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Sp蹴 hreco胆 tion凶 beenused recent1y血 variousapplications such総 auωmatic

回 nscr帆 websiteindはing，navigation， mobile systems， ubiquitous syste臨， and robotiωasa 

human intぽface.Large vocabulary continuous sp蹴 hreco伊ition(LVCSR) w抽 a∞usticand 
language models is too resource-hungry組 dpowぽcsensitivefor so食wareapplications. 

Hardware implementation by very large scale integrated circ凶t(VLSl) or field programmable 

gate町 'ayσPGA)is demanded especially fi口Iruse in mobi1e equipment and intelligent robots 

because of advantag，ωushighpr，∞essing speed組 dlowpowぽ consumption

This dissertation reports VLSI d岱 1伊sfor large vocabulary r儲l-timecontinuous sp低記h

recognition based on contexトdependentHidden Markov Model σ品((M).As the background of 

也isres飽 rch紅白，血，eobjective of白isstudyand組 overviewof血isdissぽ飽tion紅'epres巴nted

in Chapter 1. Then issues related to the VLSI implementation for real-time continuous sp目見h

reco伊itionare noted担 Chaptぽ 2.The main is釦 esare exp凶nedas four parts: 1) 

large-vocab叫釘y釘en田dedto support a highl町 word-∞V釘 rate.2) low-power is required for 
longer working time and lowぽ temperature，3) high-speed is dernanded for a more∞mfo由 ble
hurnan intぽface，組d4) sma11 area which m儲nsless recourse would be cost. Algori白血

optimization and specialized釘chitecturesare proposed to solve these problems. 

In Chapter 3， some algori也m optimizations for 1訂gevocabulary紅epresented: b伺 m

pruning using a dynamic也resholdto cut也eworkspace組.dmem口Iryban.dwid也 forsort 

proc国S泊g;the m口difiedunigram 1如伊agemodel which e1iminated也，eupdate pr，田essfor 

word-internal tr，組sitions;twcトstagelanguage model s曲目hingto reduce cross-word位姐sitions

which reduce the memory a∞essgr儲t1y.The a∞uracy degradation of血eirnpo抗組.tp紅冨meters
in Viterbi computation is s住民tlydiscussed. Tb凶eoptimizations訂eu凶izedin all血e曲ree

chips in柱。ducedin the fo11owing chaptぽS.

Chapter 4 describes也efirst chipσ弘11M!)we implemented for 60-kWord r飽l-time

continuous speech reco伊ition.It includes a cache architecture using locality of sp田 ch

reCognition， as some of也edata白血thas been used in也ecurrent企amernay be reused泊也e

fo11o叫ngframes， on chip cacb偲紅eintroduced for keeping some of曲目nto reduce也e

extぽnalm咽 oryaccess， the specialized cache archit印刷eachieve a hit-rate of 75%; a脳出y
paralle1 Gaussian Mixture Model (GMM) architecture based on the mixture level; a 

variable-50・framelook-ah伺 dscheme; and elastic pipeline operation between也eViterbi 

仕組sition組.dGMM processing. Results show也atour implemen匂，tionachieves 95% 

b 
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Speech recognition has been used recently in various applications such as aut.omatic 

transcript, website indexing, navigation, mobile systems, ubiquitous systems, and robotics as a 

human interface. Large vocabulary continuous speech recognition (LVCSR) with acoustic and 

language models is too resource-hungry and power-sensitive for software applications. 

Hardware implementation by very large scale integrated circuit (VLSl) or field programmable 

gate array (FPGA) is demanded especially for use in mobile equipment and intelligent robots 

because of advantageous high processing speed and low power consumption. 

This dissertation reports VLSI designs for large vocabulary real-time continuous speech 

recognition based on context-dependent Hidden Markov Model (HMM). As the background of 

this research area, the objective of this study and an overview of this dissertation are presented 

in Chapter 1. Then issues related to the VLSI implementation for real-time continuous speech 

recognition are noted in Chapter 2. The main issues are explained as four parts: 1) 

large-vocabulary are needed to support a higher word-cover rate. 2) low-power is required for 

longer working time and lower temperature, 3) high-speed is demanded for a more comfortable 

human interface, and 4) small area which means less recourse would be cost. Algorithm 

optimization and specialized architectures are proposed to solve these problems. 

In Chapter 3, some algorithm optimizations for large vocabulary are presented: beam 

pruning using a dynamic threshold to cut the workspace and memory bandwidth for sort 

processing; the modified unigram language model which eliminated the update process for 

word-internal transitions; two-stage language model searching to reduce cross-word transitions 

which reduce the memory access greatly. The accuracy degradation of the important parameters 

in Viterbi computation is strictly discussed. These optimizations are utilized in all the three 

chips introduced in the following chapters. 

