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Introduction and Qualifications

1. My name is June Ann Munford. I am over the age of 18, have personal
knowledge of the facts set forth herein, and am competent to testify to the

same.

2. 1 earned a Master of Library and Information Science (MLIS) from the
University of Wisconsin-Milwaukee in 2009. I have over ten years of
experience in the library/information science field. Beginning in 2004, I have
served in various positions in the public library sector including Assistant
Librarian, Youth Services Librarian and Library Director. I have attached my

Curriculum Vitae as Appendix CV.

3. During my career in the library profession, I have been responsible for
materials acquisition for multiple libraries. In that position, I have cataloged,
purchased and processed incoming library works. That includes purchasing
materials directly from vendors, recording publishing data from the material
in question, creating detailed material records for library catalogs and
physically preparing that material for circulation. In addition to my experience

in acquisitions, | was also responsible for analyzing large collections of library
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materials, tailoring library records for optimal catalog search performance and
creating lending agreements between libraries during my time as a Library

Director.

The Internet Archive and the Wayback Machine

. I am familiar with the Internet Archive, a digital library accessible to the
general public. Among other services that the Internet Archive makes
available to the general public is the Wayback Machine, an online archive of
the web. The Internet Archive’s Wayback Machine service archives webpages
as of a certain capture date to track changes in the web over time. The Internet
Archive has been in operation as a nonprofit library since 1996 and has hosted
the Wayback Machine service since its inception in 2001. During my time as
a librarian, I frequently used the Internet Archive’s Wayback Machine for
research and instruction purposes. This includes teaching instructional classes
on using the Wayback Machine to library patrons and using the Wayback
Machine to research reference inquiries that require hard-to-find online
resources. I consider the Internet Archive’s recordkeeping to be as rigorous
and detailed as other formal library recordkeeping practices such as MARC

records, OCLC records and Dublin Core.
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Liu

5. I have reviewed Exhibit ####, a document entitled VoiceFixer: Toward

General Speech Restoration with Neural Vocoder by Haohe Liu, et al.

6. Attached hereto as Appendix LIUO1 is a screen capture of the Internet
Archive Wayback Machine entry for http://arxiv.org/abs/2109.13731. 1
secured these screen captures myself from
https://web.archive.org/web/20211124092448/http://arxiv.org/abs/2109.137

31. This record was captured as of November 24, 2021.

7. Appendix LIUOI is an Internet Archive capture of a web page entitled
VoiceFixer: Toward General Speech Restoration with Neural Vocoder as
hosted on the arXiv.org website. Appendix LIUO1 is a capture of a web page
describing VoiceFixer: Toward General Speech Restoration with Neural
Vocoder, including the paper’s authors, an abstract and paper submission
history. According to this page, VoiceFixer: Toward General Speech
Restoration with Neural Vocoder was first published in its current form as of
October 5, 2021. This page also offers a copy of the paper available for

download by clicking the ‘PDF’ link visible on page 2 of Appendix LIUOI.
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8. Attached hereto as Appendix LIUO2 is a screen capture of the Internet
Archive Wayback Machine entry for https://arxiv.org/pdf/2109.13731.pdf. I
secured these screen captures myself from
https://web.archive.org/web/20211124092457/https://arxiv.org/pdf/2109.137

31.pdf. This record was captured as of November 24, 2021.

9. Appendix LIUO2 is an Internet Archive capture of a file entitled
"VoiceFixer: Toward General Speech Restoration with Neural Vocoder" as
hosted on the arXiv.org website. I secured this PDF copy by clicking the link
entitled ‘PDF’ visible on page 2 of Appendix LIUO1. In comparing
Appendix LIUO2 to Exhibit ####, it is my determination that Exhibit #### 1s
a true and correct copy of "VoiceFixer: Toward General Speech Restoration
with Neural Vocoder" as hosted on the arXiv.org website. As the Internet
Archive first captured this file as of November 24, 2021, it is my
determination that "VoiceFixer: Toward General Speech Restoration with at
least as early as Neural Vocoder" was available to the public at least as early
as November 24, 2021 via the Internet Archive and likely earlier via the

original arXiv.org website.

Liu II
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10.1 have reviewed Exhibit ####, a document entitled VoiceFixer: A Unified
Framework for High-Fidelity Speech Restoration by Haohe Liu, et al as
published in the Proceedings of INTERSPEECH 2022. This paper contains
significant differences from the previous edition of Liu discussed in this

declaration.

11.Attached hereto as Appendix LIUO3 is a screen capture of the Internet
Archive Wayback Machine entry for https://arxiv.org/abs/2204.05841. I
secured these screen captures myself from
https://web.archive.org/web/20220413011549/https://arxiv.org/abs/2204.058

41. This record was captured as of April 13, 2022.

12.Appendix LIUO3 is an Internet Archive capture of a page entitled
VoiceFixer: A Unified Framework for High-Fidelity Speech Restoration by
Haohe Liu, et al as published in the Proceedings of INTERSPEECH 2022 as
hosted on the arXiv.org website. Appendix LIUO3 is a capture of a web page
describing VoiceFixer: Toward General Speech Restoration with Neural
Vocoder by Haohe Liu, et al as published in the Proceedings of
INTERSPEECH 2022, including the paper’s authors, an abstract and paper
submission history. According to this page, the INTERSPEECH 2022

edition of VoiceFixer: Toward General Speech Restoration with Neural
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Vocoder was first published in its current form as of April 12, 2022. This
page also offers a copy of the paper available for download by clicking the

‘PDF’ link visible on page 2 of Appendix LIUO3.

13.Attached hereto as Appendix LIU04 is a screen capture of the Internet
Archive Wayback Machine entry for https://arxiv.org/pdf/2204.05841.pdf. I
secured these screen captures myself from
https://web.archive.org/web/20220413012645/https://arxiv.org/pdf/2204.058

41.pdf. This record was captured as of April 13, 2022.

14.Appendix LIUO4 is an Internet Archive capture of a file entitled VoiceFixer:
A Unified Framework for High-Fidelity Speech Restoration by Haohe Liu,
et al as published in the Proceedings of INTERSPEECH 2022 as hosted on
the arXiv.org website. I secured this PDF copy by clicking the link entitled
‘PDF” visible on page 2 of Appendix LIUO3. In comparing Appendix LIU04
to Exhibit ####, it is my determination that Exhibit #### is a true and correct
copy of VoiceFixer: Toward General Speech Restoration with Neural
Vocoder by Haohe Liu, et al as published in the Proceedings of
INTERSPEECH 2022 as hosted on the arXiv.org website. As the Internet
Archive first captured this file as of April 13, 2022, it is my determination

that the INTERSPEECH 2022 edition of VoiceFixer: Toward General
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Speech Restoration with Neural Vocoder was available to the public at least
as early as April 13, 2022 via the Internet Archive and likely earlier via the

original arXiv.org website.

Sonsaat

15.1 have reviewed Exhibit 1005, “L2-ARCTIC: A Non-Native English Speech

Corpus” by Guanlong Zhao, et al.

16.Attached hereto as Appendix ZHAOO]1 is a screen capture of the Internet
Archive Wayback Machine entry for https://psi.engr.tamu.edu/l2-arctic-
corpus/. I  secured these screen captures myself from
https://web.archive.org/web/20191208033554/https://psi.engr.tamu.edu/12-

arctic-corpus/. This record was captured as of December 8, 2019.

17.Appendix ZHAQOO] is an Internet Archive capture of a web page entitled L2-
ARCTIC: A Non-Native English Speech Corpus as hosted on the Tamu Lab
website. Appendix ZHAOOI is a page describing the research performed in
the Zhao paper as well as a link labelled “publication’ allowing site visitors to
download a PDF copy of this paper. As the Internet Archive first captured this

page as of December 8, 2019, it is my determination that “L2-ARCTIC: A
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Non-Native English Speech Corpus” was first made available at least as early

as of December 8, 2019 via the original Tamu Lab website.

18.Attached hereto as Appendix ZHAOQ2 is a screen capture of the Internet
Archive Wayback Machine entry for https://www.isca-
speech.org/archive/Interspeech 2018/pdfs/1110.pdf. I secured these screen
captures myself from
https://web.archive.org/web/20210122095202/https://www.isca-
speech.org/archive/Interspeech 2018/pdfs/1110.pdf. This record was

captured as of January 22, 2021.

19.Appendix ZHAOO2 is an Internet Archive capture of a file entitled "L2-
ARCTIC: A Non-Native English Speech Corpus" as hosted on the ISCA
Speech website. I secured this file by clicking the link entitled ‘publication’
as found in Appendix ZHAOO1. In comparing Appendix ZHAOO02 to Exhibit
1005, it is my determination that Exhibit 1005 is a true and correct copy of
the "L2-ARCTIC: A Non-Native English Speech Corpus" web page as
hosted on the ISCA Speech website. As the Internet Archive first captured
this page
as of January 22, 2021, it is my determination that “L2-ARCTIC: A Non-
Native English Speech Corpus” was first made available at least as early as of

8
IPR2026-00272

Krisp Technologies EX1044 Page 9



January 22, 2021 via the Internet Archive and likely earlier via the original

ISCA Speech website.

20.Attached hereto as Appendix ZHAOO3 is a screen capture of the Internet
Archive Wayback Machine entry for https://isca-
speech.org/archive/Interspeech 2018/. I secured these screen captures myself
from https://web.archive.org/web/20190920100632/https://isca-
speech.org/archive/Interspeech 2018/. This record was captured as of

September 20, 2019.

21.Appendix ZHAOO3 is an Internet Archive capture of a web page entitled
Interspeech 2018 as hosted on the ISCA Speech website. Appendix ZHAOO03
is a table of contents for the Proceedings of the 2018 Interspeech conference.
Page 27 of Appendix ZHAOO3 contains an entry for “L2-ARCTIC: A Non-
Native English Speech Corpus”, indicating this paper was included within the
conference proceedings for the 2018 Interspeech Conference. This entry also
contains a link to download a PDF copy of this paper. As the Internet Archive
first captured this page as of September 20, 2019, it is my determination that
Interspeech 2018 and therefore “L2-ARCTIC: A Non-Native English Speech
Corpus” was first made available to the public at least as early as of September

20, 2019 via the ISCA Speech website.
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22.1 have been retained on behalf of the Petitioner to provide assistance in the
above-illustrated matter in establishing the authenticity and public availability
of the documents discussed in this declaration. I am being compensated for
my services in this matter at the rate of $200.00 per hour plus reasonable
expenses. My statements are objective, and my compensation does not

depend on the outcome of this matter.

23.1 declare under penalty of perjury that the foregoing is true and correct. |
hereby declare that all statements made herein of my own knowledge are
true and that all statements made on information and belief are believed to
be true; and further that these statements were made the knowledge that
willful false statements and the like so made are punishable by fine or
imprisonment, or both, under Section 1001 of Title 18 of the United States

Code.

Dated: 3/24/2026

June Ann Munford
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Appendix CV
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June A. Munford
Curriculum Vitae

Education

University of Wisconsin-Milwaukee - MS, Library & Information Science, 2009
Milwaukee, WI

e Coursework included cataloging, metadata, data analysis, library systems,
management strategies and collection development.
e Specialized in library advocacy, cataloging and public administration.

Grand Valley State University - BA, English Language & Literature, 2008
Allendale, MI

e Coursework included linguistics, documentation and literary analysis.
e Minor in political science with a focus in local-level economics and
government.

Professional Experience

Researcher / Expert Witness, October 2017 — present
Freelance e Pittsburgh, Pennsylvania & Grand Rapids, Michigan

e Material authentication and public accessibility determination. Declarations of
authenticity and/or public accessibility provided upon research completion. Experienced
with appeals and deposition process.

e Research provided on topics of public library operations, material
publication history, digital database services and legacy web resources.

e Past clients include Alston & Bird, Arnold & Porter, Baker Botts, Fish & Richardson,
Erise IP, Irell & Manella, O'Melveny & Myers, Perkins-Coie, Pillsbury Winthrop Shaw
Pittman and Slayden Grubert Beard.

Library Director, February 2013 - March 2015
Dowagiac District Library @ Dowagiac, Michigan

e Executive administrator of the Dowagiac District Library. Located in
Southwest Michigan, this library has a service area of 13,000, an annual
operating budget of over $400,000 and total assets of approximately
$1,300,000.
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e Developed careful budgeting guidelines to produce a 15% surplus during the 2013-
2014 & 2014-2015 fiscal years while being audited.

e Using this budget surplus, oversaw significant library investments including the
purchase of property for a future building site, demolition of existing buildings and
building renovation projects on the current facility.

e [ ed the organization and digitization of the library's archival records.

e Served as the public representative for the library, developing business
relationships with local school, museum and tribal government entities.

e Developed an objective-based analysis system for measuring library services -
including a full collection analysis of the library's 50,000+ circulating items and their
records.

November 2010 - January 2013
Librarian & Branch Manager, Anchorage Public Library ® Anchorage, Alaska

e Headed the 2013 Anchorage Reads community reading campaign including event
planning, staging public performances and creating marketing materials for mass
distribution.

