detection network where each 4p term bridges consecutive 4bit groups▷ ↼The role of the bottom 8th term will be discussed shortly▷↽ To avoid chargesharing problems these 4bit products are im plemented in two levels of domino gates▷ Essentially these products detect when the maximum effective carrychain delay consists of 5 consecutive carry propagates or more assuming that all carry delays are equal and that the carry bypass delay equals a carry delay▷ In reality however the carry bypass delay and the carry propagate between 4bit groups referred to as intergroup propagate are signiα cantly larger than the others carry propagate delays▷ Con sequently using this 4p network the averagecase matched delay must be larger than. • PG ⌈⌉↕⊣† ⇓ ∞ ⌋⊣∇∇† ⌊†√⊣∫∫ ⇓ ∞ ⌋⊣∇∇† √∇≀√⊣}⊣⊔⌉ ⇓ ∫⊓⇕ ⌈⌉↕⊣† ⊣\⌈ • PG ⌈⌉↕⊣† ⇓ ∋ ⌋⊣∇∇† √∇≀√⊣}⊣⊔⌉∫ ⇓ ∞ ⟩\⊔⌉∇↖}∇≀⊓√ √∇≀√⊣↖ }⊣⊔⌉ ⇓ ∫⊓⇕ ⌈⌉↕⊣†↙ N≀⊔⟩⌋⌉ ⊔⟨⊣⊔ ⟩\ ⊔⟨⌉ ⌊≀⊔⟨ ⌉∐⊓⊣⊔⟩≀\∫⇔ ⊔⟨⌉ }⌉\⌉∇⊣⊔⟩≀\ ≀{ ⊔⟨⌉ }∇≀⊓√ √∇≀√⊣}⊣⊔⌉ ∫⟩}\⊣↕ ⌈≀⌉∫ \≀⊔ ⊣√√⌉⊣∇↙ T⟨⟩∫ ⟩∫ ⌊⌉⌋⊣⊓∫⌉ ⟩⊔ ⟩∫ ⊓∫⊓⊣↕↕† \≀⊔ ⟩\ ⊔⟨⌉ ⌋∇⟩⊔⟩⌋⊣↕ √⊣⊔⟨⇔ ⟩↙⌉↙⇔ ⟩⊔ ⟩∫ ∫⊔⊣⌊↕⌉ ⌊† ⊔⟨⌉ ⊔⟩⇕⌉ ⊔⟨⌉ ⌋⊣∇∇† ⇕⊓∫⊔ ⌊⌉ ⌊†√⊣∫∫⌉⌈↙ T⟨⟩∫⇔ ⟨≀⊒⌉⊑⌉∇⇔ ⟩∫ \≀⊔ ⊔⟨⌉ ⌋⊣∫⌉ {≀∇ ⊔⟨⌉ }∇≀⊓√ √∇≀√⊣}⊣⊔⌉ ≀{ ⊔⟨⌉ ⊘∇∫⊔ △↖⌊⟩⊔ }∇≀⊓√↙ T≀ ⊣⌈⌈∇⌉∫∫ ⊔⟨⟩∫ √∇≀⌊↕⌉⇕⇔ ⊒⌉ ⌋≀⊓↕⌈ ⇕⊣‖⌉ ⊔⟨⌉ ⇕⊣⊔⌋⟨⌉⌈ ⌈⌉↕⊣† ↕≀\}⌉∇ ⊔≀ ⊣⌋⌋≀⊓\⊔ {≀∇ ⊔⟨⟩∫ ⌈⌉↕⊣†↙ H≀⊒⌉⊑⌉∇⇔ ⊔⟨⟩∫ ⇕⊣‖⌉∫ ⊔⟨⌉ ⟨†⌊∇⟩⌈ ∫⌋⟨⌉⇕⌉ ⟩\⌉{{⌉⌋⊔⟩⊑⌉ ⟩\ ∇⌉⌈⊓⌋⟩\} ⊣⊑⌉∇⊣}⌉↖⌋⊣∫⌉ ⌈⌉↕⊣†↙ T⟨⊓∫⇔ ⟩\∫⊔⌉⊣⌈⇔ ⊒⌉ ⊣⌊≀∇⊔ ⟩{ ⊔⟨⟩∫ ⌋⊣∫⌉ ⟩∫ ⌈⌉⊔⌉⌋⊔⌉⌈ ⊓∫⟩\} ⊣\ ∀⊔⟨ √∇≀⌈⊓⌋⊔ ⊔⌉∇⇕⇔ ⌋≀\∫⟩∫⊔⟩\} ≀{ p1 · p2 · p3 · p4▷ 6 Results We completed the transistorlevel design of the four adders in 0▷5 micron HP CMOS14TB threemetal process▷ This section describes our SPICE analysis to determine var ious critical delays as well