Chapter 4 describes the first chip (HMMJ) we implemented for 60-kWord real-time 

continuous speech recognition. It includes a cache architecture using locality of speech 

reCognition, as some of the data that has been used in the current frame may be reused in the 

following frames, on chip caches are introduced for keeping some of them to reduce the 

external memory access, the specialized cache architecture achieve a hit-rate of 75%; a highly 

parallel Gaussian Mixture Model (GMM) architecture based on the mixture level; a 

variable-SO-frame look-ahead scheme; and elastic pipeline operation between the Viterbi 

transition and GMM processing. Results show that our implementation achieves 95% 

bandwidth reduction (70.86 MB/s) and 78% required frequency reduction (126.5 MHz) 

comparing to the referential Julius system. The test chip, fabricated using 40 nm CMOS 

technology, contains 1.9 M transistors for logic and 7.8 Mbit on-chip memory. It dissipates 144 
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Speech recognition has been used recently in various applications such as aut.omatic 

transcript, website indexing, navigation, mobile systems, ubiquitous systems, and robotics as a 

human interface. Large vocabulary continuous speech recognition (LVCSR) with acoustic and 

language models is too resource-hungry and power-sensitive for software applications. 

Hardware implementation by very large scale integrated circuit (VLSl) or field programmable 

gate array (FPGA) is demanded especially for use in mobile equipment and intelligent robots 

because of advantageous high processing speed and low power consumption. 

This dissertation reports VLSI designs for large vocabulary real-time continuous speech 

recognition based on context-dependent Hidden Markov Model (HMM). As the background of 

this research area, the objective of this study and an overview of this dissertation are presented 

in Chapter 1. Then issues related to the VLSI implementation for real-time continuous speech 

recognition are noted in Chapter 2. The main issues are explained as four parts: 1) 

large-vocabulary are needed to support a higher word-cover rate. 2) low-power is required for 

longer working time and lower temperature, 3) high-speed is demanded for a more comfortable 

human interface, and 4) small area which means less recourse would be cost. Algorithm 

optimization and specialized architectures are proposed to solve these problems. 

In Chapter 3, some algorithm optimizations for large vocabulary are presented: beam 

pruning using a dynamic threshold to cut the workspace and memory bandwidth for sort 

processing; the modified unigram language model which eliminated the update process for 

word-internal transitions; two-stage language model searching to reduce cross-word transitions 

which reduce the memory access greatly. The accuracy degradation of the important parameters 

in Viterbi computation is strictly discussed. These optimizations are utilized in all the three 

chips introduced in the following chapters. 

Chapter 4 describes the first chip (HMMJ) we implemented for 60-kWord real-time 

continuous speech recognition. It includes a cache architecture using locality of speech 

reCognition, as some of the data that has been used in the current frame may be reused in the 

following frames, on chip caches are introduced for keeping some of them to reduce the 

external memory access, the specialized cache architecture achieve a hit-rate of 75%; a highly 

parallel Gaussian Mixture Model (GMM) architecture based on the mixture level; a 

variable-SO-frame look-ahead scheme; and elastic pipeline operation between the Viterbi 

transition and GMM processing. Results show that our implementation achieves 95% 

bandwidth reduction (70.86 MB/s) and 78% required frequency reduction (126.5 MHz) 

comparing to the referential Julius system. The test chip, fabricated using 40 nm CMOS 

technology, contains 1.9 M transistors for logic and 7.8 Mbit on-chip memory. It dissipates 144 
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mWat 126.5MHz組d1.1 V for 60 kWord r，田1・timecon出IUOUSsp臨 hreco伊itio且

Chapter 5 describes也.esecond chip σIMM2) we d岱ignedfor 60・kWordr伺 l-time
∞且t泊uousspeech reco伊ition.We町 toachieve a small町釘伺andhigher prα溺 singspeed. It 

features a compression-decoding scheme to reduce the external memory bandwidth for 

Gaussian Mixture Model (GMM) computation and a 4・pathViterbi回且sitionunits. We optimize 

也einternaI SRAM size using血emax-appro対mぬonGMMωlculation組 da司justing也e

number of look-ah回 dfram岱.The test chip， fabricated in 40 nm CMOS technology， occupi句

1. 77 mm x 2.18 mm containing 2.52 M仕組sistorsfor logic and 4.29 Mbit on-chip memory. The 

m蜘 urωm叫包 show白紙 O町 in甲lementationachieves 34.2% required fr時間cyreduction 

(83.3岨fz)，48.5% P阿佐 consu岬 tionreductionσ4.14 mW) .for 60 k-Word r田 l-time

continuous sp田chreco伊itioncompared to the previous work while 30% of the訂eais saved 

wi也recogI出ionacαrracyof 90.9%. It can maximally process 2.4x faster也組r伺 1・timeat 200 

MHZ and 1.1 V wi也powぽ consumptionof 168 mW. 