® Co-led the social media department of the library's marketing team, drafting social
media guidelines, creating original content and instituting long-term planning via content
calendars.

e Developed business relationships with The Boys & Girls Club, Anchorage
School District and the US Army to establish summer reading programs for
children.

June 2004 - September 2005, September 2006 - October 2013
Library Assistant, Hart Area Public Library
Hart, MI

e Responsible for verifying imported MARC records and original MARC
cataloging for the local-level collection as well as the Michigan Electronic

Library.

e Handled OCLC Worldcat interlibrary loan requests & fulfillment via
ongoing communication with lending libraries.

Professional Involvement

Alaska Library Association - Anchorage Chapter
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e Treasurer, 2012

Library Of Michigan
o [ evel VII Certification, 2008
e Level II Certification, 2013

Michigan Library Association Annual Conference 2014
e New Directors Conference Panel Member

Southwest Michigan Library Cooperative
e Represented the Dowagiac District Library, 2013-2015

Professional Development

Library Of Michigan Beginning Workshop, May 2008

Petoskey, MI
e Received training in cataloging, local history, collection management,
children’s literacy and reference service.

Public Library Association Intensive Library Management Training, October 2011
Nashville, TN
e Attended a five-day workshop focused on strategic planning, staff
management, statistical analysis, collections and cataloging theory.

Alaska Library Association Annual Conference 2012 - Fairbanks, February 2012
Fairbanks, AK
e Attended seminars on EBSCO advanced search methods, budgeting,
cataloging, database usage and marketing.

Depositions

2019 e Fish & Richardson

Apple v. Qualcomm (Case No. [IPR2018-001281, 39521-004211P, IPR2018-01282 and
39521-004211P2)

2019 e Erise IP
Implicit, LLC v. Netscout Systems, Inc (Case No. 2:18-cv-53-JRG)

2019 e Perkins-Coie

Adobe Inc. v. RAH Color Technologies LLC (Case No. IPR2019-00627, IPR2019-
00628, IPR2019-00629 and IPR2019-00646)
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2020 e O’Melveny & Myers
Maxell, Ltd. v. Apple Inc. (Case No. 5:19-cv-00036-RWS)

2021 e Pillsbury Winthrop Shaw Pittman LLP
Intel v. SRC (Case No. IPR2020-1449)

2022 e Perkins-Coie
Realtek v. Future Link (Case No. [PR2021-01182)

2023 e Fish & Richardson
Neuroderm Ltd. v. Abbvie, Inc (Case No. PGR2022-00040)

2023 e Fish & Richardson
Nearmap US Inc. v. Pictometry International Corp. (Case No. IPR2022-00735)

2023 e Fish & Richardson
Samsung Electronics v. MemoryWeb LLC (Case No. 39843-0136PS1)

2023 e Pillsbury Winthrop Shaw Whitman LLP

Gravel Rating Systems v. Costco Wholesale Corp. (Case No.
4:21-cv-149-ALM)

2024 e Willkie-Farr
Netflix, Inc. v. VideoLabs. Inc. (Case No. IPR2023-00628)

2024 e Quinn Emanuel Urquhart & Sullivan
Purdue University v. Wolfspeed (Case No. 1:21-CV-840)

2024 e Fish & Richardson
Dish Network v. Entropic Communications (Case No. [PR2024-00393)
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2025 e Perkins Coie
Amazon.com, Inc. v. Nokia Technologies Oy (Case No. [IPR2024-00572)

2025 e Fish & Richardson
Dish Network v. Entropic Communications (Case No. [PR2024-00373)

Limited Case and Clientele History

Alston & Bird
e Ericsson

v. Collision Communications (Case No. [PR2022-01233)

e Nokia
v. Neptune Subsea, Xtera (Case No. 1:17-cv-01876)

e Universal Electronics Inc

v. Roku Inc (Case No. [PR2022-00818)

Alavi & Anaipakos PLLC
e Stingray Group Inc. and Stingray Music USA, Inc.

v. Edwin A. Hernandez-Mondragon and Egla Corp. (Case No. 1:24-cv-
21226-RAR)

Arnold & Porter
e [vantis

v. Glaukos (Case No. 8:18-cv-00620)

e Samsung

v. Jawbone (Case No. 2:21-cv-00186)
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Benesch Friedlander Coplan & Aronoff
e Voyis
v. Cathx (Case No. 5:21-cv-00077-RWS)

Buchanan, Ingersoll & Rooney PC

e Google LLC, AT&T Service Inc., T Mobile USA Inc., Cellco Partnership, Ericsson
Inc. & Nokia of America Corp.

v. KT Corp & Pegasus Wireless Innovation LLC (Case No. IPR2025-00293)

Deschert LLP
o Smaxtec Animal Care

v. ST Reproductive Technologies, LLC (Case No. IPR2024-00885)

Duane Morris
e Kangxi Communication Technologies

v. Skyworks Solutions Inc. (Case No. IPR2025-00373)

o Microsoft

v. Edge Networking Systems LLC (Case No. 1:24-cv-00215)

Erise I.P.
e Apple

v. Ericsson Inc. (Case No. IPR2022-00715)

v. Future Link Systems (Case No. [PRs 6317804, 6622108, 6807505, and
7917680)

v. INVT (Case No. 20-1881)
v. Navblazer LLC (Case No. IPR2020-01253)

v. Qualcomm (Case No. IPR2018-001281, 39521-004211P, IPR2018-01282,
39521-004211P2)
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v. Quest Nettech Corp (Case No. 2:19-cv-00118-JRG)

v. Telefonaktiebolaget LM Ericsson (Case No. IPR2022-00275)
v. Theta IP, LLC (Case No. IPR2024-00818)

v. THL Holding Company LLC (Case No. 1:23-cv-00548)

e Fanduel

v. CGT (Case No. 19-1393)

o Garmin

v. Phillips North America LLC (Case No. 2:19-cv-6301-AB-KS)

e Netscout
v. Longhorn HD LLC (Case No. 2:20-cv-00349)
v. Implicit, LLC (Case No. 2:18-cv-53-JRG)

e Sony Interactive Entertainment LLC
v. Bot M8 LLC (Case No. IPR2020-01288)
v. Infernal Technology LLC (Case No. 2:19-CV-00248-JRG)

e Tesla

v. Charge Fusion Technologies LLC (Case No. I[PR2025-00032)

e Unified Patents

v. GE Video Compression (Case No. 2:19-cv-248)

Fish & Richardson

e Apple
v. AliveCor (Case No. 3:21-cv-03958)
v. LBS Innovations (Case No. 2:19-cv-00119-JRG-RSP)
v. Koss Corporation (Case No. IPR2021-00305)

IPR2026-00272
Krisp Technologies EX1044 Page 19



v. Masimo (Case No. IPR 50095-0012IP1, 50095-00121P2, 50095-0013IP1,
50095-00131P2, 50095-0006IP1, 50095-01351P1)

v. Neonode (Case No. 21-cv-08872-EMC)

v. Qualcomm (Case No. IPR2018-001281, 39521-004211P, IPR2018-01282,
39521-004211P2)

v. Resonant Sys. (Case No. 7:23-cv-00077-ADA)

e AsusTek Computer Inc.
v. Videolabs, Inc. (Case No. 22-CV-00720-ADA)

e Dell
v. Neo Wireless (Case No. IPR2022-00616)

e Dish Network
v. Entropic Communications, LLC (Case No. 2:2023-CV-01043)
v. Entropic Communications LLC (Case No. [PR2024-00393)
v. Realtime Adaptive Streaming (Case No. 1:17-CV-02097-RBJ)
v. TQ Delta LLC (Case No. 18-1798)

e Evapco Dry Cooling
v. SPG Dry Cooling (Case No. IPR2021-00688)

o (Genetec

v. Sensormatic Electronics (Case No. 1:20-CV-00760)

e Huawei

v. Bell Northern Research LLC (Case No. [PR2019-01174)

e Kianxis

v. Blue Yonder (Case No. 3:20-cv-03636)
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e |G Electronics

v. Bell Northern Research LLC (Case No. 3:18-cv-2864-CAB-BLM)

® MediaTek
v. MOSAID (Case No. IPR2024-00718)

o Metaswitch

v. Sonus Networks (Case No. IPR2018-01719)

e Microsoft

v. Throughputer Inc (Case No. IPR2022-00757)

e Mom Enterprises

v. Ddrops Company (Case No. 1:22-cv-00332)

e MLC Intellectual Property
v. MicronTech (Case No. 3:14-cv-03657-SI)

e Nearmap Inc

v. EagleView Technologies (Case No. IPR2022-01009)

o Neuroderm Ltd.

v. Abbvie, Inc (Case No. PGR2022-00040)

e Posco Co Ltd.
v. Pascal Drillet et al. (Case No. [PR2025-00370)

e Realtek Semiconductor

v. Future Link (Case No. [PR2021-01182)
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e Quectel

v. Koninklijke Philips (Case No. 1:20-cv-01710)

® Samsung
v. Aire Technology (Case No. IPR2022-00877)
v. Bell Northern Research (Case No. 2:19-cv-00286-JRG)
v. Communication Technologies Inc (Case No. IPR2022-01221)
v. Jawbone Innovations (Case No. IPR2022-00865)
v. MemoryWeb LLC (Case No. [PR2022-00885)
v. Dodots Licensing Solutions (Case No. IPR2023-00701)
v. Telefonaktiebolaget LM Ericsson (Case No. IPR2021-00615)

e Texas Instruments

v. Vantage Micro LLC (Case No. [PR2020-01261)

e Xilinx

v. Sentient Sensors LCC (Case No. 1:22-cv-00173)

Goodwin Proctor
o Intel

v. Proxense, LLC (Case No. 6:24-cv-00283)

e Samsung Electronics

v. Mobile Data Technologies (Case No. 2:24-cv-00435)

e Taiwan Semiconductor Manufacturing Company Ltd.

v. Advanced Integrated Circuit Process LLC (Case No. 2:24-cv-00623)
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Groombridge Wu
e Nearmap

v. Eagle View Technologies Inc. and Pictometry International Corp. (Case No.
2:21-cv-00283-TS-DAO)

Irell & Manella

e Curium

Latham & Watkins LLP
e Apple
v. Advanced Coding Research LLC

Leydig, Voit & Mayer, Ltd.

e Public Availability Consultancy

O’Melveny & Myers
e Apple
v. Maxell (Case No. 5:19-cv-00036-RWS)

e Disney Media & Entertainment Distribution LLC
v. Digital Media Technology Holdings, LLC (Case No. 2:22-
cv-01642)

e Micron Technology Inc.

v. Besang Inc (Case No. [PR2023-00900)

e Samsung

v. Daedalus Prime LLC (1335 Investigation)
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Perkins-Coie
e Amazon
v. Nokia (Case No. [IPR2024-00847 and IPR2024-00848)
v. Nokia Technologies Oy (Case No. [IPR2024-00572)
e Heru Industries

v. The UAB Research Foundation (Case No. [PR2022-01148)

e Intel Corporation
v. BeSang Inc. (Case No. [PR2023-00991)
v. BitMICRO (Case No. 5:23-cv-00625)
v. Telefonaktiebolaget L M Ericsson (Case No. IPR2024-00610)

e Realtek Semiconductor

v. Future Link (Case No. [PR2021-01182)

® r-pac

v. Adasa, Inc. (Case No. 1:2024cv06102)

o Twitter Inc

v. VOIP-Pal.com (Case No. 3:20-cv-02397-JD)

o TCL Industries

v. Koninklijke Philips NV (Case No. IPR2021-00495, IPR2021-00496
and IPR2021-00497)

e VusionGroup

v. Hanshow (Case No. IPR2024-00857)
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Pillsbury Winthrop Shaw Pittman
e Intel

v. FG SRC LLC (Case No. 6:20-cv-00315)

e Gravel Rating Systems

v. Costco (Case No. 4:21-cv-149)

v. Lowe’s Home Centers (Case No. 4:21-cv-150)
v. T-Mobile USA (Case No. 4:21-cv-152)

v. Kohl’s Inc. (Case No. 4:21-cv-258)

v. Under Armor (Case No. 4:21-cv-356)

Quinn Emanuel
e Exact Sciences Corporation

v. Geneoscopy, Inc. (Case No. IPR2024-00459 and [PR2024-1330)

e ServiceNow, Inc.

v. InQuisient, Inc. (Case No. 22-900-CJB)

e Wolfspeed
v. The Trustees of Purdue University (Case No. 1:2021-cv-00840)

Sheppard, Mullin, Richter & Hampton LLP
e Advanced Micro Devices, Inc and Pensando Systems, Inc.

v. Concurrent Ventures LLC and Xtreamedge, Inc. (Case No. [PR2025-00478)

e Cadence Design Systems Inc.

v. Semiconductor Design Technologies (Case No. 3:23-cv-01001)
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Shook, Hardy & Bacon LLP
e HP Inc.

v. Universal Connectivity Technologies (Case No. 1:23-cv-01177)