as statistical analysis to obtain a measure of averagecase performance▷ 6▷1 SPICE Analysis We simulated all designs using Mentor Graphics Ac cusim ↼SPICE↽ simulator at 50^∘C ⊒⟩⊔⟨ ⊣ ∋↙∋V √≀⊒⌉∇ ∫⊓√√↕†↙ F≀∇ ⌉⊣⌋⟨ ≀{ ⊔⟨⌉ {≀⊓∇ B∇⌉\⊔↖K⊓\} A⌈⌈⌉∇∫⇔ ⊒⌉ ∫⟩⇕⊓↕⊣⊔⌉⌈ ⊣ {⌉⊒ ⟩\√⊓⊔ ⌋⊣∫⌉∫ ⊣\⌈ ∇⌉√≀∇⊔ ⊔⟨⌉ ∇⌉∫⊓↕⊔∫ ⟩\ T⊣⌊↕⌉ ∞↙ C≀↕⊓⇕\ A⌊≀∇⊔ ⟩\⌈⟩⌋⊣⊔⌉∫ ⊔⟨⌉ ⌈⌉↕⊣† ∇⌉∐⊓⟩∇⌉⌈ {≀∇ ⊔⟨⌉ ⊣⌊≀∇⊔ \⌉⊔⊒≀∇‖ ⊔≀ ⌋≀⇕√↕⌉⊔⌉↙ F≀∇ ⊔⟨⌉ △̸↖⌊⟩⊔ ⌈⌉∫⟩}\⇔ ⊔⟨⌉ ⌈⌉↕⊣†∫ {≀∇ ⌊≀⊔⟨ ⊣⌊≀∇⊔ \⌉⊔⊒≀∇‖∫ ⊣∇⌉ }⟩⊑⌉\↙ F≀∇ ⌉⊣⌋⟨ ⌈⌉∫⟩}\⇔ ⊔⟨⌉ ⌋≀↕⊓⇕\∫ G∈ ⊔⟨∇≀⊓}⟨ G ̸∫⟨≀⊒ ⊔⟨⌉ ⌈⌉↕⊣† ≀{ ⊔⟨⌉ D≀\⌉ ∫⟩}\⊣↕⇔ {≀∇ ⊔⟨⌉ ⊑⊣∇⟩≀⊓∫ ⇕⊣⊔⌋⟨⌉⌈ ⌈⌉↕⊣† √⊣⊔⟨∫↙ F≀∇ ⌉§⊣⇕√↕⌉⇔ G∈ ⟩\⌈⟩⌋⊣⊔⌉∫ ⊔⟨⌉ ⌈≀\⌉ ∫⟩}\⊣↕ {≀∇ ⊑⌉∇† {⊣∫⊔ ⌋≀⇕√↕⌉⊔⟩≀\⇔ ⊒⟨⌉∇⌉ ∫⟩}\⊣↕ L⌉⊑⌉↕↖∈ G signals are used to generate the sum▷ In each example these columns have a checkmark if the associated delay represents the delay of the addition▷ The last column Last bit gives the delay of the lastchanging sum bit▷ All delays are in nanoseconds▷ We also performed SPICE analysis on the Hybrid Carry Bypass Adder and present a breakdown of delays for various

↼a↽

↼b↽

↼c↽ Figure 12▷ ↼a↽ Toplevel view of 32bit carrybypass adder, ↼b↽ dualrail Manchester carrychain, and ↼c↽ two of the four 8bit groups constituting the domino logic implementation of the completion sensing tree▷

examples in Table 2▷ The column PGK Gen▷ Delay provides the delay for generating the p_i g_i and k_i signals, it is a con stant for all examples▷ The column Comp▷ Detect▷ provides the delay through the completion sensing tree▷ This gives an indication of the delay of the adder if no abort network existed▷ The column Matched Delay contains the delay of the matched delay line, it is essentially constant