Chapter 6 describes也.ethird chip σ弘必幻)wed，凶ignedfor60・.kWordr剖・time∞ntinuous
speech r切ognition.As the "on嗣chip"latency (stop processing untiI也edata come to也e

∞mpute unit) and the "off-chip" latel1cy (loading latency caused by DRAM ) s回nglydelay 
也eproc図singspeed， we町 tor，抽Jce也e"off-chip latency" by implementing a two-level 

cache architecture and propose a 8-pa白Vitぽbi仕組sitionunit to reduce the "on-chip latencyぺ
which maximize the proc岱singsp閃d.Fur也ermore，we adop包 tri-gramlanguage model to 

improve'.也.er目白伊itiona∞:uracy.M蹴 uredresults show也atour implementation achieves 25% 
r叩 ired企叩encyr，抽Jction(62.5 M肱)組d26% power consumption reduction (54.8 m W) for 

60 k-Word real-time continuous speech r旬。伊itioncompared to the pre.吋ouswork. The chip 

伺且 max血allyprω酎 3.02x組 d2.25x times faster血且 r田1・timeat 200 MHz using the 

bigram組 d位igramlanguage models， resp民tively.

FinaIly， the.concIusion of也isstudy is presented in Chapter 7. This也回ispr凶ents也.eV工SI

desi伊sfor low-power sp回k-independ巴:ntlarge voωb叫aryr回1・timecontinuous speech 

reco伊itionbased on co且，text-dependentHidden Markov Model σIMM). The work ∞ntributes 
to achieve a ∞mfortable human interface for mobiIe systems and robotics. 
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要 旨

概要

近年，音声認識技術が発達し，その応用範囲はカーナビ，携帯槻邑ロボット，会議の自動筆記，画像・

音声検索のインデックス作成などに広がってきている.中でもモパイル機器，ウェアラブル機器，知能ロ

ボットなどの発達が急速に進んでいる現在，人間とシステムが自然なコミュニケーションを図るためのヒ

ューマンインターフェイスとして，音声認識が注目を浴びている.また、半導体の微細化技術の発展によ

り，高性能な汎用プロセッサを用いれば，膨大な演算を必要とする大語葉リアルタイム連続音声認識をソ

フトウェアでの実現も可能となってきている.しかし，このような高性能な汎用プロセッサは膨大な電力

を消費するため，モバイル・ウzアラブル機器，ロボットへの実装は困難であるため、専用ハードウェア

での実装が必要となっていた.

本論文は7章で構成されており，第1章は序論である.ここでは，研究背景と課題，そして本論文の目
的について述べられている.第2章では大語業連続音声認識VLSIプロセッサにおいて四つの課題:大語
実，低消費電力，高速処理および小面積などについて述べられている.

第 3章ではハードウェア向けアノレゴpズムの改良について述べられている.関値カット、 Modified1 
下回言語モデル、言語モデル粗密探索である。本研究では， Viterbi演算後に行っていたソート処理を，
Viterbi演算内において閥値カットで行なっている。毎フレームにおいて最適な関値を計算することで，
精度に影響しない関値カットを実現している。これにより、余分なワークスペースとメモリアクセスを低

減している。 Mod温.edl-gram言語モデルでは、遷移確率に l-gramの更新をあらかじめ適用したモデ
/レを作成することで単語内遷移から 1・gram更新処理をなくし，閉じ回路で単語内遷移，単語間遷移を行
なえる構成としている。さらに、 2-gram確率の上位 10個の始端のみへの遷移とし， Nフレームに 1回の
み全始端に遷移させる言語モデル粗密探索を提案している.密探索周期Nが5の場合，精度に影響しない
ことが確認でき，単語間遷移部分の演算量78%削減を実現した.

第4章では実時間6万語業連続音声認識プロセッサにういて論述されている.大語葉、低消費電力のた
めの高並列演算アーキテクチャ、キャッシュアーキテクチャおよびパイプラン処理を提案している.

GMM演算処理において，混合パラメータを一回読み込むにつき， 50フレームの音声特徴ベクトルをすべ

て計算する.つまり，混合パラメ}タを再利用することで， GMM演算の外部メモり帯域を94%削減した.