Stern, Kessler, Goldstein & Fox

e Preliminary Research

Wilmer, Cutler, Pickering, Hale and Dorr
e Apple
v. Shunock (Case No. 1:23-cv-08598)

e Quest Diagnostics Inc., Haystack Oncology Inc. and Haystack Oncology GmbH
v. Natera, Inc. (Case No. 1:23-cv-08598)

e Roche Diabetes, Inc.

v. Trividia Health, Inc. (Case No. 1:24-cv-00668)

Willkie, Farr & Gallagher LLP
e Lenovo, Dell, HP
v. Universal Connectivity Technologies Inc. (Case No. 2:2023¢cv00449)

o Neurent

v. The Foundry, LLC (Case No. IPR2024-00669)

o Netflix, Inc.

v. VideoLabs, Inc. (Case No. IPR2023-00628)
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Appendix LIUO1
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https://web.archive.org/web/20210601000000*/https://arxiv.org/abs/2109.13731
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ABSTRACT

Speech restoration aims to remove distortions in speech signals. Prior methods
mainly focus on single-task speech restoration (SSR), such as speech denois-
ing or speech declipping. However, SSR systems only focus on one task and
do not address the general speech restoration problem. In addition, previous
SSR systems show limited performance in some speech restoration tasks such
as speech super-resolution. To overcome those limitations, we propose a gen-
eral speech restoration (GSR) task that attempts to remove multiple distortions
simultaneously. Furthermore, we propose VoiceFixe a generative framework
to address the GSR task. VoiceFixer consists of an analysis stage and a syn-
thesis stage to mimic the speech analysis and comprehension of the human au-
ditory system. We employ a ResUNet to model the analysis stage and a neu-
ral vocoder to model the synthesis stage. We evaluate VoiceFixer with additive
noise, room reverberation, low-resolution, and clipping distortions. Our base-
line GSR model achieves a 0.499 higher mean opinion score (MOS) than the
speech denoising SSR model. VoiceFixer further surpasses the GSR baseline
model on the MOS score by 0.256. Moreover, we observe that VoiceFixer gen-
eralizes well to severely degraded real speech recordings, indicating its potential
in restoring old movies and historical speeches. The source code is available at
https://github.com/haoheliu/voicefixer mainl

1 INTRODUCTION

Speech restoration is a process to restore degraded speech signals to high-quality speech signals.
Speech restoration is an important research topic due to speech distortions are ubiquitous. For
example, speech is usually surrounded by background noise, blurred by room reverberations, or
recorded by low-quality devices (Godsill et al., [2002). Those distortions degrade the perceptual
quality of speech for human listeners. Speech restoration has a wide range of applications such
as online meeting (Defossez et al., [2020), hearing aids (Van den Bogaert et al., |2009), and audio
editting (Van Winkle| 2008]). Still, speech restoration remains a challenging problem due to the
large variety of distortions in the world.

Previous works in speech restoration mainly focus on single task speech restoration (SSR), which
deals with only one type of distortion at a time. For example, speech denoising (Loizoul [2007),
speech dereveberation (Naylor & Gaubitchl 2010), speech super-resolution (Kuleshov et al., |2017),
or speech declipping (Zaviska et al.} 2020). However, in the real world, speech signal can be de-
graded by several different distortions simultaneously, which means previous SSR systems over-
simplify the speech distortion types (Kashani et al} |2019; [Lin et al., 2021} [Kuleshov et al., 2017;

TWork done while interning at ByteDance.
'Restoration samples: https://haoheliu.github.io/demopage-voicefixer
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Birnbaum et al}[2019). The mismatch between the training data used in SSR and the testing data
from the real world degrades the speech restoration performance.

To address the mismatch problem, we propose a new task called general speech restoration (GSR),
which aims at restoring multiple distortions in a single model. A numerous studies (Cutler et al.,
20215 |Cauchi et al., 2014; Han et al., [2015)) have reported the benefits of jointly training multi-
ple speech restoration tasks. Nevertheless, performing GSR using one-stage systems still suffer
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Figure 1: The neural and cognitive model of how human brain understand and restore distorted speech.

The design of VoiceFixer is motivated by the biological mechanisms of human hearing when restor-
ing distorted speech. Intuitively, if a person tries to identify a strongly distorted voice, his/her brain
can do the recovery by utilizing both the distorted speech signal and the prior knowledge of the
language. As shown in Figure[I] the speech distortion perception is modeled by neuroscientists as
a two-stage process, including an auditory scene analysis stage (Bregman, [1994)), and a high level
comprehension/synthesis stage (Griffiths & Warren, 2002). In the analysis stage, the sound infor-
mation is first transformed into acoustic features by primary auditory cortex (PAC). Then planum
temporale (PT), the cortical area posterior to the auditory cortex, acts as a computational hub by
segregating and matching the acoustic features to low level spectrotemporal representations. In
the synthesis stage, a high order cortical area is hypothesised to perform the high level perception
tasks (Griffiths & Warren, 2002; |Kennedy-Higgins, [2019). Our proposed VoiceFixer systems model
the analysis stage with spectral transformations and a deep residual UNet, and the synthesis stage
with a convolutional vocoder trained using adversarial losses. One advantage of the two-stage Voice-
Fixer is that the analysis and synthesis stages can be trained separately. Two-stage methods have
also been successfully applied to the speech synthesis task (Wang et al., |2016; [Ren et al.l 2019)
where acoustic models and vocoders are trained separately.

VoiceFixer is the first GSR model that is able to restore a wide range of low-resolution speech
sampled from 2 kHz to 44.1 kHz, which is different from previous studies working on constant sam-
pling rates (Lim et al.|[2018;|Wang & Wang|, 2021} Lee & Hanl [2021). To the best of our knowledge,
VoiceFixer is the first model that jointly performs speech denoising, speech dereverberation, speech
super-resolution, and speech declipping in a unified model.

The rest of this paper is organized as follows. Section [2| introduces the formulations of speech
distortions. Section [3|describes the design of VoiceFixer. Section [ discusses the evaluation results.
Appendixes introduce related works and show speech restoration demos.

2 PROBLEM FORMULATIONS

We denote a segment of a speech signal as s € R”, where L is the samples number in the segment.
We model the distortion process of the speech signal as a function d(-). The degraded speech & € R
can be written as:

x = d(s). (1)

Speech restoration is a task to restore high-quality speech § from x:
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8= f(x) )

where f(-) is the restoration function and can be viewed as a reverse process of d(-). The target
is to estimate s by restoring § from the observed speech x. Recently, several deep learning based
one-stage methods have been proposed to model f(-) such as fully connected neural networks,
recurrent neural networks, and convolutional neural networks. Detailed introductions can be found
in Appendix [A]

Distortion modeling is an important step to simulate distorted speech when building speech restora-
tion systems. Several previous works model distortions in a sequential order (Vincent et al.| 2017;
Tan et al.|[2020; Zhao et al., [2019). Similarly, we model the distortion d(-) as a composite function:

dx) =diodso..dg(x),d; €D,g=1,2,..,Q, 3)

where o stands for function composition and () is the number of distortions to consist d(-). Set
D = {d,(-)}Y_; is the set of distortion types where V' is the total number of types. Equation
describes the procedure of compounding different distortions from I in a sequential order. We
introduce four speech distortions as follows.

Additive noise is one of the most common distortion and can be modeled by the addition between
speech s and noise n € R%:
dnoise<3) =s+n. 4)

Reverberation is caused by the reflections of signal in a room. Reverberation makes speech signals
sound distant and blurred. It can be modeled by convolving speech signals with a room impulse
response filter (RIR) r:

diev(s) = s 7, 5)

where * stands for convolution operation.

Low-resolution distortions refer to audio recordings that are recorded in low sampling rates or
with limited bandwidth. There are many causes for low-resolution distortions. For example, when
microphones have low responses in high-frequency, or audio recordings are compressed to low
sampling rates, the high frequencies information will be lost. We follow the description in Wang &
Wang| (2021) to produce low-resolution distortions but add more filter types (Sulun & Davies}[2020).
After designing a low pass filter h, we first convolve it with s to avoid the aliasing phenomenon.
Then we perform resampling on the filtered result from the original sampling rate o to a lower
sampling rate u:

dlow,res(s) = Resample(s * hv o, u)v (6)

Clipping distortions refer to the clipped amplitude of audio signals, which are usually caused
by low-quality microphones. Clipping can be modeled by restricting signal amplitudes within
[=n,+n]:

dclip<3) = max(min(s, 77)7 —77)7 ne [07 1] (7)
In the frequency domain, the clipping effect produces harmonic components in the high-frequency
part and degrades speech intelligibility accordingly.

3 METHODOLOGY

3.1 ONE-STAGE SPEECH RESTORATION MODELS
Previous deep learning based speech restoration models are usually in one stage. That is, a model
predicts restored speech § from input x directly:

f:x— 8. (8)

The mapping function f(-) can be modeled by time domain speech restoration systems such as one-
dimensional convolutional neural networks (Luo & Mesgaranil, 2019) or frequency domain systems
such as mask-based (Narayanan & Wang| 2013)) methods:

S = (Fp(1X[:0) © (1X| + €)X, )
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Figure 2: Overview of the proposed VoiceFixer system.

where X is the short-time fourier transform (STFT) of x and ¢ is a small positive constant. X has a
shape of T'x F' where T is the number of frame and F' is the number of frequency bins. The output of
the mask estimation function F'(-; 8) is multiplied by the magnitude spectrogram | X | to produce the

target spectrogram estimation S. Then, inverse short-time fourier transform (iSTFT) is applied on
S to obtain 8. The one-stage speech restoration models are typically optimized by minimizing the
mean absolute error (MAE) loss between the estimated spectrogram S and the target spectrogram
S:

L= is1-1s1], (10)

Previous one-stage models usually build on high-dimensional features such as time samples and the
STFT spectrograms. However, Kuo & Sloan| (2005)) point out that the high-dimensional features will
lead to exponential growth in search space. The model can work on the high-dimensional features
under the premise of enlarging the model capacity but may also fail in challenging tasks. Therefore,
it would be beneficial if we could build a system on more delicate low-dimensional features.

3.2 VOICEFIXER

In this study, we propose VoiceFixer, a two-stage speech restoration framework. Multi-stage meth-
ods have achieved state-of-the-art performance in many speech processing tasks (Jarrett et al., 2009;
Tan et al.| [2020). In speech restoration, our proposed VoiceFixer breaks the conventional one-stage
system into a two-stage system:
frx— z (11)
g:z+— 8. (12)

Equation [TT] denotes the analysis stage of VoiceFixer where a distorted speech @ is mapped into a
representation z. Equation [I2] denotes the synthesis stage of VoiceFixer, which synthesize z to the
restored speech §. Through the two-stage processing, VoiceFixer mimics the human perception of
speech described in Section I}

3.2.1 ANALYSIS STAGE

The goal of the analysis stage is to predict the intermediate representation z, which can be used
later to recover the speech signal. In our study, we choose mel spectrogram as the intermediate
representation. Mel spectrogram has been widely used in many speech proceessing tasks (Shen et al.,
2018; |[Kong et al., 2019; Narayanan & Wangl 2013). The frequency dimension of mel spectrogram
is usually much smaller than that of STFT thus can be regarded as a way of feature dimension
reduction. So, the objective of the analysis stage becomes to restore mel spectrograms of the target
signals. The mel spectrogram restoration process can be written as the following equation,

Smel = fmel(Xmel; 04) © (Xmel + 6)) (13)

where X, is the mel spectrogram of @. It is calculated by X e = | X | W where W is a set of
mel filter banks with shape of ' x F”. The columns of W are not divided by the width of their mel
bands, i.e., area normalization, because this will make the restoration model difficult to recover the
high-frequency part. The mapping function fie(-; @) is the mel restoration mask estimation model
parameterized by «. The output of f, is multiplied by X, to predict the target mel spectrogram.

We use ResUNet (Kong et al.l 2021a) to model the analysis stage as shown in Figure [3_3], which
is an improved UNet (Ronneberger et al.l [2015). The ResUNet consists of several encoder and
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Figure 3: The architecture of ResUNet, which output has the same size as input.

decoder blocks. There are skip connections between encoder and decoder blocks at the same level.
As is shown in Figure [3b] both encoder and decoder block share the same structure, which is a
series of residual convolutions (ResConv). Each convolutional layer in ResConv consists of a batch
normalization (BN), a leakyReLU activation, and a linear convolutional operation. The encoder
blocks apply average pooling for downsampling. The decoder blocks apply transpose convolution
for upsampling. In addition to ResUNet, we implement the analysis stage with fully connected deep
neural network (DNN), and bidirectional gated recurrent units (BiGRU) (Chung et al., 2014) for
comparison. The DNN consists of six fully connected layers. The BiGRU has similar structures
with DNN except for replacing the last two layers of DNN into bi-directional GRU layers.

The details of these three models are discussed in Appendix [B.I] We will refer to ResUNet as UNet
later for abbreviation. We optimize the model in the analysis stage using the MAE loss between the

estimated mel spectrogram Smel and the target mel spectrogram Sy;:

eCana = H‘gmel - Smel 1 (14)

3.2.2 SYNTHESIS STAGE

The synthesis stage is realized by a neural vocoder that synthesizes the mel spectrogram into wave-
form as denoted in Equation[I5}

ézg(Xmel;ﬂ)v (15)
where g(-; 8) stands for the vocoder model parameterized by /3. We employ a recently proposed non-

autoregressive model, time and frequency domain based generative adversarial network (TFGAN),
as the vocoder.