for all ex amples▷ The column Last Bit identiαes the delay of the last sum bit changing along with its bit ϑ▷ The column Done pro vides the actual delay of the adder▷ The last column Saved is the difference between the actual adder delay ↼given by the Done column↽ and the adder assuming no abort network were used ↼given by the Completion Detect▷ column↽▷ This gives an indication of how much time the abort network saved▷ 6▷2 Statistical Performance Analysis We statistically analyzed the averagecase performance of four of the speculativecompletion adders we described. the 32bit BK the 32⇁16bit BK the 32bit⇁small BK and the 32bit Hybrid CBA▷ For each of these adders we consid ered • ∇⊣\⌈≀⇕ ⌈⊣⊔⊣⇔ ⊒⟨⌉∇⌉ ⌉⊣⌋⟨ ≀√⌉∇⊣\⌈ ⌊⟩⊔ ⟨⊣∫ ′↙▽ √∇≀⌊⊣⌊⟩↕↖ ⟩⊔† ≀{ ⌊⌉⟩\} ∞⇔ ⊣\⌈ • ∇⌉⊣↕ ⌈⊣⊔⊣⇔ ≀⌊⊔⊣⟩\⌉⌈ ⌊† ∇⊓\\⟩\} ⌊⌉\⌋⟨⇕⊣∇‖ √∇≀}∇⊣⇕∫ ≀\ ⊣\ ARM ∫⟩⇕⊓↕⊣⊔≀∇ ⟩\ ⊒⟨⟩⌋⟨ ⊒⌉ ⟩\⌋≀∇√≀∇⊣⊔⌉⌈ ∫≀{⊔⊒⊣∇⌉ √⌉∇{≀∇⇕⊣\⌋⌉ ⇕≀⌈⌉↕∫ ≀{ ≀⊓∇ ⊣⌈⌈⌉∇∫ ⌈⌉∇⟩⊑⌉⌈ {∇≀⇕ ≀⊓∇ SPICE ⊣\⊣↕†∫⟩∫↙

F⟩}⊓∇⌉ ∞∋↙ I↕↕⊓∫⊔∇⊣⊔⟩≀\ ≀{ ⊔⟨⌉ ⟨†⌊∇⟩⌈ ⊣√√∇≀⊣⌋⟨ ⟩\ ⊒⟨⟩⌋⟨ ⌋≀⇕√↕⌉⊔⟩≀\↖∫⌉\∫⟩\} ⟩∫ ⌋≀⇕⌊⟩\⌉⌈ ⊒⟩⊔⟨ ⊣ ⇕⊣⊔⌋⟨⌉⌈ ⌈⌉↕⊣† ↕⟩\⌉ ⊓∫⟩\} ⊣\ ⊣⌊≀∇⊔ \⌉⊔⊒≀∇‖↙

F⟩}⊓∇⌉ ∞△↙ D†\⊣⇕⟩⌋ ⊔∇⊣\∫⟩∫⊔≀∇↖↕⌉⊑⌉↕ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ ≀{ ⊔⟨⌉ √∇≀√≀∫⌉⌈ ⊣⌊≀∇⊔ \⌉⊔⊒≀∇‖↙

F≀∇ ⊔⟨⌉ ∇⊣\⌈≀⇕ ⌋⊣∫⌉ ≀\↕†⇔ ⊒⌉ ⊣↕∫≀ ⌋≀\∫⟩⌈⌉∇⌉⌈ △̸↖⌊⟩⊔ BK ⊣⌈⌈⌉∇∫ ⇐⊔⟨⌉ ∇⌉⊣↕ ⌈⊣⊔⊣ ⊒⊣∫ {≀∇ ∋∈↖⌊⟩⊔ ⊣⌈⌈⟩⊔⟩≀\∫ ≀\↕†⇒↙ W⌉ ⌋≀⇕↖ √⊣∇⌉⌈ ≀⊓∇ ∫√⌉⌋⊓↕⊣⊔⟩⊑⌉ B∇⌉\⊔↖K⊓\} ⊣⌈⌈⌉∇∫ ⊔≀ ∫†\⌋⟨∇≀\≀⊓∫ B∇⌉\⊔↖K⊓\} ⊣⌈⌈⌉∇∫⇔ ⊔≀ ⌈⌉⇕≀\∫⊔∇⊣⊔⌉ ⊔⟨⌉ ⊣⌈⊑⊣\⊔⊣}⌉ ≀{ ∫√⌉⌋⊓↖ ↕⊣⊔⟩⊑⌉ ⌋≀⇕√↕⌉⊔⟩≀\↙ F≀∇ ≀⊓∇ ⟨†⌊∇⟩⌈ CBA⇔ ⟨≀⊒⌉⊑⌉∇⇔ ⊒⌉ ⌋≀⇕↖ √⊣∇⌉⌈ ⊔≀ ⊣\ ⊣∫†\⌋⟨∇≀\≀⊓∫ ⌋≀⇕√↕⌉⊔⟩≀\↖∫⌉\∫⟩\} CBA ⊒⟩⊔⟨≀⊓⊔ ∫√⌉⌋⊓↕⊣⊔⟩⊑⌉ ⌋≀⇕√↕⌉⊔⟩≀\⇔ ⊔≀ ⌈⌉⇕≀\∫⊔∇⊣⊔⌉ ⊔⟨⌉ ⊣⌈⊑⊣\⊔⊣}⌉ ≀{ ⊔⟨⌉ ⟨†⌊∇⟩⌈ ⊣√√∇≀⊣⌋⟨↙ R⊣\⌈≀⇕ D⊣⊔⊣↙ T⟨⌉ ⊣\⊣↕†∫⟩∫ ≀\ ∇⊣\⌈≀⇕ ⌈⊣⊔⊣ ⟩\⌈⟩⌋⊣⊔⌉∫ ⊔⟨⊣⊔ ∫√⌉⌋⊓↕⊣⊔⟩⊑⌉ ⌋≀⇕√↕⌉⊔⟩≀\ †⟩⌉↕⌈∫ ∫⟩}\⟩⊘⌋⊣\⊔ √⌉∇{≀∇⇕⊣\⌋⌉ ⟩⇕√∇≀⊑⌉⇕⌉\⊔∫↙ O\ ⊣⊑⌉∇⊣}⌉⇔ ⊔⟨⌉ △̸↖⌊⟩⊔ BK ∫√⌉⌋⊓↕⊣⊔⟩⊑⌉ ⊣⌈⌈⌉∇ ⟩∫ ∈∃↗ {⊣∫⊔⌉∇ ⊔⟨⊣\ ⊣ △̸↖⌊⟩⊔ ∫†\⌋⟨∇≀\≀⊓∫ BK ⊣⌈⌈⌉∇↙ T⟨⌉ ∋∈⇓∋∈↖⌊⟩⊔ BK ⊣⌈⌈⌉∇ ⟩∫ ∞∃↗ {⊣∫⊔⌉∇⇔ ⊣\⌈ ⊔⟨⌉ ∋∈⇓∞↖̸⌊⟩⊔ BK ⊣⌈⌈⌉∇ ⟩∫ ∀↗ {⊣∫⊔⌉∇⇔ ⊔⟨⊣\ ⊣ ∋∈↖⌊⟩⊔ ∫†\⌋⟨∇≀\≀⊓∫ BK ⊣⌈⌈⌉∇↙ T⟨⌉ ∋∈↖⌊⟩⊔ ∇⌉∫⊓↕⊔∫ ⊣∇⌉ ∫⊓⇕⇕⊣∇⟩‡⌉⌈ ⟩\ T⊣⌊↕⌉ ∋↙ ⇐T⟨⌉ T⊣⌊↕⌉ ≀\↕† ↕⟩∫⊔∫ ⊔⟨⌉ ∋∈↖⌊⟩⊔ ⊣⌈⌈⌉∇∫⇔ ∫⟩\⌋⌉ ⊔⟨⌉ ARM ∫⟩⇕⊓↕⊣⊔⟩≀\∫ ⊒⌉∇⌉ ≀\↕† {≀∇ ∋∈↖⌊⟩⊔ ⊣⌈⌈⟩⊔⟩≀\↙⇒

R⌉⊣↕ D⊣⊔⊣↙ W⌉ ≀⌊⊔⊣⟩\⌉⌈ ∇⌉⊣↕ ⌈⊣⊔⊣ ⌊† ∇⊓\\⟩\} ⊣\ ARM ∫⟩⇕⊓↕⊣⊔≀∇ ≀\ {≀⊓∇ ⌊⌉\⌋⟨⇕⊣∇‖ √∇≀}∇⊣⇕∫ ⊣\⌈ ⊣\⊣↕†‡⟩\} ⊣↕↕ ⊔⟨⌉ ⊣⌈⌈⟩⊔⟩≀\∫ ⊣\⌈ ∫⊓⌊⊔∇⊣⌋⊔⟩≀\∫ √⌉∇{≀∇⇕⌉⌈ ⌊† ⊔⟨⌉ ALU↙ T⟨⌉∫⌉ ≀√⌉∇⊣⊔⟩≀\∫ ⊣∇⌉ √⊣∇⊔⟩⊔⟩≀\⌉⌈ ⟩\⊔≀ ⊔⟨∇⌉⌉ ∫⌉⊔∫↙ T⟨⌉ ⊘∇∫⊔ √⊣∇⊔⟩⊔⟩≀\ ⌋≀\∫⟩∫⊔∫ ≀{ ⌊∇⊣\⌋⟨↖⊔⊣∇}⌉⊔ ⊣⌈⌈⟩⊔⟩≀\∫ ⟩\ ⊒⟨⟩⌋⟨ ⊣ ∈△↖⌊⟩⊔ ∫⟩}\↖ ⌉§⊔⌉\⌈⌉⌈ ≀{{∫⌉⊔ ⟩∫ ⊣⌈⌈⌉⌈ ⊔≀ ⊣ ∋∈↖⌊⟩⊔ PC ⊣⌈⌈∇⌉∫∫↙ T⟨⌉ ∫⌉⌋≀\⌈ √⊣∇⊔⟩⊔⟩≀\ ⌋≀\∫⟩∫⊔∫ ≀{ ⊣⌈⌈∇⌉∫∫ ⌋⊣↕⌋⊓↕⊣⊔⟩≀\∫ ⟩\ ⊒⟨⟩⌋⟨ ∈△↖⌊⟩⊔ ∫⟩}\↖⌉§⊔⌉\⌈⌉⌈ ≀{{∫⌉⊔ ⟩∫ ⊣⌈⌈⌉⌈ ⊔≀ ⊣ ∋∈↖⌊⟩⊔ ⌊⊣∫⌉↖⊣⌈⌈∇⌉∫∫↙ T⟨⌉ ⊔⟨⟩∇⌈ √⊣∇⊔⟩⊔⟩≀\ ⌋≀\∫⟩∫⊔∫ ≀{ ⊣∇⟩⊔⟨⇕⌉⊔⟩⌋ ⇐ALU⇒ ∋∈↖⌊⟩⊔ ⊣⌈⌈⟩⊔⟩≀\∫↙ S⟩\⌋⌉ ⟩\ ≀⊓∇ ⌊⌉\⌋⟨⇕⊣∇‖ √∇≀}∇⊣⇕∫ ⊔⟨⌉ ⌊∇⊣\⌋⟨↖⊔⊣∇}⌉⊔ ≀{{↖ ∫⌉⊔ ⌋≀⊓↕⌈ ⊣↕⊒⊣†∫ ⌊⌉ ∇⌉√∇⌉∫⌉\⊔⌉⌈ ⊒⟩⊔⟨ ↕⌉∫∫ ⊔⟨⊣\ ∞↖̸⌊⟩⊔∫⇔ ⊒⌉ ⊓∫⌉⌈ ⊔⟨⌉ ⌊∇⊣\⌋⟨ √⊣∇⊔⟩⊔⟩≀\ ⊔≀ ⊣\⊣↕†‡⌉ ≀⊓∇ ∋∈⇓∞↖̸⌊⟩⊔ ⊣⌈⌈⌉∇↙ F⊓∇⊔⟨⌉∇⇕≀∇⌉⇔ ∫⟩\⌋⌉ ⊣ ∫⟩}\⟩⊘⌋⊣\⊔ {∇⊣⌋⊔⟩≀\ ≀{ ⊣⌈⌈∇⌉∫∫ ⌋⊣↕⌋⊓↕⊣↖ ⊔⟩≀\∫ ⟩\⊑≀↕⊑⌉⌈ \⊓⇕⌊⌉∇∫ ⊒⟩⊔⟨ ↕⌉∫∫ ⊔⟨⊣\ ∞↖̸⌊⟩⊔∫⇔ ⊒⌉ ⊓∫⌉⌈ ⊔⟨⌉ ⊣⌈⌈∇⌉∫∫ √⊣∇⊔⟩⊔⟩≀\ ⊔≀ ⊣\⊣↕†‡⌉ ≀⊓∇ ∋∈⇓∫⇕⊣↕↕ BK ⊣⌈⌈⌉∇↙ T⊣⌊↕⌉ ∋ ∇⌉√≀∇⊔∫ ⊔⟨⌉ ⊣⊑⌉∇⊣}⌉ ⟩⇕√∇≀⊑⌉⇕⌉\⊔∫ ≀⌊⊔⊣⟩\⌉⌈ {≀∇ ⌉⊣⌋⟨ ⌈⊣⊔⊣ √⊣∇⊔⟩⊔⟩≀\↙