また、 GMM部分の莫大な演算量に対し，混合レベルの 16混合並列GMM演算アーキテクチャを提案し、
全状態計算を行うことで， Viterbi処理とのパイプラン処理を行うことが可能になった.Viterbi部分の外
部メモリ帯域を削減するために，音声認識のフレーム相関性を利用して，メモリアクセスを大きく占めて

いるアクティブノード，アクティプノードマップおよび2-gramデータをチップ上のキャッシュに導入し

た.また，キャッシュ更新機構を工夫することで，提案したViterbiキャッシュアーキテクチャは75%の

ヒット率を実現した.また、 GMM演算は毎フレームにおいて同じサイクル数がかかるが、 Viterbi遷移
処理はアクティブノードの数、遷移状況により大きく変わるため， 1フレームごとのパイプラン処理は不
効率であるため、 GMM全状態演算により， GMM' Viterbiのパイプラン処理を行えるようにした.また，

パイプライン処理を扱えるフレーム数を可調整にすることで，パイプラインの効率を最大化にした.以上

の提案手法を用いて，実時間6万語業連続音声認識処理するために必要なメモリ帯域を98%削減し，必要
な動作周波数を78%削減し、 126_5MHzで6万語業実時間音声認識を行うことができた.チップ試作及び
評価により， 126_5阻凶l.lVの条件下で 144mWの低消費電カで動作することを確認している。

(Jf15: tor 7't. NO.2 

mWat 126.5 MHz and 1.1 V for 60 kWord real-time continuous speech recognition. 

Chapter 5 describes the second chip (HMM2) we designed for 60-kWord real-time 

continuous speech recognition. We try to achieve a smaller area and higher processing speed. It 

features a compression-decoding scheme to reduce the external memory bandwidth for 

Gaussian Mixture Model (GMM) computation and a 4-path Viterbi transition units. We optimize 

the internal SRAM size using the max-approximation GMM calculation and adjusting the 

number of look-ahead frames. The test chip, fabricated in 40 run CMOS technology, occupies 

1. 77 rom x 2.18 rom containing 2.52 M transistors for logic and 4.29 Mbit on-chip memory. The 

measured results show that our implementation achieves 34.2% required frequency reduction 

(83.3 MHz), 48.5% power consumption reduction (74.14 mW) . for 60 k-Word real-time 

continuous speech recognition compared to the previous work while 30% of the area is saved 

with recognition accuracy of 90.9%. It can maximally process 2.4x wter than real-time at 200 

MHz and 1.1 V with power consumption ofl68 mW. 

Chapter 6 describes the third chip (HMM3) we designed for 60-kWord real-time continuous 

speech recognition. As the "on-chip" latency (stop processing until the data come to the 

compute unit) and the "off-chip" latellcy (loading latency caused by DRAM ) strongly delay 

the processing speed, we try to reduce the "off-chip latency" by implementing a two-level 

. cache architecture and propose a 8-path Viterbi transition unit to reduce the "on-chip latency", 

which maximize the processing speed. Furthermore, we adopts tri-gram language model to 

improve'the recognition accuracy. Measured results show that our implementation achieves 25% 

required frequency reduction (62.5 MHz) and 26% power consumption reduction (54.8 mW) for 

60 k-Word real-time continuous speech recognition compared to the previous work. The chip 

can maximally process 3.02x and 2.25x times wter than real-time at 200 MHz using the 

bigram and trigram language models, respectively. 

Finally, the.conclusion of this study is presented in Chapter 7. This thesis presents the VLSI 

designs for low-power speak-independent large vocabulary real-time continuous speech 

recognition based on context-dependent Hidden Markov Model (HMM). The work contributes 

to achieve a cOmfortable human interface for mobile systems and robotics. 
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mWat 126.5 MHz and 1.1 V for 60 kWord real-time continuous speech recognition. 

Chapter 5 describes the second chip (HMM2) we designed for 60-kWord real-time 

continuous speech recognition. We try to achieve a smaller area and higher processing speed. It 

features a compression-decoding scheme to reduce the external memory bandwidth for 

Gaussian Mixture Model (GMM) computation and a 4-path Viterbi transition units. We optimize 

the internal SRAM size using the max-approximation GMM calculation and adjusting the 

number of look-ahead frames. The test chip, fabricated in 40 run CMOS technology, occupies 

1. 77 rom x 2.18 rom containing 2.52 M transistors for logic and 4.29 Mbit on-chip memory. The 

measured results show that our implementation achieves 34.2% required frequency reduction 

(83.3 MHz), 48.5% power consumption reduction (74.14 mW) . for 60 k-Word real-time 

continuous speech recognition compared to the previous work while 30% of the area is saved 

with recognition accuracy of 90.9%. It can maximally process 2.4x wter than real-time at 200 

MHz and 1.1 V with power consumption ofl68 mW. 