Figure [ shows the detailed architecture of TFGAN, in which the input mel spectrogram X e will
first pass through a condition network CondNet, which contains N; one-dimensional convolution
layers with exponential linear unit activations (Clevert et al., [2015)). Then, in UpNet, the feature is
upsampled Ny times with ratios of s¢,51,..., and s, 1 using UpsampleBlock and ResStacks. Within
the UpsampleBlock, the input is first passed through a leakyReLU activation and then fed into a
sinusoidal function, which output is added to its input to remove periodic artifacts in breathing part
of speech. Then, the output is bifurcated into two branches for upsampling. One branch repeats
the samples s,, times followed by a one-dimensional convolution. The other branch uses a stride
Sy, transpose convolution. The output of the repeat and transpose convolution branches are added
together as the output of UpsampleBlock. ResStacks module contains two dilated convolution layers
with leakyReLU activations. The exponentially growing dilation in ResStack enable the model to
capture long range dependencies. The TFGAN in our synthesis model applies No = 4. After four
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Figure 4: The architecture and training scheme of TFGAN, whose generator is later used as vocoder. The
generator takes mel spectrogram as input and upsampled it into waveform. Both output waveform and its STFT
spectrogram are used to compute loss. We employ both time and frequency discriminators for discriminative
training.

UpsampleBlock blocks with ratios [7, 7, 3, 3], each frame of the mel spectrogram is transformed into
a sequence with 441 samples corresponding to 10 ms of audio sampled at 44.1 kHz.

The training criteria of the vocoder consist of frequency domain loss L', time domain loss L7, and
weighted discriminator loss Lp:

Loyn = LF + L7+ ApLp, (16)

The frequency domain loss L'+ is the combination of a mel loss -L},,e; and multi-resolution spectro-
gram losses:

Kr
L7(8,8) = AmetLmet(8,8) + Y (ML (3, 8) + Amag L) (8, 9)) (17)
k=1

where L. and L1, are the spectrogram losses calculated in the linear and log scale, respectively.
There are Kr different window sizes ranging from 64 to 4096 to calculate L. and oLy, so that the
trained vocoder is tolerant over phase mismatch (Yamamoto et al.,[2020; |Juvela et al.,2019). Table|2|
in Appendix shows the detailed configurations.

Time domain loss is complementary to frequency domain loss to address problems such as periodic

artifacts. Time domain loss combines segment loss Is(e];), energy loss eé’e(rfce)rgy and phase loss I;{fa)se:

Kr
L7(3,8) = 3 eeLd(8,5)) + Aenerey L hey (8, 8) + AphaseoL pone (. ) (18)
k=1

phase
and [26] of Appendix [B:2] There are K different window sizes ranging from 1 to 960 to calculate

time domain loss at different resolutions. The details of window sizes are shown in Table [] of
Appendix [B.2] The energy loss and phase loss have the advantage of alleviating metallic sounds.

where segment loss afs(e];), energy loss Ie(fe)rgy and phase loss L, (k) are described in Equation

Discriminative training is an effective way to train neural vocoders (Kong et al.,|2020; [Kumar et al.,
2019)). In our study, we utilize a group of discriminators, including a multi-resolution time discrim-
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inator D, a subband discriminator Dy,;, and frequency discriminator D :

Rt
D(s) = > DY (s) + Dyus(s) + Dr(s) (19)
r=1
Lp(s, ) = min max(E, (log(D(s))) + Es(log(1 — D(8))))- (20)

The multi-resolution discriminators D7 take signals from R kinds of time resolutions after aver-
age pooling as input. The subband discriminator Dy, performs subband decomposition (Liu et al.,
2020) on the waveform, producing four subband signals to feed into four 7-discrminators, respec-
tively. Frequency discriminator D takes the linear spectrogram as input and outputs real or fake
labels. The bottom part of Figure ] shows the main idea of T-discriminator and F-discriminator.
Appendix [B.2] describes the detailed discriminator architectures.

There are two advantages of using neural vocoder in the synthesis stage. First, neural vocoder
trained using a large amount of speech data contains prior knowledge on the structural distribution
of speech signals, which is crucial to the restoration of distorted speech. The amount of training
data of vocoder is more than that used in conventional SSR methods with limited speaker numbers.
Second, the neural vocoder typically takes the mel spectrogram as input, resulting in fewer feature
dimensions than the STFT features. The reduction in dimension helps to lower computational costs
and achieve better performance in the analysis stage.

4 EXPERIMENTS

4.1 DATASETS AND EVALUATION METRICS

Training sets The training speech datasets we use including VCTK (Yamagishi et al., |2019),
AISHELL-3 (Shi et al., |2020), and HQ-TTS. We call the noise datasets used for training as VD-
Noise. To simulate the reverberations, we employ a set of RIRs to create an RIR-44k dataset. We
use VCTK, VD-Noise, and the training part of RIR-44k to train the analysis stage. AISHELL-3,
VCTK, and HQ-TTS datasets are used to train the vocoder in the synthesis stage. The details of
those datasets and the RIRs simulation configurations are discussed in Appendix [C.1]

Test sets We employ VCTK-Demand (Valentini-Botinhao et al.,|2017) as the denoising test set and
name it as DENOISE. We call our speech super-resolution, declipping, and dereverberation evalua-
tion test sets as SR, DECLI, and DEREYV, respectively. In addition, we create an ALL-GSR test set
containing all distortions. We introduce the details of how we build these test sets in Appendix [C.3]

Evaluation metrics The metrics we adopt include log-spectral distance (LSD) (Erell & Weintraub,
1990), wide band perceptual evaluation of speech quality (PESQ-wb) (Rix et al.l [2001), structural
similarity (SSIM) (Wang et al.l |2004), and scale-invariant signal to noise ratio (SiSNR) (Le Roux
et al., 2019). We use mean opinion scores (MOS) to subjevtively evaluate different systems.

The output of the vocoder is not strictly aligned on sample level with the target, as is often the case
in generative model (Kumar et al., [2020). This effect will degrade the metrics, especially for those
calculated on time samples such as the SiSNR. So, to compensate the SiSNR, we design a similar
metrics, scale-invariant spectrogram to noise ratio (SiSPNR), to measure the discrepancies on the
spectrograms. Details of the metrics are described in Appendix

4.2 DISTORTIONS SIMULATION

For the SSR task, we perform only one type of distortion for evaluation. For the GSR task, we
first assume that D = {dhoise; drevs Diow.ress dcnp} because those distortions are the most common
distortions in daily environment (Ribas et al.,[2016). Second, we assume that ) < 4 in Equation
In other words, each distortion in D appears at most one time. Then, we generate the distortions
following a specific order dyey, dclip, Qlowres> a1 dpoise. These distortions are added randomly using
random configurations.
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4.3 BASELINE SYSTEMS

Table [5]in Appendix [D] summarizes all the experiments in this study. We implement several SSR
and GSR systems using one-stage restoration models. For the GSR, we train a ResUNet model
called GSR-UNet with all distortions. For the SSR models, we implement a Denoise-UNet for
additive noise distortion, a Dereverb-UNet for reverberation distortion, a SR-UNet for low-resolution
distortion, and a Declip-UNet for clipping distortion. For the SR task, we also include two state-
of-the-art models, NuWave (Lee & Han| [2021)) and SEANer (Li et al.l [2021) for comparison. For
declipping task, we compare with a state-of-the-art synthesis-based method SSPADE (Zaviska et al.}
20194a). To explore the impact of model size of the mel restoration model, we setup ResUNets with
two sizes, UNet-S and UNet, which have one and four ResConv blocks in each encoder and decoder
block, respectively.

4.4 EVALUATION RESULTS

Neural vocoder To evaluate the performance of the neural vocoder, we compare two baselines. The
Target system denotes using the perfect s for evaluation. The Unprocessed system denotes using
distorted speech x for evaluation. The Oracle-Mel system denotes using the mel spectrogram of s as
input to the vocoder, which marks the performance of the vocoder. As shown in Table[T} the Oracle-
Mel system achieves a MOS score of 3.74, which is close to the Target MOS of 3.95, indicating that
the vocoder performs well in the synthesis task.

Figure 5: Box plot of the MOS scores on general
speech restoration task. Red solid line and green

Models PESQ LSD SiSPNR SSIM MOS . .
Unprocessed 194 2.00 720 064 238 dashed line represent median and mean value.
Oracle-Mel 2.52 091 11.73 0.74 3.74
Target 4.64 0.01 110.55 1.00 3.95
GSR-UNet 2.67 1.01 12.19 0.79 3.37
Denoise-UNet 2.33 1.98 9.65 0.65 2.87
Dereverb-UNet 1.97 1.81 8.50 0.59 /
VE-DNN 1.55 1.18 10.13 0.68 /
VF-BiGRU 1.92 1.02 10.98 0.71 3.24
VF-UNet-S 2.01 1.02 11.09 0.71 /
VEF-UNet 2.05 1.01 11.14 0.71 3.62

Table 1: Average PESQ, LSD, SiSPNR, SSIM and
MOS scores on the general speech restoration test set,
ALL-GSR, which includes random distortions.

General speech restorations Table [I| shows the evaluation results on ALL-GSR test set. Figure 3]
shows the box plot of the MOS scores of these systems. The GSR-UNet outperforms the two SSR
models, Denoise-UNet and Dereverb-UNet by a large margin. It surpasses Denoise-UNet model by
0.5 on MOS score, which suggests the GSR model is more powerful than the SSR model on this
test set. For convenience, we denote VoiceFixer as VF in tables and figures. We observe that the
VF-UNet model achieves the highest MOS score and LSD score. Specifically, VF-UNet obtains
0.256 higher MOS score than that of GSR-UNet. This result indicates that VoiceFixer is better than
ResUNet based one-stage model on overall quality. What’s more, we notice that the MOS score
of VF-UNet is only 0.11 lower than the Oracle-Mel, demonstrating the good performance of the
analysis stage. Among the VoiceFixer analysis models, the UNet front-end achieves the best. The
VF-BiGRU model achieves similar subjective metrics with the VF-UNet model but has much lower
MOS scores. This phenomenon shows that the improvement in subjective metrics in VoiceFixer is
not always consistent with objective evaluation results.

Super-resolution Table[6]in Appendix shows the evaluation results on the super-resolution test
set SR. For the 2 kHz, 4 kHz, and 8 kHz to 44.1 kHz super-resolution tasks, VF-UNet achieves a
significantly higher LSD, SiSPNR and SSIM scores than other models. The LSD value of VF-UNet
in 2 kHz sampling rate is still higher than the 8 kHz sampling rate score of GSR-UNet, SR-UNet,
NuWave, and SEANet. This demonstrates the strong performance of VoiceFixer on dealing with low
sampling rate cases. The VF-BiGRU model outperforms VF-UNet-S model on average scores for its
better performance on low upsample-ratio cases. MOS box plot in Figure [6b] shows that VF-UNet
performs the best on 8 kHz to 44.1 kHz test set. Figure [6¢] shows the MOS score of Unprocessed
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(a) Declipping (0.1) (b) Super-resolution (8 kHz) (¢) Dereverberation

(d) Declipping (0.25) (e) Super-resolution (24 kHz) (f) Denoising

Figure 6: Box plot of the MOS scores on speech super-resolution, declipping, dereveberation and denoising.

is close to Target on 24 kHz to 44.1 kHz test set, meaning limited perceptual difference between
the two sampling rates. On this test set, SEANet even achieves a higher MOS score than Target.
That’s due to the high-frequency part it generate contains more energy than that of Target, making
the results sound clearer.

Denoising We evaluate the speech denoising performance on the DENOISE test set and show results
in Table [7]in Appendix [D.I] We find that GSR-UNet preserves more details in the high-frequency
part and has better PESQ and SiSPNR values than the denoising only SSR model Denoise-UNet.
The reason might be that speech data augmentations and jointly performing super-resolution task
can increase the generalization and inpainting ability of the model (Hao et al., 2020). The PESQ
score of VF-UNet reaches 2.43, higher than SEGAN, WaveUNet, and the model trained with weakly
labeled data in [Kong et al.[(2021b). The MOS evaluations in Figure[6f on speech denoising task also
demonstrate that the result of VF-UNet sound comparable with one-stage speech denoising models.

Declipping and dereveberation Table [9] and Table [§]in Appendix show similar performance
trends on the speech declipping and speech dereveberation. In both tasks, the SSR model Dereverb-
UNet and Declip-UNet achieve the highest scores. The performance of GSR-UNet is slightly worse,
but it is acceptable considering that GSR-UNet does not need extra training for each task. SSPADE
performs better on SiSNR, but the PESQ and STOI scores are lower, especially in the 0.1 threshold
case. The MOS score in Figure [6d| shows that the clipping effect in the 0.25 threshold case is not
easy to perceive, leading to high MOS scores across all methods. In Figure [6a] both Declip-UNet
and VF-UNet achieve the highest objective scores on the 0.1 threshold clipping test set. On the
dereverberation test set DEREV, VF-UNet achieves the highest MOS score 3.52.