SPICE S⟩⇕⊓↕⊣⊔⟩≀\ ≀{ B∇⌉\⊔↖K⊓\} A⌈⌈⌉∇∫ L⊣∫⊔ E§⊣⇕√↕⌉ A⌊≀∇⊔ G∈ G∋ G△ G▽ G ̸⌊⟩⊔ △̸⇓△̸ ⌊⟩⊔ BK A⌈⌈⌉∇ ∞↙∞ ∞↙∀∀ ∈↙△∈ FFFFFFFFFFFFFFF⇓ ′↙∀∝̸ ′′′′′′′′′′′′′′′′ ∞↙′∃^√ ∈↙∋∋ ′′′′′′′′′′′′′∞FF⇓ ′′′′′′′′′′′′′′′∞ ∞↙′∞∝↖ √ ∞↙∀ ′′′′′′′′′′′′′′∞F⇓ ′′′′′′′′′′′′′′′∞ ↖∝↖ √ ∞↙△̸ ∋FB′′′′′′′′′′′∞F⇓ ′′∞′′′′′′′′′′′′∞ ↖∝↖ √ ∞↙∀̸ ∋∈⇓∋∈ ⌊⟩⊔ BK A⌈⌈⌉∇ ∞↙∌ ∈↙∞∋ ′′′′′′′∞⇓ FFFFFFF ′↙∀∞ √ ∈↙∞∞ ∌A∃CB∈B⇓ BA∈A̸∋D∃ ↖ √ ∞↙▽▽ ∋∈⇓∞ ̸⌊⟩⊔ BK A⌈⌈⌉∇ ∞↙△∞ ∈↙∞▽ ′FFB′△′′⇓ ′′′′′F′D ↖ √ ∞↙∈∃ ′FFF′′′′⇓ ′′′′′F′D ′↙∃▽ √ ′↙∀∋ ′FFFC′′′⇓ ′′′′△F′D ′↙∀∃ √ ∞↙∀∀ ′F∀△′′′⇓ FFFF∀∀′D ′↙∃∀ √ ∈↙′∀ ′FFC′′′⇓ FFFF∀∀′D ↖ √ ∞↙′∃ ′FFC′′′⇓ FFFF∃B ↖ √ ∞↙′∀ ∋∈⇓∫⇕⊣↕↕↖\⊓⇕⌊⌉∇ BK A⌈⌈⌉∇ ∞↙△∞ ∈↙∞△ ′FFB′△′′⟨ ⇓ ∀′′′′F′D⟨ ′↙∀ √ ∞↙∈∃ ′FFB′△′′⟨⇓ ′′′′′F′D⟨ ↖ √ ∞↙∈∃ T⊣⌊↕⌉ ∞↙ SPICE ∫⟩⇕⊓↕⊣⊔⟩≀\ ≀{ ′↙▽ ⇕⟩⌋∇≀\ B∇⌉\⊔↖ K⊓\} A⌈⌈⌉∇∫ ⊣⊔ ▽′ ∘C ⊣\⌈ ∋↙∋V ≀\ ⊑⊣∇⟩≀⊓∫ ⟩\↖ √⊓⊔∫↙

A∫ ⇕⌉\⊔⟩≀\⌉⌈ ⌉⊣∇↕⟩⌉∇⇔ ⟩⊔ ⟨⊣∫ ⌊⌉⌉\ ≀⌊∫⌉∇⊑⌉⌈ ⊔⟨⊣⊔ ∇⌉⊣↕ ⌈⊣⊔⊣ ⟩∫ ≀{⊔⌉\ ∫‖⌉⊒⌉⌈ ⊔≀⊒⊣∇⌈∫ ⊔⟨⌉ ⊒≀∇∫⊔ ⌋⊣∫⌉⇔ ⌉§⟨⟩⌊⟩⊔⟩\} ↕≀\}⌉∇ ⊣⊑⌉∇⊣}⌉ ⌋⊣∇∇†↖⌋⟨⊣⟩\ ↕⌉\}⊔⟨∫ ⊔⟨⊣\ ⊒≀⊓↕⌈ ⌊⌉ √∇⌉⌈⟩⌋⊔⌉⌈ ⊓∫⟩\} ∇⊣\⌈≀⇕ ⌈⊣⊔⊣ ∪∞△⊎↙ F≀∇ ⊔⟨⟩∫ ∇⌉⊣∫≀\⇔ ⊣∫†\⌋⟨∇≀\≀⊓∫ ⊣⌈⌈⌉∇∫ ≀{⊔⌉\ √⌉∇{≀∇⇕ √≀≀∇⌉∇ ⟩\ √∇⊣⌋⊔⟩⌋⌉ ⊔⟨⊣\ ⊣ ⊔⟨⌉≀∇⌉⊔⟩⌋⊣↕ ⊣\⊣↕†∫⟩∫ ⊓∫⟩\} ∇⊣\⌈≀⇕ ⌈⊣⊔⊣ ⇕⟩}⟨⊔ ⌉§√⌉⌋⊔↙ H≀⊒⌉⊑⌉∇⇔ ⟩⊔ ⟩∫ ⊣↕∫≀ ⟩⇕↖ √≀∇⊔⊣\⊔ ⊔≀ \≀⊔⌉ ⊔⟨⊣⊔ ∇⌉∫⊓↕⊔∫ {∇≀⇕ ∇⌉⊣↕ ⌈⊣⊔⊣ ≀{⊔⌉\ ⌉§⟨⟩⌊⟩⊔ ∫⟩}↖ \⟩⊘⌋⊣\⊔ ⊑⊣∇⟩⊣\⌋⌉∫ ⊣\⌈ ⌋⊣\ ⌊⌉ ⊣ ⇕⊣\⟩{⌉∫⊔⊣⊔⟩≀\ ≀{ ⊔⟨⌉ ⊓\⟩∐⊓⌉ √∇≀√⌉∇⊔⟩⌉∫ ≀{ ⊣\ ⟩\⌈⟩⊑⟩⌈⊓⊣↕ ⌊⌉\⌋⟨⇕⊣∇‖↙ T⟨⊓∫⇔ ⊒⟨⌉\ ⇕⊣‖↖ ⟩\} √⌉∇{≀∇⇕⊣\⌋⌉ |⊓⌈}⇕⌉\⊔∫⇔ ⊒⌉ ⌊⌉↕⟩⌉⊑⌉ ⊔⟨⊣⊔ ⌊≀⊔⟨ ∇⌉⊣↕ ⊣\⌈ ∇⊣\⌈≀⇕ ⌈⊣⊔⊣ ∫⟨≀⊓↕⌈ ⌊⌉ ⌋∇⟩⊔⟩⌋⊣↕↕† ⊣\⊣↕†‡⌉⌈↙ R⌉∫⊓↕⊔∫ ⊣∇⌉ √∇⌉∫⌉\⊔⌉⌈ ⟩\ T⊣⌊↕⌉ ∋↙ T⟨⌉ ∋∈⇓∞↖̸⌊⟩⊔ BK ⊣⌈⌈⌉∇ ⟨⊣⌈ ⊔⟨⌉ ↕≀⊒⌉∫⊔ ⊣⊑⌉∇⊣}⌉ ⌈⌉↕⊣† ⇐∀↙▽∈↗ ⟩⇕√∇≀⊑⌉⇕⌉\⊔⇒ ⊣\⌈ ↕≀⊒↖ ⌉∫⊔ ⟩\⌈⟩⊑⟩⌈⊓⊣↕ ⌈⌉↕⊣† ⇐≀\ ⌈⟨∇†∫⊔≀\⌉⇔ ∞∋↙▽↗ ⟩⇕√∇≀⊑⌉⇕⌉\⊔⇒ {≀∇ ⌊∇⊣\⌋⟨ ⌋⊣↕⌋⊓↕⊣⊔⟩≀\∫↙ T⟨⌉ ∋∈⇓∫⇕⊣↕↕ BK ⊣⌈⌈⌉∇⇔ ⟨≀⊒⌉⊑⌉∇⇔ √⌉∇↖ {≀∇⇕∫ ∇⌉↕⊣⊔⟩⊑⌉↕† √≀≀∇↕† ≀\ ⊣⌈⌈∇⌉∫∫ ⌋⊣↕⌋⊓↕⊣⊔⟩≀\∫⇔ √∇⟩⇕⊣∇⟩↕†