Chapter 6 describes the third chip (HMM3) we designed for 60-kWord real-time continuous 

speech recognition. As the "on-chip" latency (stop processing until the data come to the 

compute unit) and the "off-chip" latellcy (loading latency caused by DRAM ) strongly delay 

the processing speed, we try to reduce the "off-chip latency" by implementing a two-level 

. cache architecture and propose a 8-path Viterbi transition unit to reduce the "on-chip latency", 

which maximize the processing speed. Furthermore, we adopts tri-gram language model to 

improve'the recognition accuracy. Measured results show that our implementation achieves 25% 

required frequency reduction (62.5 MHz) and 26% power consumption reduction (54.8 mW) for 

60 k-Word real-time continuous speech recognition compared to the previous work. The chip 

can maximally process 3.02x and 2.25x times wter than real-time at 200 MHz using the 

bigram and trigram language models, respectively. 

Finally, the.conclusion of this study is presented in Chapter 7. This thesis presents the VLSI 

designs for low-power speak-independent large vocabulary real-time continuous speech 

recognition based on context-dependent Hidden Markov Model (HMM). The work contributes 

to achieve a cOmfortable human interface for mobile systems and robotics. 
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第5章では、2.4倍速実時間6万語業連続音声認識プロセッサについて述べられる.小面積のための圧縮・
デコーダ機稿、 GMM近似演算アーキテクチャと高速化ための4パス Viterbi遷移アーキテクチャを提案し
た.圧縮・デコーダ;機構では、予め外部データベースにある GMM演算用のパラメータを圧縮してからチッ

プに転送する.チップ側で圧縮したパラメータをデコーダして，演算を始める.この手法によって，圧縮率
分の外部メモリ容量と外部メモり帯域を削減した。 GMMパラメータの特性を考慮した圧縮アルゴリズムを
使うことで，デコーダ部分の回路規模と演算量の増加も小さく抑えられている。近似GMM演算アーキテク
チャを導入することで、ログ演算が不要になるため 1Mbitの内部メモリを削減した。次に、ミスヒット時の
演算の効率》各キャッシュへのデータバスの利用効率を上げるために，複数アクティブノードが扱える 4ー
パス Viterbi遷移アーキテクチャを実装した.チップ試作を行い評価したところ，実時間処理するために必

要な83.3阻王z動作時の消費電力は74.2mWであったまた，標準電圧(I.n乃で最大200MHz(I68mW)動作
が確認され， 2.4倍速実時間動作を実現できた.従来比で 30%の面積削減， 34.2%の動作周波数削減および
48.5%の消費電力削減を達成している.

第6章では、 3倍速実時間6万語業連続音声認識プロセッサについて述べられる.高速化するための2次

キャッシュアーキテクチャ， 8ーパスVi旬rbi遷移アーキテクチャおよび精度を上げるための簡単化3-gram
遷移アーキテクチャを提案している.音声認織処理では，外部メそりをデータベースとして，ランダムでア

クセスする.外部メモリの特性による，毎回アクセスにつき，アドレスのセットアップ、 pre.char伊などで
数サイクルの"off-chipla匂nザ'が発生してしまう.この遅延を削減するために，二次キャッシュアーキテク
チャを提案した.また、全体の処理速度のネックとなっている Viterbi部分に8パス Viterbi遷移アーキテ
クチャを実装することで， "on.chip latenザ'を削減した.さらに簡単化3-gram言語モデルの採用により、
2-gram遷移した後，スコア(蓄積確率〉が一番高い言語リストから"bestprede田ss自主word"を特定できる.そ
の"bestp児島田S曲 rword"からの3-gr富m遷移のみを行うことで，認織精度を約2%向上出来た。チップ試
作を行い評価したところ，実時間処理するために必要な62.5MHz動作時の消費電力は54.8mWであった.
また，標準電圧(I.IV)で最大200阻悩177.4mW}動作が確認され， 3傍速実時間動作を実現できた.また，
3-gramを使う場合， 200MHzで最高処理態度は2.25倍速であり，消費電力は 174.56mWであった.従来
比で25%の動作周波数削減および26%の消費電カ削減を達成している.

以上第3章から第6章において，実時間大語業連続音声認識VLSIプロセッサ設計技術に関する研究成果
について記述し，最後に第7章において本論文を総括して結論を述べている.これらの研究成果は， 3編の
査読付き論文と4件の査読付き国際学会プロシーディングにて掲載されており，今後のモバイル端末、知能
ロボットのヒューマンインターフェイス，高速音声認識エンジンに寄与する有効な手段となり得るものであ

る.すなわち、今後の高度情報化社会構築の鍵となる重要で価値ある知見を得たものと認める。提出された
論文は、システム情報学研究科学位論文評価基準を満たしており、学位申請者の何光舞氏は，博士(工学)