5 CONCLUSIONS

In this work, we propose VoiceFixer, an effective approach for general speech restoration. VoiceFixer
consists of an analysis stage modeled by a ResUNet and a synthesis stage modeled by a neural
vocoder. The evaluation results show that VoiceFixer achieves leading performance across general
speech restoration, speech super-resolution, speech denoising, speech dereverberation, and speech
declipping tasks. In the future, we will extend VoiceFixer to restore general audio signals, including
music and general sounds.
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REPRODUCIBILITY STATEMENT

We make our code and datasets downloadable for painless reproducibility. Our pre-trained Voice-
Fixer and inference code are presented in https://github.com/haoheliu/voicefixer.
The code for performing the experiments discussed in Section [4] is downloadable in https:
//github.com/haoheliu/voicefixer_mainl The experiment code can conduct evalu-
ations and generate reports on the metrics mentioned in Section [4.1] automatically. The NuWave
is realized using the code open-sourced by |[Lee & Han| (2021): https://github.com/
mindslab-ai/nuwavel We reproduce SSPADE using the toolbox provided by |Zaviska
et al.[|(2020) at https://rajmic.github.io/declipping2020. Besides, we upload the
speech and noise training set, VCTK and VD-Noise, to https://zenodo.org/record/
5528132, the RIR-44k dataset to https://zenodo.org/record/5528124, and the test
setstolhttps://zenodo.org/record/5528144, The AISHELL-3 dataset is open-sourced
at http://www.aishelltech.com/aishell_3. The HQ-TTS is a collection of datasets
from openslr.org) asis described in Table @ of Appendix[C.1]
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A APPENDIX A

A.1 SPEECH RESTORATION TASKS

Speech super-resolution A lot of early studies (Nakatoh et al., [2002; [Kontio et al., [2007) break
super-resolution (SR) into spectral envelop estimation and excitation generation from the low-
resolution part. At that time, the direct mapping from the low-resolution part to the high-resolution
feature is not widely explored since the dimension of the high-resolution part is relatively high.
Later, deep neural network (L1 & Leel 2015} [Kuleshov et al., 2017) is introduced to perform SR.
These approaches show better subjective quality comparing with traditional methods. To increase
the modeling capacity, TFilm (Birnbaum et al., 2019) is proposed to model the affine transformation
among each time block. Similarly, WaveNet also shows effectiveness in extending the bandwidth
of a band-limited speech (Gupta et al} 2019). To utilize the information both from the time and
frequency domain, Wang & Wang| (2021) propose a time-frequency loss that can yield a balanced
performance on different metrics. Recently, NU-GAN (Kumar et al., [2020) and NU-Wave (Lee &
Hanl 2021)) pushed the target sample rate in SR to high fidelity, namely 48 kHz.

Although employing deep neural networks in BWE shows promising results, the generalization
capability of these methods is still limited. For example, previous approaches (Kuleshov et al.,
2017) usually train and test models with a fixed setup, i.e., fixing the initial and target sampling
rates. However, in real-world applications, speech bandwidth is not usually constant. In addition,
since the real high-low quality speech pair is hard to collect, typically, we produces low-quality
audio with lowpass or bandpass filters during training. In this case, systems tend to overfit specific
filters. As discussed in |[Sulun & Davies| (2020), when the kind of filter used during training and
testing differ, the performance can fall considerably. To alleviate filter overfitting, Sulun & Davies
(2020) propose to train models with multiple kinds of lowpass filters, by which the unseen filters
can be handled properly.

Speech declipping The methods for speech declipping can be categorized as supervised methods
and unsupervised methods. The unsupervised, or blind methods usually perform declipping based
on some generic regularization and assumption of what natural audio should look like, such as
ASPADE (Kiti¢ et al.| 2015)), dictionary learning (Rencker et al., |2019), and psychoacoustically
motivated 11 minimization (Zaviska et al., 2019b)). The supervised models, mostly based on deep
neural network (DNN) (Bie et al.| 2015; [Mack & Habets, [2019), are usually trained on clipped
and unclipped data pairs. For example, [Kashani et al.| (2019) treat the declipping as an image-to-
image translation problem and utilize the UNet to perform spectral mapping. Currently, most of the
state-of-the-art methods are unsupervised (Zaviska et al., 2020) because they are usually designed to
work on different kinds of audio, while the supervised model mainly specialized on data similar to
its training data. However, Zaviska et al.| (2020) believes supervised models still have the potential
for better declipping performance.

Speech denoising Conventional methods are efficient and effective on dealing with stationary noise,
such as spectral substraction (Martin, [1994) and Wiener and Kalman filtering (Kailath, [1981)) By
comparison, deep learning based models such as Conv-TasNet (Luo & Mesgaranil 2019) show higher
subjective score and robustness on complex cases. Recently, new schemes have emerged for training
speech denoising models. SEGAN (Pascual et al.,[2017) tried a generative way. |[Kong et al.|(2021b)
achieved a denoising model using only weakly labeled data. And |Polyak et al. (2021) realized a
denoising model using a regeneration approach.

Speech dereveberation Some of the early methods in speech dereverberation, such as inverse filter-
ing (Naylor & Gaubitchl [2010) and subband envelope estimation (Wang & Itakural |I991)), aiming
at deconvolving the reverberant signal by estimating an inverse filter. However, the inverse filter is
hard and not robust to estimate accurately. Other methods, like spectral substraction, is based on
an overlap-masking (Nabélek et al.l [1989)) effect of reverberation. |Schwartz et al.| (2014) performed
dereverberation using Kalman filter and expectation-maximization algorithm. Recently, deep learn-
ing based dereverberation methods have emerged as the state-of-the-art. |[Han et al.| (2015) used
a fully connected DNN to learn a spectral mapping from reverberant speech to clean speech. In
Williamson & Wang| (2017), similar to the masking-based denoising methods, they proposed to
perform dereverberation using a time-frequency mask.
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A.1.1 JOINT RESTORATION AND SYNTHETIC RESTORATION

Joint restoration Many works have adopted the joint restoration approach to improving models.
To make the acoustic echo cancellation (AEC) result sound cleaner, MC-TCN (Shu et al., 2021)
proposed to jointly perform AEC and noise suppression at the same time. MC-TCN achieved a
mean opinion score of 4.41, outperforming the baseline of AEC Challenge (Cutler et al., [2021) by
0.54. Moreover, in the REVERB challenge (Kinoshita et al., [2013), the test set has both reverber-
ation and noise. Therefore, the proposed methods in the challenge should perform both denoising
and dereverberation. In [Han et al, (2015), the authors proposed to perform dereverberation and
denoising within a single DNN and substantially outperform related methods regarding quality and
intelligibility. However, previous joint processing usually involved only two sub tasks. In our study,
we joint perform four or more tasks to achieve general restoration.

Synthetic restoration Directly estimate the source signal from the observed mixture is hard espe-
cially when the SNR is low. Some studies adopted a regeneration approach. In [Polyak et al.[(2021),
the authors utilized an ASR model, a pitch extraction model, and a loudness model to extract seman-
tic level information from the speaker. Then these features were fed to an encode-decoder network
to regenerate the speech signal. To maintain the consistency of speaker characteristics, it used an
auxiliary identity network to compute the identity feature. Similar to synthetic speech restoration,
TTS can be treated as the regeneration of speech from texts.

A.1.2 NEURAL VOCODER

Vocoder, which maps the encoded speech features to the waveforms, is an indispensable compo-
nent in speech synthesis. The most widely used input feature for vocoder is mel spectrogram. In
recent years, since the emergence of WaveNet (Oord et al., |[2016), neural network based vocoders
demonstrate clear advantages over traditional parametric methods (Morise et al., 2016). Comparing
with conventional methods, the quality of WaveNet is more closer to the human voice. Later, Wav-
eRNN (Yuetal,,[2019) is proposed to model the waveform with a single GRU. In this way, WaveRNN
has much lower complexity comparing with WaveNet. However, the autoregressive nature of these
models and deep structure make their inference process hard to be paralleled. To address this prob-
lem, non-autoregressive models like WaveGlow (Prenger et al., [2019) and WaveFlow (Ping et al.,
2020) were proposed. Afterward, non-autoregressive GAN-based models such as MelGAN (Kumar
et al.,|2019) push the synthesis quality to a comparable level with autoregressive models. Recently,
TFGAN (Tian et al [2020) demonstrated strong capability in vocoding. Directed by multiple dis-
criminators and loss functions, TFGAN was able to leverage information from both time domain
and frequency domain. As a result, the synthesis quality of TFGAN is more natural and less metallic
comparing with other GAN-based non-autoregressive models. In this work, we realize a universal
vocoder based on TFGAN, which can reconstruct waveform from mel spectrogram of an arbitrary
speaker with good perceptual quality. The pre-trained vocoder is available online to facilitate future
studies and reproduce our work.
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Figure 7: The architecture of DNN and Bi-GRU

The DNN and BiGRU we use are shown in Figure[/| DNN is a six layers fully connected network
with BatchNorm and ReL.U activations. The DNN accept each time step of the low-quality spec-
trogram as the input feature and output the restoration mask. Similarly, for the BiGRU model, we
substitute some layers in DNN to a two-layer bidirectional GRU to capture the time dependency
between time steps. To increase the modeling capacity of BiGRU, we expanded the input dimension
of GRU to twice the mel frequency dimension with full connected networks.

The detailed architecture of ResUNet is shown in Figure[3a] In the down-path, the input low-quality
mel spectrogram will go through 6 encoder blocks, which includes a stack of L; ResConv and a
2 x 2 average pooling. In ResConv, the outputs of ConvBlock and the residual convolution are
added together as the output. ConvBlock is a typical two layers convolution with BatchNorm and
leakyReLU activation functions. The kernel size of residual convolution and the convolution in
ConvBlock is 1 x 1 and 3 x 3. Correspondingly, the decoder blocks have the symmetric structure
of the encoder blocks. It first performs a transpose convolution with 2 x 2 stride and 3 x 3 kernels,
which result is concatenated with the output of the encoder at the same level to form the input of the
decoder. The decoder also contain Lo layers of ResConv. The output of the final decoder block is
passed to a final ConvBlock to fit the output channel.

We use Adam optimizer with 81 = 0.5, B2 = 0.999 and a 3e-4 learning rate to optimize the analysis
stage of VoiceFixer. We treat the first 1000 steps as the warmup phase, during which the learning
rate grows linearly from O to 3e-4. We decay the learning rate by 0.9 every 400 hours of training
data. We perform an evaluation every 200 hours of training data. If we observe three consecutive
evaluations with no improvement, we will interrupt the experiment.

For all the STFT and iSTFT, we use the hanning window with a window length of 2048 and a hop
length of 441. As all the audio we use is at the 44.1 kHz sample rate, the corresponding spectrogram
size in this setting will be T" x 1025, where T is the dimension of time frames. For mel spectrogram,
the dimensions of the linear spectrogram are transformed into 7" x 128.

B.2 DETAILS OF THE SYNTHESIS STAGE

As shown in Table[3] we use 7 kinds of STFT resolutions and 4 kinds of time resolution during the
calculation of L and L. So K = 7 in Equation[I7)and K7 = 4 in Equation|[I§]

The mel loss Liel, spectral convergence loss L, STFT magnitude 108s oLinag, segment 10ss L,
energy 10Ss oLenergy, and phase 10ss oLphase are defined in Equation The function v(-) is the
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k 1 2 3 45 6 1

win-longth | 4096 2048 1024 512 256 128 64 k 1 2 3 4

hop-length | 2048 1024 512 256 128 64 32 frame-length 1 240 | 480 | 960
fft-size 8192 4096 2048 1024 512 256 128 hop-length 1 120 240 480

Table 2: STFT setup for different k in L. Table 3: Windowing setup for different k in

L.

windowing function that divide time sample into w windows and compute mean value within each
window, v(s)1xw = (mean(sg), mean(sy), ..., mean(s,_1)). Each s,, stand for windowed s. A
stand for first difference.

oCmetl('§7 5) = H‘SA’mel — Shel ) (21)

s 18|
Lic(8,8) = —— (22)

1],

Lig(5,8) = log(15]) — og(IS)| . (23)
Lieg(8,58) = [[v(8w) — v(sw)lly » (24)
Lonergy (8, 8) = ||v(s2”) —v(s2)]], . (25)
Lonase (8, 8) = ||Av(s3,%) — Auv(sd) ]|, (26)

Table 9] and Table [8] show the structure of frequency and time domain discriminators. The sub-

band discriminators D,,; and multi-resolution time discriminators Dg) (s) use the structure of 7-
discriminator, which is a stack of one dimensional convolution with grouping and large kernal size.