SPICE S⟩⇕⊓↕⊣⊔⟩≀\ ≀{ ∋∈↖⌊⟩⊔ H†⌊∇⟩⌈ C⊣∇∇†↖B†√⊣∫∫ A⌈⌈⌉∇ PGK C≀⇕√↙ M⊣⊔⌋⟨⌉⌈ A⌊≀∇⊔ L⊣∫⊔ E§⊣⇕√↕⌉ G⌉\↙ D⌉⊔⌉⌋⊔↙ D⌉↕⊣† G⌉\↙ B⟩⊔ D≀\⌉ S⊣⊑⌉⌈ ACE̸C∈A⇓ ∞↙∞∀∝ EEC△▽∄∈ ′↙▽△ ∞↙∀∋ ∞↙▽∃ ↖ ∈△ ∞↙▽̸ ′↙∞∀ FFFFFFFF⇓ ′′′′′′′∞ ′↙▽△ △↙∋∃ ∞↙▽▽ ′↙∃∋ ↖ △↙▽∈ ↖′↙∞∋ ′′′′′′∞F⇓ ∞↙△∝ ′′′′′′′∞ ′↙▽△ ∈↙∞ ∞↙▽∈ ∞↙′ ▽ ∈↙∋∋ ↖′↙∞ F∀′′′′′′⇓ ∞↙△̸∝ ′′′′′′′′ ′↙▽△ ∞↙∀∀ ∞↙′̸ ↖ ∋∞ ∞↙̸ ′↙∈∈ ′∞FDFDFC⇓ ∞↙∄∝ ′′′△′△′△ ′↙▽△ ∈↙∞∃ ∞↙▽△ ↖ ∃ ∞↙′ ′↙△∃ T⊣⌊↕⌉ ∈↙ SPICE ∫⟩⇕⊓↕⊣⊔⟩≀\ ≀{ ′↙▽ ⇕⟩⌋∇≀\ H†↖ ⌊∇⟩⌈ C⊣∇∇†↖B†√⊣∫∫ A⌈⌈⌉∇ ⊣⊔ ▽′ ∘C ⊣\⌈ ∋↙∋V ≀\ ⊑⊣∇⟩≀⊓∫ ⟩\√⊓⊔∫↙

⌊⌉⌋⊣⊓∫⌉ ⊔⟨⌉ √⌉∇⌋⌉\⊔⊣}⌉ {≀∇ ⊑⌉∇† {⊣∫⊔ ⌋≀⇕√↕⌉⊔⟩≀\ ⟩∫ √⊣∇⊔⟩⌋⊓↖ ↕⊣∇↕† ↕≀⊒ ⟩\ ⊔⟨⌉ D⟨∇†∫⊔≀\⌉ ⌊⌉\⌋⟨⇕⊣∇‖↙ T⟨⟩∫ ∫⊓}}⌉∫⊔∫ ⊔⟨⊣⊔⇔ {≀∇ ⊔⟨⟩∫ ⊣√√↕⟩⌋⊣⊔⟩≀\⇔ ⊣ ⊔⟨∇⌉⌉↖⊔⟩⌉∇⌉⌈ ⊣⌊≀∇⊔ \⌉⊔⊒≀∇‖ ⊣⌊↕⌉ ⊔≀ ⌋≀⇕↖ √↕⌉⊔⌉ ⊣{⊔⌉∇ ⌉⟩⊔⟨⌉∇ G∈ ≀∇ G∋ ⇕⊣† ⌊⌉ √∇⌉{⌉∇∇⌉⌈↙ D⊓⌉ ⊔≀ ⊔⟨⌉ ↕⊣⌋‖ ≀{ ⊔⟩⇕⌉⇔ ∫⊓⌋⟨ ⊣ ⌋⟩∇⌋⊓⟩⊔ ⌋≀⊓↕⌈ \≀⊔ ⌊⌉ ∫⟩⇕⊓↕⊣⊔⌉⌈ ⊓∫⟩\} SPICE ⊣\⌈ ⊔⟨⊓∫ ⊣ ⇕≀∇⌉ ⌈⌉⊔⊣⟩↕⌉⌈ ⊣\⊣↕†∫⟩∫ ⌋≀⊓↕⌈ \≀⊔ ⌊⌉ √∇⌉∫⌉\⊔⌉⌈↙ W⌉ ⊣↕∫≀ ≀⌊∫⌉∇⊑⌉⌈ ⊣ ⟨⟩}⟨ ⊑⊣∇⟩⊣\⌋⌉ ⟩\ ⊔⟨⌉ √⌉∇{≀∇⇕⊣\⌋⌉ ≀{ ⊔⟨⌉ CBA∫↙ T⟨⌉ ⟨†⌊∇⟩⌈ CBA ⌈≀⌉∫ ∫⊓∇√∇⟩∫⟩\}↕† ⊒⌉↕↕ {≀∇ ⊣⌈⌈∇⌉∫∫ ⊣\⌈ ⌊∇⊣\⌋⟨ ⌋⊣↕⌋⊓↕⊣⊔⟩≀\∫⇔ ≀⊑⌉∇ ⊣ ⌊⊣∫⌉ ⊣∫†\⌋⟨∇≀\≀⊓∫ CBA⇔ ⌊⊓⊔ ⟩∫ ≀{⊔⌉\ ∫↕≀⊒ ⊒⟨⌉\ ⌈≀⟩\} ⊣∇⟩⊔⟨⇕⌉⊔⟩⌋ ⊣⌈⌈∫↙ S⟩⇕↖ ⊓↕⊣⊔⟩≀\∫ ∫⟨≀⊒ ⊔⟨⊣⊔ ⊔⟨⌉ √⌉∇⌋⌉\⊔ ⟩⇕√∇≀⊑⌉⇕⌉\⊔ ⌈⌉↕⟩⊑⌉∇⌉⌈ ⌊† ⊔⟨⌉ ⊣⌊≀∇⊔ ⌈⌉⊔⌉⌋⊔⟩≀\ \⌉⊔⊒≀∇‖ ∇⊣\}⌉⌈ {∇≀⇕ ∞↙△↗ ⇐D⟨∇†∫⊔≀\⌉ ⊣∇⟩⊔⟨⇕⌉⊔⟩⌋⇒ ⊔≀ ∞∃↙∀△↗ ⇐D⟨∇†∫⊔≀\⌉ ⌊∇⊣\⌋⟨⌉∫⇒↙ A⌋‖\≀⊒↕⌉⌈}⌉⇕⌉\⊔∫ W⌉ ⊣∇⌉ }∇⌉⊣⊔↕† ⟩\⌈⌉⌊⊔⌉⌈ ⊔≀ ⊔⟨⌉ AMULET }∇≀⊓√ ⊣⊔ ⊔⟨⌉ U\⟩⊑⌉∇∫⟩⊔† ≀{ M⊣\⌋⟨⌉∫⊔⌉∇ {≀∇ ⟩\∫⟩}⟨⊔{⊓↕ ⌈⟩∫⌋⊓∫∫⟩≀\∫⇔ ⊣\⌈ ⊒⟩∫⟨ ⊔≀ ⊔⟨⊣\‖ P∇≀{↙ J⟩⇕ G⊣∇∫⟩⌈⌉ {≀∇ √∇≀⊑⟩⌈⟩\} ⊓∫ ⊒⟩⊔⟨ ⊣\ ARM ∫⟩⇕⊓↕⊣⊔≀∇↙ W⌉ ⊣↕∫≀ ⊔⟨⊣\‖ P∇≀{↙ C⟨⊣∇↕⌉∫ Z⊓‖≀⊒∫‖⟩ ≀{ C≀↕⊓⇕⌊⟩⊣ U\⟩⊑⌉∇∫⟩⊔† ⊣\⌈ P∇≀{↙ A↕ D⊣⊑⟩∫ ≀{ U\⟩⊑⌉∇∫⟩⊔† ≀{ U⊔⊣⟨ {≀∇ ⟨⌉↕√{⊓↕ ⌈⟩∫⌋⊓∫∫⟩≀\∫↙ R⌉{⌉∇⌉\⌋⌉∫ ∪∞⊎ G↙ B⟩∇⊔⊒⟩∫⊔↕⌉ ⊣\⌈ A↙ D⊣⊑⟩∫ ⇐⌉⌈∫↙⇒⇔ A∫†\⌋⟨∇≀\≀⊓∫ D⟩}↖ ⟩⊔⊣↕ C⟩∇⌋⊓⟩⊔ D⌉∫⟩}\⇔ S√∇⟩\}⌉∇↖V⌉∇↕⊣} ⇐W≀∇‖∫⟨≀√∫ ⟩\ C≀⇕√⊓⊔⟩\} ∫⌉∇⟩⌉∫⇒⇔ L≀\⌈≀\ ∞∃∃▽↙ ∪∈⊎ S↙ B↙ F⊓∇⌊⌉∇⇔ P↙ D⊣†⇔ J↙D↙ G⊣∇∫⟩⌈⌉⇔ N↙C↙ P⊣⊑⌉∇ ⊣\⌈ J↙V↙ W≀≀⌈∫⇔ ⊖A M⟩⌋∇≀√⟩√⌉↕⟩\⌉⌈ ARM⪰⇔ ⟩\ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ VLSI ∃∋⇔ S⌉√⊔⌉⇕⌊⌉∇ ∞∃∃∋⇔ √√↙ ▽↙△↙∞∘▽↙△↙∞′↙ ∪∋⊎ E↙ B∇⊓\⊑⊣\⌈⇔ ⊖T⟨⌉ NSR P∇≀⌋⌉∫∫≀∇⪰⇔ ⟩\ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ∈⊔̸⟨ HICSS⇔ ⊑≀↕↙ I⇔ J⊣\⊓⊣∇† ∞∃∃∋⇔ √√↙ △∈∀∘△∋▽↙ ∪△⊎ R↙F↙ S√∇≀⊓↕↕⇔ I↙E↙ S⊓⊔⟨⌉∇↕⊣\⌈ ⊣\⌈ C↙E↙ M≀↕\⊣∇⇔ ⊖T⟨⌉ C≀⊓\⊔⌉∇⊙≀⊒ P⟩√⌉↕⟩\⌉ P∇≀⌋⌉∫∫≀∇ A∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉⪰⇔ ⟩\ D⌉↖ ∫⟩}\ ⊣\⌈ T⌉∫⊔ ≀{ C≀⇕√⊓⊔⌉∇∫⇔ ⊑≀↕ ∞∞⇔ F⊣↕↕ ∞∃∃△⇔ √√↙ △∀∘▽∃↙ ∪▽⊎ K↙ ⊑⊣\ B⌉∇‖⌉↕⇔ R↙ B⊓∇}⌉∫∫⇔ J↙ K⌉∫∫⌉↕∫⇔ A↙ P⌉⌉⊔⌉∇∫⇔ M↙ R≀\⌋‖⌉\ ⊣\⌈ F↙ S⌋⟨⊣↕⟩|⇔ ⊖A∫†\⌋⟨∇≀\≀⊓∫ C⟩∇⌋⊓⟩⊔∫ {≀∇ L≀⊒ P≀⊒⌉∇¬ ⊣ DCC E∇∇≀∇ C≀∇∇⌉⌋⊔≀∇⪰⇔ ⟩\ D⌉∫⟩}\ ⊣\⌈ T⌉∫⊔ ≀{ C≀⇕√⊓⊔⌉∇∫⇔ ⊑≀↕ ∞∞⇔ S⊓⇕⇕⌉∇ ∞∃∃△⇔ √√↙ ∈∘∋∈↙

∪⊎̸ I↙E↙ S⊓⊔⟨⌉∇↕⊣\⌈⇔ ⊖M⟩⌋∇≀√⟩√⌉↕⟩\⌉∫⪰⇔ ⟩\ C≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\∫ ≀{ ⊔⟨⌉ ACM⇔ ⊑≀↕↙ ∋∈⇔ J⊓\⌉ ∞∃∀∃⇔ √√↙ ∈′∘∋∀↙ ∪⊎ A↙J↙ M⊣∇⊔⟩\⇔ ⊖A∫†\⌋⟨∇≀\≀⊓∫ D⊣⊔⊣√⊣⊔⟨∫ ⊣\⌈ ⊔⟨⌉ D⌉∫⟩}\ ≀{ ⊣\ A∫†\⌋⟨∇≀\≀⊓∫ A⌈⌈⌉∇⪰⇔ ⟩\ F≀∇⇕⊣↕ M⌉⊔⟨≀⌈∫ ⟩\ S†∫⊔⌉⇕ D⌉∫⟩}\⇔ ⊑≀↕⊓⇕⌉ ∞¬∞⇔ J⊓↕† ∞∃∃∈⇔ √√↙ ∞∞∃∘∞∋↙ ∪∀⊎ K↙ H⊒⊣\}⇔ C≀⇕√⊓⊔⌉∇ A∇⟩⊔⟨⇕⌉⊔⟩⌋¬ P∇⟩\⌋⟩√↕⌉∫⇔ A∇⌋⟨⟩↖ ⊔⌉⌋⊔⊓∇⌉ ⊣\⌈ D⌉∫⟩}\⇔ J≀⟨\ W⟩↕⌉† ⊣\⌈ S≀\∫⇔ I\⌋↙⇔ ∞∃∃↙ ∪∃⊎ M↙E↙ D⌉⊣\⇔ D↙L↙ D⟩↕↕ ⊣\⌈ M↙ H≀∇≀⊒⟩⊔‡⇔ ⊖S⌉↕{↖T⟩⇕⌉⌈ L≀}⟩⌋ U∫⟩\} C⊓∇∇⌉\⊔↖S⌉\∫⟩\} C≀⇕√↕⌉⊔⟩≀\ D⌉⊔⌉⌋⊔⟩≀\ ⇐CSCD⇒⪰⇔ ⟩\ ⟩\ P∇≀⌋⌉⌉⌈⟩\}∫ ≀{ ICCD⇔ O⌋⊔≀⌊⌉∇ ∞∃∃∞↙ ∪∞′⊎ R↙P↙ B∇⌉\⊔ ⊣\⌈ H↙T↙K⊓\}⇔ ⊖A R⌉}⊓↕⊣∇ L⊣†≀⊓⊔ {≀∇ P⊣∇↖ ⊣↕↕⌉↕ A⌈⌈⌉∇∫⪰⇔ ⟩\ IEEE T∇⊣\∫↙ ≀\ C√⊔∇∫↙⇔ ⊑≀↕↙ C↖∋∞⇔ M⊣∇⌋⟨ ∞∃∀∈⇔ √√↙ ∈′̸∘∈△̸↙ ∪∞∞⊎ K↙ S⊓‡⊓‖⟩⇔ M↙ Y⊣⇕⊣∫⟨⟩\⊣ ⊣\⌈ T↙ N⊣‖⊣†⊣⇕⊣⇔ ⊖A ▽′′ MH‡⇔ ∋∈ ⌊⟩⊔⇔ ′↙△ μm CMOS RISC Processorν in IEEE JSSC vol▷ 29 December 1994 pp▷ 1464δ1473▷ ♭12♯ S▷M▷ Nowick ΨDesign of a LowLatency Asyn chronous Adder Using Speculative Completionν in IEE Proceedings Computers and Digital Techniques vol▷ 143 no▷ 5 pp▷ 301307 ↼September 