の学位を得る資格があると認める。

~ 5 .-el'i, 2.4fffim~~fIIl6 JJilt.i!I!~i§-~.7"o-e :>,~I;:"?lt\"(~""e,nQ. INliifJfQ)t;:!f)Q)EE~· 
7'::z-?'H, GMM ilIf!;i.liii.7-~T?7"-\' cil'liimfl::;t;:!f)Q) 4 .I~A Viterbiilfii7-~T?7"-\'a-m~1... 
t;:. EE~· 7'::z-?, •• -eI'i, TMI·$7'-?,.r:.::.-AI;:iliJQ GMMliii.Jf:lQ).I~'.7 j-?'a-.EE~1..."(;O,e,7":>' 
:1'1;:~T"Q. 7":>,7"OO-e.EE~1...tu~'.7 j-?'a-7'::z':"'?'1..."(, liii.~~!f)Q. ::'Q)¥7RI;:J:-:'"(, EE~$ 
~Q)?!-$j"E- !J~tc?!-$j"E-!J *~Hm~1...t;:. GMM.I~'.7 j-?,Q)4I¥tEa-~Jl:1...t;:.EE1I7/v::f!J ;;(.b.a­
~?::. c-e, 7'::z-?'rm~Q)@I~Qcliii.tQ)~1.mb/j\~ < jjJ*-.e,n"(lt\Q. ilIf!;i. GMMliii.7-~T? 
7"-\,a-.AT"Q::, c-e, 0 ~liii.;O~'F~I;:t~Qt;:!f) IMbit Q)rg$j"E-!J a-Alj~L.t;:. lkl;:, ~ A I:: :>' I-~Q) 
7lii.Q)3l'IJ~, ~~-\' :>,~",".ro..Q)7'-?' .I~AQ)~jJf:l3l'lJ~a-J::Ii'Qt;:!f)I;:, f.l~7?T -{:7 /- tt;O~~*-.Q 4-
.I~A Viterbi ilfii7-~7?7"-\'a-~~1...t;:. 7":>,7'1;tfFHfHffilli1...f;:c::, -?, ~~fIIl9&l1l!T"Qt;:!f)I;:£"' 
~t~ 83.3MHz IbfF~Q)rl!§Jt1lt1J l'i 7 4.2m W -eiliJ-:> t;:. ~ t;:, tl~1tEE(1.1V)-eli* 200MHz(168m W)lbfF 
;O~~~n, 2.4 fifim~JJij;IIIHtbfFa-~m-e~t;:. ~31Ht-e 30%Q)iliifll!jlj~, 34.2%Q)lbfF)l§j?!!t~AIj~:toJ:V 
48.5%Q)mJt1lt1J AIj~a-~.sX; 1... "(It \ Q. 

~ 6 .-el'i, 3 fifim~~fl,' 6 JJP.t.i!I!~i§-Jlf~.7"o-e :>,~I;:"?lt\-t~""e,nQ. il1iiimfl::;T"U;:!f)Q) 2lk 
~-\':>' ~"'" 7-~T? 7"-\', 8-.I~A Viterbi ilfii7-~T?7"-\':toJ:VmNa-J::Ii'Qt;:!f)Q)fI1j~fl::; 3-gram 
ilfii7-~T?7"-\'a-m~1... "(It\Q. i§-JI;'ijg.9&l1l!-eI'i, ?!-$j"E-!J a-7'-?,.r:.::.-A c 1..."(, '.7 ~J/ A-e7 
?-e AT"Q. ?!-$j"E-!J Q)4\fM:I;:J: Q, fii@l7?-e AI;:"?~, 7 tt VAQ)-e:>, 1-7 :>,7", pre-charge t~~-e 
~~-1? /vQ)"off-chip latency";O~;e1: 1..."( 1...~ ? ::'C7)iI!jj£a-AIj~Qt;:!f)I;:, =lk~-\' :>'~"'" 7-~T? 

7"-\' a-m~ 1...t;:. ~t;:, :i:f*Q)9&l1l!imJi:Q)*:>,? c t~-?"(lt\Q Viterbi $~I;: 8 .I~A Viterbi ilfii7-~T 
? 7"-\'a-~~TQ ::'c-e, "on-chip latency"a-AIj~1...t;:. ~ e,1;: fI1j~fl::; 3-gram ~~"E-7'/vQ),,*Jf:lI;:J: t), 