The frequency discriminator D use the similar module ResConv similar to ResUNet shown in Fig-
ure

T-discriminator F-discriminator

Convld(1, 128, kernal_size=16), COHVZd(1’32’1femal Slze:(s’?))
LeakyRelu(0.2) ResConv(32, 32, stride=1,kernal size=(3,3))
Conv1d(128, 128, kernal size=41, stride=4, padding=20, groups=8), ResConv(32, 32, stride=1,kernal size=(3,3))
LeakyRelu(0.2) ResConv(32, 64, stride=2,kernal size=(3,3))
Conv1d(128, 128, kernal_size=41, stride=4, padding=20, groups=16), ResConv(64, 64, stride=1,kernal_size=(3,3))

LeakyRelu(0.2) P P
Conv1d(128, 128, kernal_size=41, stride=4, padding=20, groups=32), ResConv(64, 32, Smde 2.kernal S1ze 3.3))
LeakyRelu(0.2) ResConv(32, 32, stride=1,kernal size=(3,3))
Conv1d(128, 1, kernal_size=3, stride=1, padding=1), ResConv(32, 32, stride=2.kernal size=(3,3))
LeakyRelu(0.2) ResConv(32, 32, stride=1,kernal size=(3,3))

Figure 8: The structure of T-discriminator.

Figure 9: The structure of F-discriminator.

For the training of vocoder, we setting up the Ap to \yg value in Equation Equation
and Equation@]as ADp = 4.0, Amet = 50, Ase = 5.0, Amag = 5.0, Aenergy = 100.0, Appase = 100.0,

and Age = 200.0
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C APPENDIX C

C.1 DATASETS

Clean speech CSTR VCTK corpus (Yamagishi et al., 2019)) is a multi-speaker English corpus con-
taining 110 speakers with different accents. We split it into a training part VCTK-Train and a
testing part VCTK-Test. The version of VCTK we used is 0.92. To follow the data preparation
strategy of |Lee & Han|(2021), only the micl microphone data is used for experiments, and p280
and p315 are omitted for the technical issues. For the remaining 108 speakers, the last 8 speak-
ers, p360,p361,p362,p363,p364,p374,p376,s5 are splitted as test set VCTK-Test. Within the other
100 speakers, p232 and p257 are omitted because they are used later in the test set DENOISE,
the remaining 98 speakers are defined as VCTK-Train. Except for the training of NuWave, all the
utterances are resampled at the 44.1 kHz sample rate. AISHELL-3 is an open-source Hi-Fi man-
darin speech corpus, containing 88035 utterances with a total duration of 85 hours. HQ-TTS dataset
contains 191 hours of clean speech data collected from a serial of datasets on|openslr.org. In
Table[d] we include the details of HQ-TTS, including the URL and language types of each subset.

Table 4: The components of HQ-TTS dataset.

URL Languages URL Languages
http://www.openslr.org/32/  Afrikaans, Sesotho, Setswana and isiXhosa | http://www.openslr.org/70/ Nigerian English
http://www.openslr.org/37/ Bangladesh Bengali and Indian Bengali http://www.openslr.org/71/ Chilean Spanish
http://www.openslr.org/41/ Javanese http://www.openslr.org/72/  Colombian Spanish
http://www.openslr.org/42/ Khmer http://www.openslr.org/73/ Peruvian Spanish
http://www.openslr.org/43/ Nepali http://www.openslr.org/74/  Puerto Rico Spanish
http://www.openslr.org/44/ Sundanese http://www.openslr.org/75/  Venezuelan Spanish
http://www.openslr.org/61/ Spanish http://www.openslr.org/76/ Basque
http://www.openslr.org/63/ Malayalam http://www.openslr.org/77/ Galician
http://www.openslr.org/64/ Marathi http://www.openslr.org/78/ Gujarati
http://www.openslr.org/65/ Tamil http://www.openslr.org/79/ Kannada
http://www.openslr.org/66/ Telugu http://www.openslr.org/80/ Gujarati
http://www.openslr.org/69/ Catalan

Noise data One of the noise dataset we use come from VCTK-Demand (VD) (Valentini-Botinhao
et al.,2017), a widely used corpus for speech denoising and noise-robust TTS training. This dataset
contains a training part VD-Train and a testing part VD-Test, in which both contain two noisy set
VD-Train-Noisy, VD-Test-Noisy and two clean speech set VD-Train-Clean, VD-Test-Clean. To
obtain the noise data from this dataset, we minus each noisy data from VD-Train-Noisy with its
corresponding clean part in VD-Train-Clean to get the final training noise dataset VD-Noise. The
noise data are all resampled to 44.1 kHz. Another noise dataset we adopt is the TUT urban acoustic
scenes 2018 dataset (Mesaros et al., [2018)), which is originally used for the acoustic scene classi-
fication task of DCASE 2018 Challenge. The dataset contains 89 hours of high-quality recording
from 10 acoustic scenes such as airport and shopping mall. The total amount of audio is divided into
development DCASE-Dev and evaluation DCASE-Eval parts. Both of them contain audio from all
cities and all acoustic scenes.

Room impulse response We randomly simulated a collection of Room Impulse Response filters
to simulate the 44.1 kHz speech room reverberation using an open-source tool El The meters of
height, width, and length of the room are sampled randomly in a uniform distribution U (1, 12). The
placement of the microphone is then randomly selected within the room space. For the placement
of the sound source, we first determined the distance to the microphone, which is randomly sampled
in a Gaussian distribution 7(p1, 02), u = 2,0 = 4. If the sampled value is negative or greater than
five meters, we will sample the distance again until it meets the requirement. After sampling the
distance between the microphone and sound source, the placement of the sound source is randomly
selected within the sphere centered at the microphone. The RT60 value we choose come from the
uniform distribution U (0.05, 1.0). For the pickup pattern of the microphone, we randomly choose
from omnidirectional and cardioid types. Finally, we simulated 43239 filters, in which we randomly
split out 5000 filters as the test set RIR-Test and named other 38239 filters as RIR-Train.

Zhttps://github.com/sunits/rir_simulator_python
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C.2 TRAINING DATA

We describe the simulation of training data in Algorithm S = {8 sM s N =
O M n®} and R = {r(0),rM), ... r()} are the speech dataset, noise dataset, and
RIR dataset. We use several helper function to describe this algorithm. randomFilterType(-) is
a function that randomly select a type of filter within butterworth, chebyshev, bessel, and ellipic.
Resample(x, 01, u) is a resampling function that resample the one dimensional signal  from a
original samplerate o; to the target u samplerate. buildFilter (¢, ¢, 02) is a filter design function that
return a type ¢ filter with cutoff frequency ¢ and order 0. max(-),min(-), and abs(-) is the element
wise maximum, minimum, and absolute value function. mean(-) calculate the mean value of the
1nput.

We first select a speech utterance s, a segment of noise n and a RIR filter 7 randomly from the
dataset. Then with p; probability, we add the reverberation effect using . And with p, prob-
ability, we add clipping effect with a clipping ratio 1, which is sampled in a uniform distrubu-
tion U(Nyous Mnign)- To produce low-resolution effect, after determining the filter type ¢, we ran-
domly sample the cutoff frequency ¢ and order o from the uniform distribution U(Ciow, Chigh)
and U(Ojow, Onigrn). Then we perform convolution between « and the type ¢ order o lowpass fil-
ter with cutoff frequency c. Finally the filtered data will be resampled twice, one is resample to
c * 2 samplerate and another is resample back to 44.1 kHz. We also perform the same lowpass
filtering to the noise signal randomly. This operation is necessary because, if not, the model will
overfit the pattern that the bandwidth of noise signal is always different from speech. In this case,
the model will fail to remove noise when the bandwidth of noise and speech are similar. For the
simulation of noisy environment, we randomly add the noise n into the speech signal x using a
random SNR s ~ U(Siow, Shign). To fit the model with all energy levels, we randomly conduct a
q ~ U(Qiow, Qnign) scaling to the input and target data pair.

In our work, we choose the following parameters to perform this algorithm, p; = 0.25, ps = 0.25,
p3 = 0.5, 150, = 0.06, 70, = 0.9, Clow = 750, Chign, = 22050, Ojoyy = 2, Opign, = 10,
Slow = -5, Shigh = 40, Qlow =0.3, thgh = 1.0.

Algorithm 1: Add random distortions to high-quality speech signal s

In: s« S;n<+ N;r <+~ R
Out: The high-quality speech s and its randomly distorted version x

T =s;
with p; probability:

T=T*xT; /x Convolute with RIR filter =/
with ps probability:

0 ~ U(Otow, Onigh) ; /* Choose clipping ratio x/

x = max(min(x, 0), —0) ; /* Hard clipping =/

with ps probability:
t = randomFilterType() ;
Cc~ /u(clowa Chigh) 5

0~ U(OlomOhigh); /* Random cutoff and order =/
x = x * buildFilter(¢, ¢, 0) ; /* Low pass filtering x/
x = Resample(Resample(x, 44100, ¢ * 2), ¢ x 2,44100) ; /* Resample =/

with p, probability:
n = n * buildFilter(¢,¢,0); /+ Low pass filtering on noise */
n = Resample(Resample(n, ¢ * 2),44100) ; /* Resample x/
with ps probability:
s~ u(Sloun Shigh) ;
q ~ U(Qiow, Qnigh) ; /+ Random SNR and scale x/

" = can(abs(n))/mean(abs(x)) ° /* Normalize the energy of noise =/
= (T+ 15im) 5 /* Add noise */
§$=4s; /* Scaling =/
L =4r; /* Scaling x/
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C.3 TESTING DATA

Testing data is crucial for the evaluation for each kind of distortion. The testing data we use either
come from open-sourced test set or simulated by ourselves.

Super-resolution The simulation of the SR test set follows the work of (Kuleshov et al.l 2017;
Wang & Wang, 2021). The low-resolution and target data pairs are obtained by transforming 44.1
kHz sample rate utterances in target speech data VCTK-Test to a lower sample rate u. To achieve
that, we first convolve the speech data with an order 8 Chebyshev type I lowpass filter with the &
cutoff frequency. Then we subsample the signal to u sample rate using polyphase filtering. In this
work, to test the performance on different sampling rate settings, u are set at 2 kHz, 4 kHz, 8 kHz, 16
kHz, and 24 kHz. We denote the corresponding five testing set as VCTK-4k, VCTK-4k, VCTK-8k,

VCTK-16k, and VCTK-24k, respectively.

Denoising For the denoising task, we adopt the open-sourced testing set DENOISE described in
Appendix [C.T] This test set contains 824 utterances from a female speaker and a male speaker. The
type of noise data comprises a domestic noise, an office noise, noise in the transport scene, and two
street noises. The test set is simulated at four SNR levels, which are 17.5 dB, 12.5 dB, 7.5 dB, and
2.5 dB. The original data is sampled at 48 kHz. We downsample it to 44.1 kHz to fit our experiments.

Dereverberation The test set for dereverberation, DEREYV, is simulated using VCTK-Test and RIR-
Test. For each utterance in VCTK-Test, we first randomly select an RIR from RIR-Test, then we
calculate the convolution between the RIR and utterance to build the reverberant speech. Finally, we
build 2937 reverberant and target data pairs.

Declipping DECLI, the evaluation set for declipping, is also constructed based on VCTK-Test. We
perform clipping on VCTK-Test following the equation in Section [2| and choose 0.25, 0.1 as the
two setups for the clipping ratio. This result in two declipping test sets with different levels, each
containing 2937 clipped speech and target audios.

General speech restoration To evaluate the performance on GSR, we simulate a test set ALL-
GSR comprising of speech with all kinds of distortion. The clean speeches and noise data used to
build ALL-GSR is VCTK-Test and DCASE-Eval. The simulation procedure of ALL-GSR is almost
the same to the training data simulation described in Section[4.2] In total, 501 three seconds long
utterances are produced in this test set.

MOS Evaluation We select a small portion from the test sets to carry out MOS evaluation for each
one. In SR, DECLI, and DEREYV, we select 38 utterances out for human ratings. In DENOISE and
ALL-GSR, we randomly choose 42 and 51 utterances.

C.4 EVALUATION METRICS

Log-spectral distance LSD is a commonly used metrics on the evaluation of super-resolution per-
formance (Kumar et al., |2020; [Lee & Han| 2021} [Wang & Wang, [2021). For target signal s and
output estimate §, LSD can be computed as Equation where S and S stand for the magnitude
spectrogram of s and §.

1 1 S(f, 1)
LSD(S, S) = TEtT—l\/FE?ﬂ 10%10(‘§,E§))2 27

Perceptual evaluation of speech quality PESQ is widely used in speech restoration literature as
their evaluation metrics (Pascual et al.,[2017; [Hu et al., 2020). It was originally developed to model
the subjective test commonly used in telecommunication. PESQ provides a score ranging from -0.5
to 4.5 and the higher the score, the better quality a speech has. In our work, we used an open-sourced
implementation of PESQ to compute these metrics. Since PESQ only works on a 16 kHz sampling
rate, we performed a 16 kHz downsampling to the output 44.1k audio before evaluation.