1996↽▷ ♭13♯ L▷S▷ Nielsen and J▷ Sparsoe ΨA LowPower Asyn chronous Data Path for a FIR Filter Bankν in Pro ceedings of Async96 March 1996 pp▷ 197δ207▷ ♭14♯ J▷D▷ Garside ΨA CMOS VLSI implementation of an asynchronous ALU▷ In S▷ Furber and M▷ Edwards editors Asynchronous Design Methodologies volume A28 of IFIP Transactions pages 181207▷ Elsevier Science Publications 1993▷ ♭15♯ K▷ Y▷ Yun P▷ A▷ Beerel V▷ Vakilotojar A▷E▷ Dooply and J▷ Arceo ΨThe design and veriαcation of a high performance lowcontroloverhead asynchronous dif ferential equation solverε in Proceedings of Async97▷

Statistical Performance Analysis of Various Adders 32bit 32⇁16bit 32⇁small 32bit Data Set Source BK BK BK CBA Random data Avg▷ ϱ Early 80▷0 34▷4 N◁A N◁A Avg▷ Delay 1▷73 1▷90 N◁A N◁A ϱ Improvement 19 8 N◁A N◁A Branch calculations partition ϱ Early Dhrystone 56▷90 55▷70 N◁A 63▷60 Espresso 52▷80 41▷30 N◁A 45▷50 Compiler 1 40▷30 30▷00 N◁A 47▷10 Compiler 2 8▷50 21▷50 N◁A 7▷70 Avg▷ ϱ Early 39▷62 37▷12 N◁A 40▷97 Avg▷ Delay 1▷94 1▷88 N◁A 2▷43 ϱ Improvement 5▷17 8▷52 N◁A 11▷88 Address calculations partition ϱ Early Dhrystone 73▷60 N◁A 8▷40 68▷20 Espresso 63▷40 N◁A 27▷50 43▷30 Compiler 1 45▷80 N◁A 14▷10 41▷40 Compiler 2 67▷00 N◁A 26▷70 65▷20 Avg▷ ϱ Early 62▷45 N◁A 19▷18 54▷53 Avg▷ Delay 1▷83 N◁A 2▷01 2▷18 ϱ Improvement 10▷96 N◁A 2▷04 15▷50 Arithmetic calculations partition ϱ Early Dhrystone 11▷30 N◁A N◁A 10▷00 Espresso 33▷30 N◁A N◁A 31▷30 Compiler 1 24▷10 N◁A N◁A 22▷30 Compiler 2 22▷40 N◁A N◁A 20▷90 Avg▷ ϱ 22▷77 N◁A N◁A 21▷12 Avg▷ Delay 2▷03 N◁A N◁A 3▷27 ϱ Improvement 0▷90 N◁A N◁A 3▷25 Table 3▷ Statistical performance analysis on random and ARMsimulation data▷