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Speech recognition has been used recently in various applications such as automatic
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 sofiware applications.
Hardware implementation by very large scale integrated circuit (VLSI) 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 mode! 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 foﬂowmg chapters.

Chapter 4 describes the first chip (HMM1) 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-50-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



(R&: {1 J& NO.2 )

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

Chapter 5 describes the second chib (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 thé max-approximation GMM calculation and adjusting the
number of look-ahead frames. The test chip, fabricated in 40 nm CMOS technology, occupies
1.77 mm x 2,18 mm 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 compz;red to the previous work while 30% of the area is saved
with recognition accuracy of 90.9%. It can maximally process 2.4x faster than real-time at 200
MHz and 1.1 V with power consumption of 168 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” latency (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 faster 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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