2-gramilfii1...f;:~, A::z7(lft_~);O~-*il'lilt\~!J A 1-;O,e,"bestpredecessorword"a-*;<E-e~Q. -{­
Q)"best predecessor word";O' e, Q) 3-gram ilfiiQ)17-a-fT? ::. c -e, ~~mJi: a-~ 2%[/i]J::tiB~t;:. 7":>' 7'1;t 
fFa-fTHif'filli1...t;: c ::.-?, ~~rdl9&l1l!T"Q t;:!f)I;:£",~t~ 62.5MHz IbfF~C7)mJUt1JI'i 54.8mW -eiliJ-:>f;:. 
~t;:, tl~U(1.1V)-e~* 200MHz(177.4mW)lbfF;O~~~n, 3 fffim~~rdllbfFa-~m-e~t;:. ~f;:, 
3-gram a-~ ?~, 200MHz -e:Qlil'li9&l1l!imJi:I'i 2.25 fifim-eiliJ t), rMtttJ l'i 174.56 m W -eiliJ-:> t;:. ~* 
J:t-e 25%Q)lbfF)l§j?!!t~AIj~:to J: V 26%Q)mJt1lt1JAIj~a-Jj.sX; 1... "(It \ Q. 

gJ,J::~ 3 .;0' e, ~ 6 .I;::tolt \"(, ~~rR'*P.t.i!I!~i§-JI;'~. VLSI :1'0 -e :>' ~~*t:Ii~I;:MT Q:ijf~.sX;* 
I;:"?lt\"(re~ 1..., :Ql~I;:~ 7 .1;::tolt\"(~:>ca-~m1... "(Ua-~""-Clt\Q. ::.ne,C7):ijf~.sX;*I'i, 3 aijQ) 
1!Elil'Cfi~r.Ii:>Cc 4ftj:Q)1!Elil'Cfi~OO~~~7"0~-7'-{ ~YI;:"(m.~n"(:toI), 4-1&Q)"E-.I~-1 MIti!*, ~tm 
o]j{:>, 1-C7)1:: ","--Y~-1 ~?'-7:r.-1 A, j\1/jimlf~ga.:r.~~~ICi!f~TQ1f3l'lJt~¥ijl:ct~ I)~Q bQ)-eiliJ 
Q. T~:bi?, 4-1&Q)j\1/jJi:i1t¥llfl::;*±~m~Q).c t~Qm~-efillifliliJQ~J!a-~f;: bQ) cijg!f)Q. ml±l ~nt;: 
~:>Cl'i, ~ A T .b.i1f¥ll~~:fiI.~iIIi::!dif'fiIIi£~a-iItllt;: 1... "(:to I), ~l'l: $li\!f*Q)fiiJ J'{;.~I'i, jf:± (I~) 
Q)~a-~Mlm;O~iliJQ c~!f)Q. 

~ 5 .-el'i, 2.4fffim~~fIIl6 JJilt.i!I!~i§-~.7"o-e :>,~I;:"?lt\"(~""e,nQ. INliifJfQ)t;:!f)Q)EE~· 
7'::z-?'H, GMM ilIf!;i.liii.7-~T?7"-\' cil'liimfl::;t;:!f)Q) 4 .I~A Viterbiilfii7-~T?7"-\'a-m~1... 
t;:. EE~· 7'::z-?, •• -eI'i, TMI·$7'-?,.r:.::.-AI;:iliJQ GMMliii.Jf:lQ).I~'.7 j-?'a-.EE~1..."(;O,e,7":>' 
:1'1;:~T"Q. 7":>,7"OO-e.EE~1...tu~'.7 j-?'a-7'::z':"'?'1..."(, liii.~~!f)Q. ::'Q)¥7RI;:J:-:'"(, EE~$ 
~Q)?!-$j"E- !J~tc?!-$j"E-!J *~Hm~1...t;:. GMM.I~'.7 j-?,Q)4I¥tEa-~Jl:1...t;:.EE1I7/v::f!J ;;(.b.a­
~?::. c-e, 7'::z-?'rm~Q)@I~Qcliii.tQ)~1.mb/j\~ < jjJ*-.e,n"(lt\Q. ilIf!;i. GMMliii.7-~T? 
7"-\,a-.AT"Q::, c-e, 0 ~liii.;O~'F~I;:t~Qt;:!f) IMbit Q)rg$j"E-!J a-Alj~L.t;:. lkl;:, ~ A I:: :>' I-~Q) 
7lii.Q)3l'IJ~, ~~-\' :>,~",".ro..Q)7'-?' .I~AQ)~jJf:l3l'lJ~a-J::Ii'Qt;:!f)I;:, f.l~7?T -{:7 /- tt;O~~*-.Q 4-
.I~A Viterbi ilfii7-~7?7"-\'a-~~1...t;:. 7":>,7'1;tfFHfHffilli1...f;:c::, -?, ~~fIIl9&l1l!T"Qt;:!f)I;:£"' 
~t~ 83.3MHz IbfF~Q)rl!§Jt1lt1J l'i 7 4.2m W -eiliJ-:> t;:. ~ t;:, tl~1tEE(1.1V)-eli* 200MHz(168m W)lbfF 
;O~~~n, 2.4 fifim~JJij;IIIHtbfFa-~m-e~t;:. ~31Ht-e 30%Q)iliifll!jlj~, 34.2%Q)lbfF)l§j?!!t~AIj~:toJ:V 
48.5%Q)mJt1lt1J AIj~a-~.sX; 1... "(It \ Q. 