Structural similarity SSIM (Wang et al., 2004) is a metrics in image super-resolution. It addresses
the shortcoming of pixel-level metrics by taking the image texture into account. We match the
implementation of SSIM in (Wang et al.| 2004) with ours and compute SSIM as Equation 28] where

ps and og is the mean and standard deviation of S. Cov g4 is the Covariance of S and S.e; =0.01

IPR2026-00272
Krisp Technologies EX1044 Page 53



and e = 0.02 are two constant used to avoid zero division. Similarity is measured within the K
7*7 blocks divided from S and S.

(2,usk Hg, =+ 61)(2COVSk§k + 62)
(1%, + ugk +e)(og + a%k + €2)

SSIM(S, S) = ©& | ( ) (28)

Scale-invariant signal to noise ratio SISNR (Le Roux et al.,2019) is widely used in speech restora-
tion literatures to compare the energy of a signal to its background noise. SiSNR is calculated
between target waveform s and waveform estimation §:

2 2
SiSNR(s, 8) = 10 * logy M (29)

||6noise||
where 8i4rget = <ﬁs“‘|‘;s A higher SiSNR indicates less discrepancy between the estimation and

target.

Scale-invariant spectrogram to noise ratio SiSPNR is a spectral metric similar to SiSNR. They
have the similar idea except SiSPNR is computed on the magnitude spectrogram. Given the target

spectrogram S and estimation .S, the computation of SiSPNR can be formulated as

IS arget|*

Henoise ||2

SiSPNR(S, ) = 10 * log,, (30)

<8,5>8
ISl

where S’twget =
target spectrogram.

. The scale invariant is guranteed by mean normalization of estimated and
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D APPENDIX D

Table 5: Experiments setup. We list the training and testing sets used for each model’s training and evluation.
Check mark is used to denote whether a model adopts the framework of VoiceFixer and whether it is trained
for SSR or GSR task.

Name VoiceFixer SSR GSR Training sets Testing sets
Unprocessed X X X / DENOISE; DEREV; SR; DECLI; ALL-GSR;
Oracle-Mel X X X / DENOISE; DEREV; SR; DECLI; ALL-GSR;
Vocoder-TFGAN X X X VCTK-Train; HQ-TTS; AISHELL-3 DENOISE; DEREV; SR; DECLI; ALL-GSR;
Denoise-UNet X v X VCTK-Train; VD-Noise; DENOISE; ALL-GSR;
Dereverb-UNet X v X VCTK-Train; RIR-Train; DEREV
SR-UNet X v X VCTK-Train; SR
Declip-UNet X v X VCTK-Train; DECLI
NuWave X v X VCTK-Train; SR
SEANet X v X VCTK-Train; SR
SSPADE X v X / DECLI
GSR-UNet X X v VCTK-Train; VD-Noise; RIR-Train; DENOISE; DEREV; SR; DECLI; ALL-GSR;
VF-DNN v X v VCTK-Train; VD-Noise; RIR-Train; DENOISE; DEREV; SR; DECLI; ALL-GSR;
VF-BiGRU v X v VCTK-Train; VD-Noise; RIR-Train; DENOISE; DEREV; SR; DECLI; ALL-GSR;
VF-UNet-S v X v VCTK-Train; VD-Noise; RIR-Train; DENOISE; DEREV; SR; DECLI; ALL-GSR;
VF-UNet v X v VCTK-Train; VD-Noise; RIR-Train; DENOISE; DEREV; SR; DECLI; ALL-GSR;

D.1 EVALUATION RESULTS

Table 6: Evaluation results on speech super-resolution test set SR, which includes five sampling rate setup.
The metrics is calculated at a target sampling rate of 44.1 kHz

TRAININGSCHEME ONE-STAGE MODELS VOICEFIXER MODELS OTHERS
Sz[l;?;l{:‘l;zte Metrics ?JIS\IE; SR-UNet NuWave SEANet I;/I\%\I Bi\é‘yl;U UI\\/IS;—S I}/I\lltt Unprocessed O-lr\z;[(;lle Target
2kHz ALSD 1.34 1.19 1.41 1.33 1.18 1.08 1.08 1.05 3.13 0.89 /

2.1 SiSPNR 11.03 10.89 9.19 9.78 10.67 11.84 11.65 12.10 9.18 13.65 /

SSIM 0.75 0.77 0.73 0.72 0.75 0.77 0.78 0.78 0.68 0.85 /

4KHz .LSD 1.27 1.18 1.35 1.24 1.15 1.03 1.04 1.02 2.97 0.89 /

1.0 SiSPNR 11.48 11.10 9.65 10.58 11.07 12.27 11.98 12.41 9.52 13.65 /

SSIM 0.77 0.78 0.76 0.72 0.75 0.79 0.79 0.79 0.71 0.85 /

LSD 1.21 1.11 1.24 1.20 1.06 0.99 1.01 0.99 2.70 0.89 /

8kHz SiSPNR 12.07 11.82 10.73 11.11 11.94 12.68 12.34 12.74 9.93 13.65 /

5.5 SSIM 0.81 0.82 0.80 0.74 0.78 0.81 0.81 0.81 0.76 0.85 /
MOS 3.37 3.34 3.09 3.37 / / / 3.40 3.05 3.53 3.63

16KHz ALSD 1.10 0.99 1.18 1.16 1.01 0.94 0.96 0.94 232 0.89 /

28 SiSPNR 13.02 13.01 11.54 11.90 12.37 13.14 12.70 13.14 10.08 13.65 /

SSIM 0.85 0.88 0.81 0.75 0.82 0.82 0.82 0.82 0.83 0.85 /

LSD 0.97 0.91 1.12 1.15 0.93 0.91 0.94 0.92 1.91 0.89 /

24kHz SiSPNR 13.96 13.81 11.63 12.58 13.21 13.38 12.86 13.38 10.40 13.65 /

1.8 SSIM 0.87 0.91 0.81 0.75 0.84 0.83 0.83 0.84 0.89 0.85 /
MOS 3.56 3.52 3.54 3.65 / / / 341 3.47 3.44 3.45

LSD 1.18 1.07 1.26 1.21 1.07 0.99 1.01 0.98 2.61 0.89 /

Average Score | SiSPNR 12.31 12.13 10.55 11.19 11.85 12.66 12.31 12.75 9.82 13.65 /

SSIM 0.81 0.83 0.79 0.74 0.79 0.80 0.81 0.81 0.77 0.85 /

Table 7: Evaluation result on the speech denoising test set Table 8: Evaluation results on the speech

DENOISE dereverberation test set DEREV
Models SiSNR_PESQ SiSPNR_MOS _
Unprocessed 840 197 978 320 Models PESQ SiSPNR MOS
Oracle-Mel -17.52 285 12.84 3.64 Unprocessed 1.99 14.58 2.70
Target / / I 369 Oracle-Mel 236 13.65  3.46
SEGAN (Pascual et al., 2017) / 2.16 / / T ¢ / / 3.51
Wave-U-Net (Macartney & Weyde, 2018) /240 / / arge :
Weakly Labelled (Kong et al., 2021) / 2.28 / / GSR-UNet 235 14.10 3.32
GSR-UNet 16.42 2.82 1225 3.64 Dereverb-UNet  2.49 14.99 3.25
Denoise-UNet 17.58 271 11.82 3.63 VE-DNN 1.41 11.70 /
VF-DNN /171 1093 / .
VF-BiGRU /229 1172 / VF-BiGRU 1.69 13.00 /
VF-UNet-S /233 1119/ VF-UNet-S 1.78 12.80 /
VF-UNet / 243 11.71  3.69 VF-UNet 1.86 13.21 3.52

D.2 ANALYSIS STAGE PERFORMANCE

In this section, we report the mel spectrogram restoration score on different test sets. They are used
to evaluate the performane of the analysis stage. We calculate the LSD, SiSPNR, and SSIM values.
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Table 9: Evaluation results on the speech declipping test set DECLI

Clipping Level 0.25 0.10 Average
Models SiSNR  STOI PESQ MOS | SiSNR STOI PESQ MOS | SiSNR STOI PESQ MOS
Unprocessed 9.60 0.95 2.38 2.56 4.00 0.89 1.51 2.72 6.80 0.92 1.95  2.64
Oracle-Mel -19.94 081 2.36 344 | -1994 081 236 342 | -1994 081 236 343
Target / / / 3.42 / / / 3.49 / / / 3.46
GSR-UNet 11.01 0.97 3.54 3.38 7.47 0.94 289 323 9.24 0.95 3.21 3.31
Declip-UNet 12.45 0.99 3.98 3.38 8.43 0.96 340 3.38 10.44 0.98 3.69  3.38
SSPADE 17.43 0.98 3.55 3.34 10.31 0.92 212 2.63 13.87 0.95 2.84 298
VF-DNN / 0.76 1.72 / / 0.72 1.48 / / 0.74 1.60 /
VF-BiGRU / 0.81 2.09 / / 0.79 1.82 / / 0.80 1.95 /
VF-UNet-S / 0.82 2.13 / / 0.80 1.85 / / 0.81 1.99 /
VF-UNet / 0.82 221 3.38 / 0.80 193  3.38 / 0.81 207  3.38

The Unprocessed column is calculated using the target and unprocessed mel spectrogram. And the
Oracle-Mel column is calculated using the target spectrogram and itself.

Table 10: The Performance of Mel Spectrogram Restroation on DENOISE, DEREYV, and ALL-GSR test sets

DENOISE DEREV ALL-GSR
Models LSD SiSPNR SSIM | LSD SiSPNR  SSIM | LSD  SiSPNR  SSIM
Unprocessed | 1.31 -1.41 0.57 | 0.84 10.02 0.63 | 1.65 -3.90 0.47
VF-DNN 0.76 7.61 0.69 | 0.93 8.86 0.59 | 0.87 6.26 0.58
VF-BiGRU 0.55 10.98 0.79 | 0.56 12.91 0.75 | 0.59 10.49 0.70
VF-UNet-S 0.52 10.29 0.82 | 0.47 13.61 0.82 | 0.55 11.08 0.75
VE-UNet 0.46 12.27 0.84 | 0.46 14.89 0.82 | 0.53 11.36 0.76

Table @l shows that on DENOISE, DEREYV, and ALL-GSR, all four VoiceFixer based models are
effective on the restoration of mel spectrogram. Among the four analysis stage models, UNet is
consistently better than the other three models.

Table 11: The performance of mel spectrogram restroation on the SR test set

SampleRate |y tries [ VF VE VFMODELS Oracle
Upsampling Ratio DNN BiGRU  UNet-S VF-UNet Unprocessed Mel
2KHz 'LSD 0.80 0.68 0.65 0.60 2.99 0.00
221 SiSPNR 8.02 9.62 9.82 11.32 2.54 127.43
SSIM 0.56 0.63 0.66 0.68 0.40 1.00
4KHz .LSD 0.68 0.54 0.55 0.50 2.54 0.00
11.0 SiSPNR 9.66 12.23 11.22 12.83 3.16 127.43
SSIM 0.65 0.72 0.74 0.76 0.51 1.00
SkHz _LSD 0.51 0.40 0.46 0.42 2.02 0.00
55 SiSPNR 12.53 14.85 12.67 14.20 4.26 127.43
) SSIM 0.77 0.82 0.83 0.84 0.64 1.00
16KHz ‘LSD 0.43 0.26 0.37 0.33 1.53 0.00
2.8 SiSPNR 13.62 19.00 14.07 16.13 5.64 127.43
SSIM 0.83 0.91 0.90 091 0.77 1.00
24KHz 'LSD 0.29 0.18 0.31 0.27 1.16 0.00
18 SiSPNR 17.94 22.16 15.53 18.59 7.40 127.43
SSIM 0.92 0.95 0.94 0.95 0.86 1.00
LSD 0.54 0.41 0.47 0.43 2.05 0.00
Average SiSPNR 12.35 15.57 12.66 14.61 4.60 127.43
SSIM 0.75 0.80 0.81 0.83 0.64 1.00

Table[IT]lists the mel restoration performance on different sampling rates. Although VF-BiGRU has
fewer parameters than VF-UNet, it still achieved the highest score on LSD and SiSPNR averagely.
This result indicates that the recurrent structure might be more suitable for the mel spectrogram
super-resolution task when the initial sampling rate is high.

D.3 DEMOS

In this section, we provide some restoration demos using our proposed VoiceFixer. In Figure [12]
we provide eight restoration demos using our VF-UNet model. All the audios used in our demo are
either collected from the internet or recorded by ourselves. In each example, the left is the unpro-
cessed spectrogram, and the right is the restored one. After restoration, these seriously distorted
speech signals can be revert to relatively high quality.
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Figure 10: Comparison between different restoration mothods. The unprocessed speech is noisy, reverberant,
and in low-resolution. The leftmost spectrogram is the unprocessed low-quality speech and the rightmost is
the target high-quality spectrogram. In the middle, from left to right, the figures show results processed by
one-stage SSR dereveberation model, SSR denoising model, GSR model and VoiceFixer based GSR model.