~ 6 .-el'i, 3 fifim~~fl,' 6 JJP.t.i!I!~i§-Jlf~.7"o-e :>,~I;:"?lt\-t~""e,nQ. il1iiimfl::;T"U;:!f)Q) 2lk 
~-\':>' ~"'" 7-~T? 7"-\', 8-.I~A Viterbi ilfii7-~T?7"-\':toJ:VmNa-J::Ii'Qt;:!f)Q)fI1j~fl::; 3-gram 
ilfii7-~T?7"-\'a-m~1... "(It\Q. i§-JI;'ijg.9&l1l!-eI'i, ?!-$j"E-!J a-7'-?,.r:.::.-A c 1..."(, '.7 ~J/ A-e7 
?-e AT"Q. ?!-$j"E-!J Q)4\fM:I;:J: Q, fii@l7?-e AI;:"?~, 7 tt VAQ)-e:>, 1-7 :>,7", pre-charge t~~-e 
~~-1? /vQ)"off-chip latency";O~;e1: 1..."( 1...~ ? ::'C7)iI!jj£a-AIj~Qt;:!f)I;:, =lk~-\' :>'~"'" 7-~T? 

7"-\' a-m~ 1...t;:. ~t;:, :i:f*Q)9&l1l!imJi:Q)*:>,? c t~-?"(lt\Q Viterbi $~I;: 8 .I~A Viterbi ilfii7-~T 
? 7"-\'a-~~TQ ::'c-e, "on-chip latency"a-AIj~1...t;:. ~ e,1;: fI1j~fl::; 3-gram ~~"E-7'/vQ),,*Jf:lI;:J: t), 

2-gramilfii1...f;:~, A::z7(lft_~);O~-*il'lilt\~!J A 1-;O,e,"bestpredecessorword"a-*;<E-e~Q. -{­
Q)"best predecessor word";O' e, Q) 3-gram ilfiiQ)17-a-fT? ::. c -e, ~~mJi: a-~ 2%[/i]J::tiB~t;:. 7":>' 7'1;t 
fFa-fTHif'filli1...t;: c ::.-?, ~~rdl9&l1l!T"Q t;:!f)I;:£",~t~ 62.5MHz IbfF~C7)mJUt1JI'i 54.8mW -eiliJ-:>f;:. 
~t;:, tl~U(1.1V)-e~* 200MHz(177.4mW)lbfF;O~~~n, 3 fffim~~rdllbfFa-~m-e~t;:. ~f;:, 
3-gram a-~ ?~, 200MHz -e:Qlil'li9&l1l!imJi:I'i 2.25 fifim-eiliJ t), rMtttJ l'i 174.56 m W -eiliJ-:> t;:. ~* 
J:t-e 25%Q)lbfF)l§j?!!t~AIj~:to J: V 26%Q)mJt1lt1JAIj~a-Jj.sX; 1... "(It \ Q. 

gJ,J::~ 3 .;0' e, ~ 6 .I;::tolt \"(, ~~rR'*P.t.i!I!~i§-JI;'~. VLSI :1'0 -e :>' ~~*t:Ii~I;:MT Q:ijf~.sX;* 
I;:"?lt\"(re~ 1..., :Ql~I;:~ 7 .1;::tolt\"(~:>ca-~m1... "(Ua-~""-Clt\Q. ::.ne,C7):ijf~.sX;*I'i, 3 aijQ) 
1!Elil'Cfi~r.Ii:>Cc 4ftj:Q)1!Elil'Cfi~OO~~~7"0~-7'-{ ~YI;:"(m.~n"(:toI), 4-1&Q)"E-.I~-1 MIti!*, ~tm 
o]j{:>, 1-C7)1:: ","--Y~-1 ~?'-7:r.-1 A, j\1/jimlf~ga.:r.~~~ICi!f~TQ1f3l'lJt~¥ijl:ct~ I)~Q bQ)-eiliJ 
Q. T~:bi?, 4-1&Q)j\1/jJi:i1t¥llfl::;*±~m~Q).c t~Qm~-efillifliliJQ~J!a-~f;: bQ) cijg!f)Q. ml±l ~nt;: 
~:>Cl'i, ~ A T .b.i1f¥ll~~:fiI.~iIIi::!dif'fiIIi£~a-iItllt;: 1... "(:to I), ~l'l: $li\!f*Q)fiiJ J'{;.~I'i, jf:± (I~) 
Q)~a-~Mlm;O~iliJQ c~!f)Q. 