Figure [I2D] is the speech we recorded using Adobe Audition. We set the sampling rate to 8 kHz
and manually add the clipping effect. It also contains some low-frequency noise and reverberation
introduced by the recording device and environment. Figure [I24]is a speech delivered by Amelia
Earharﬂ 1897-1937, appeared in the Library of Congress, United States. The original version
sounds like a mumble. Figure comes from an interview in a TV news program, which includes
multiple distortions. Figure s collected from the audio uploaded by a Youtube Probably
due to the recording device, her speech is deteriorated seriously by noise, and the energy of speech
in the low-frequency part is also relatively low. Figure [12c|is the restoration of a Chinese famous
old movie railroad guerrillcﬂ which speech has limited bandwidth. The audio in Figure is
selected from a well-known TV series in China, romance of the three kindoms{ﬂ in which some
parts of the spectrogram are masked off due to the previous audio compression. Figure isa
recordinﬂ selected from a speech delivered by Sun Yat-sen, 1866-1925, which is in extremely low-
resolution and includes multiple unknown distortions. Figure [T2h] shows the result of a subway
broadcasting we recorded in Shanghai. The low-frequency part of speech almost lost completely,
and the reverberation is serious.

To sum up, all these examples prove the effectiveness of the VoiceFixer model on GSR. And to our
surprise, it can generate will on unseen distortions such as the spectrogram lost in Figure [T2¢] Fig-
ure [[2f] and Figure [I2d] In addition, Figure [12¢]shows that VoiceFixer is effective for the com-
pensation of low-frequency energy, making speech sound less machinery and distant. Last but not
least, despite the abnormal harmonic structure in the low-frequency part in Figure[12g] our proposed
model can still repair it into a normal distribution, which proves the advantages of utilizing the prior
knowledge of vocoder.

Shttps://www.loc.gov/item/afccal000004
‘https://v.ixigua.com/egVW74E/
Shttps://www.youtube.com/watch?v=R81Y1qn2CHA
®https://www.youtube.com/watch?v=6h7N4C111Tw
"nttps://www.bilibili.com/video/BV1IWW411V7£R
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(a) Speech super-resolution results on 2 kHz source samplerate test data.

(b) Speech super-resolution results on 8 kHz source samplerate test data.

(c) Speech super-resolution results on 24 kHz source samplerate test data.

(d) Speech denoising results.

(e) Speech declipping results on speech with 0.1 clipping threshold.

(f) Speech declipping results on speech with 0.25 clipping threshold.

(g) Speech dereverberation results.

Figure 11: Comparison between different model on four different tasks using simulated data.
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(a) Historical speech (b) A recording of a person

(¢) Old movie (d) OIld TV series
(e) A recording of a Chinese Youtuber (f) Interview in a TV news program
(g) Historical speech (h) Subway broadcasting

Figure 12: Restoration on the audios either collected from the internet or recorded by ourselves.
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Abstract

Speech restoration aims to remove distortions in speech sig-
nals. Prior methods mainly focus on a single type of distor-
tion, such as speech denoising or dereverberation. However,
speech signals can be degraded by several different distortions
simultaneously in the real world. It is thus important to extend
speech restoration models to deal with multiple distortions. In
this paper, we introduce VoiceFixer, a unified framework for
high-fidelity speech restoration. VoiceFixer restores speech from
multiple distortions (e.g., noise, reverberation, and clipping) and
can expand degraded speech (e.g., noisy speech) with a low
bandwidth to 44.1 kHz full-bandwidth high-fidelity speech. We
design VoiceFixer based on (1) an analysis stage that predicts
intermediate-level features from the degraded speech, and (2) a
synthesis stage that generates waveform using a neural vocoder.
Both objective and subjective evaluations show that VoiceFixer
is effective on severely degraded speech, such as real-world his-
torical speech recordings. Samples of VoiceFixer are available
at https://haoheliu.github.io/voicefixer.

Index Terms: speech restoration, speech super-resolution, neu-
ral vocoder, speech synthesis, deep learning

1. Introduction

Human speech often suffers from distortions such as background
noise, room reverberations, or clipping from low-quality devices.
Those distortions degrade the perceptual quality of human listen-
ers. Speech restoration is a task to restore degraded speech to
high-quality speech, which is useful in a wide range of applica-
tions such as online meeting [1] and hearing aids [2].

Previous speech restoration methods mainly focus on a sin-
gle type of distortion, such as speech denoising [3], dereverbera-
tion [4], super-resolution [5], and declipping [6]. However, in the
real world, speech signals can be degraded by several different
distortions simultaneously. These mismatches limit the perfor-
mance of these systems. Several works have explored restoring
speech with multiple distortions, such as noise and reverber-
ation [7, 8]. But other distortions such as low-resolution and
clipping receive less attention, despite their significant impacts
on speech perceptual quality.

Speech fidelity is important to perceptual quality. How-
ever, existing methods show limited performance on high-fidelity
speech restoration. For example, for a noisy speech with low
bandwidth, although the speech denoising method could remove
noises, the restored speech would be still in low fidelity. One way
to address this issue is to concatenate speech restoration meth-
ods (e.g., denoising) with the speech super-resolution method.

* The first two authors contributed equally to this work.
+ Part of this work was done during the internship at ByteDance

However, this approach has limitations such as increasing com-
putational cost and accumulating the artifacts introduced by each
speech restoration model. To our knowledge, restoring low-
bandwidth speech with multiple distortions has not been studied
in the literature.

This paper introduces VoiceFixer, a unified framework for
high-fidelity speech restoration. VoiceFixer restores speech from
multiple distortions (e.g., noise, reverberation, and clipping) and
could expand distorted speech with a low bandwidth between
1 kHz and 22.05 kHz to a full-bandwidth high-fidelity speech
signal. We design VoiceFixer based on a two-stage strategy: (1)
an analysis stage that performs mel spectrogram estimation; (2)
a synthesis stage that generates the speech signal from the esti-
mated mel spectrogram. Compared to the conventional speech
restoration methods that operate on spectrogram or waveform,
VoiceFixer uses the low dimensional mel spectrogram as the
intermediate-level feature, which alleviates the difficulties of
restoring multiple distortions simultaneously. In addition, neural
vocoders [9] are usually trained on large-scale speech datasets.
This provides prior knowledge on synthesizing waveform from
low-dimensional mel spectrogram. The contributions of this
paper are listed as follows:

* We present VoiceFixer, a unified framework for 44.1 kHz high-
fidelity speech restoration. VoiceFixer can restore degraded
speech from multiple distortions (e.g., noise, reverberation,
clipping, and low-bandwidth).

Evaluation result shows the effectiveness of VoiceFixer, which
achieves a 0.256 higher mean opinion scores (MOS) than the
baseline method.

+ We release the pre-trained model and source code' of Voice-
Fixer to encourage future research.

The rest of this paper is organized as follows. Section 2
introduces the formulations of speech distortions we addressed.
Section 3 describes the architecture of our proposed VoiceFixer.
Experiments are presented in Section 4. In Section 5, we sum-
marize this study and discuss our future directions.

2. Problem Formulation

We denote a segment of a speech signal as s € RZ, where
L is the number of samples in the segment. We model the
speech distortion process as function d(-). The degraded speech
x € RF thus can be written as £ = d(s). Speech restoration
aims to restore high-quality speech § from z by § = f(x), where
£ () is the restoration function and can be viewed as an inverse
approximation of d(-). The target of the restoration function is
to estimate s by restoring § from the degraded speech z.

'https://github.com/haoheliu/voicefixer_main
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Figure 1: Overview of the proposed VoiceFixer framework. The analysis module and synthesis module are trained separately.

Distortion modeling is an important step to simulate training
data when building speech restoration systems. Previous works
model distortions in a sequential order [10, 11]. Similarly, we
model the distortion d(-) as a composite function:

d(z) =diodso..dg(x),dg €D,qg=1,2,...,Q, €))

where o stands for function composition and () is the number
of distortions consisted in d(-). I = {d,(-)} 4, is the set of
distortion types, where V' is the total number of types. Equation 1
describes the procedure of compounding different distortions
from ID in a sequential order. The four types of speech distortions
we addressed in this work are introduced as follows.

Additive noise is one of the most common distortion and can be
modeled by the addition between speech s and noise n € R™:

dnoise(s) =s+n. (2)

Reverberation is caused by the reflections of signal within a
space. Reverberation makes speech signals sound distant and
blurred. It can be modeled by convolving speech signals with a
room impulse response filter (RIR) 7:

drev(8) = s %1, 3)

where * stands for convolution operation.

Clipping distortion refers to the clipped amplitude of audio sig-
nals when their amplitude exceeds the maximum level. Clipping
can be modeled by restricting signal amplitudes within a range

[_777 +77]
dclip(s) = ma‘X(min(sv 77)7 _7])7 n € [07 1} (4)

In the frequency domain, the clipping effect produces harmonic
components in the high-frequency part and degrades speech
intelligibility accordingly.

Low-bandwidth distortion refers to the limited bandwidth in
the audio recordings caused by low sampling rate or defects
in the recording device. We follow the description in [12] to
produce low-bandwidth distortions but add more filter types [13].
After designing a low pass filter h, we first convolve it with s to
avoid the aliasing phenomenon. Then we perform resampling
on the filtered result from the original bandwidth o to a lower
bandwidth u:

diowbw(8) = Resample(s * h, 0, u). 3)
3. Approach
The two-stage strategy of VoiceFixer is formulated as follows:
frx— 2z 6)

g:z— 3. (N

Equation 6 denotes the analysis stage of VoiceFixer where a
distorted speech z is mapped into a intermediate-level feature z.
Equation 7 denotes the synthesis stage of VoiceFixer, which syn-
thesizes z to the restored speech 5. The overview of VoiceFixer
framework is depicted in Figure 1.

3.1. Analysis stage

The goal of the analysis stage is to predict the intermediate rep-
resentation z, which can be used later to recover the speech
signal. In our study, we choose the mel spectrogram as the inter-
mediate representation. Mel spectrogram has been widely used
in tasks such as speech enhancement [14] and audio synthesis
[15, 16]. The frequency dimension of the mel spectrogram is
usually much smaller than the magnitude spectrogram calculated
using short-time-fourier-transform (STFT), thus working on mel-
scale can reduce the dimension of feature space and offer a more
tractable restoration process. The objective of the analysis stage
is to restore the mel spectrogram of the target signals, which can
be written as follows:

Smcl = fmcl (chl; a) © (chl + E): (8)

where X i the mel spectrogram of z. It is calculated by
Xme = | X| W, where | X| is the magnitude spectrogram of
and W is a set of mel filter banks. The columns of W are not
divided by the numbers of mel bands, because this will make
the restoration model difficult to recover the high-frequency part.
The mapping function fme (-; @) is the mel-restoration mask-
estimation model parameterized by . Xme is added with a
minimum value € before multipling with the output of fiel. € is
set to 1 x 1078 in this work to avoid zero values in Xpel.

We use ResUNet [17, 18] to model the analysis stage. Re-
sUNet consists of six encoder and six decoder blocks. There
are skip connections between encoder and decoder blocks at the
same level. Both encoder and decoder blocks have a similar
structure of four residual convolutions. Each residual convolu-
tional consists of a batch normalization, a leakyReLU activation,
and a two-dimensional convolutional operation. We utilize aver-
age pooling and transpose convolution for the upsampling and
downsampling in the encoder and decoder blocks. We will refer
to ResUNet as UNet in the remaining parts. We optimize the
model in the analysis stage using the MAE loss between the
estimated and the target mel spectrogram, Smet and Sl

LyMAE = HSmE] — Shnel

&)

1

3.2. Synthesis stage

We realize the synthesis stage with a neural vocoder, which
synthesizes the mel spectrogram into waveform, as denoted in
the following Equation 10:

§ :g(XmeHﬂ), (10)
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where g(-; 3) stands for the vocoder model parameterized by 3.
The number of speakers used for the training of vocoder is much
larger than that used in the analysis stage, which increases the
robustness of VoiceFixer when generalizing to unseen speakers.
We employ a pre-trained” time and frequency domain-based gen-
erative adversarial network (TFGAN) [19] as a vocoder. TFGAN
achieves strong performance on 44.1 kHz speaker-independent
speech vocoding, which will be discussed in detail in Section 4.

4. Experiments

We conduct two types of experiments to evaluate the perfor-
mance of VoiceFixer: (1) High-fidelity speech restoration from
simultaneously appearing noise, reverberation, clipping, and low-
bandwidth distortions; (2) Single type restoration from speech
with only one type of distortion (e.g., denoising). In the follow-
ing sections, we first describe the experimental data preparation,
then present the results of these two experiments. The test sets
used in this section are publicly available®.

4.1. Experimental data preparation

Training a speech restoration system relies on pairs of distorted
speech and clean speech. In the high-fidelity speech restoration
task, we simulate speech with multiple distortions. As introduced
in Section 2, we simulate four types of speech distortion: additive
noise, reverberation, clipping, and low-bandwidth. Three types
of datasets are used for the simulation, including clean speech,
noise data, and room impulse response (RIR). Note that clipping
and low-resolution distortion only need the clean speech dataset
for simulation and do not depend on other datasets. We introduce
the three types of datasets as follows.

Clean speech we used is based on VCTK [20], which is a multi-
speaker English corpus that consists of 110 speakers with differ-
ent accents. The version of VCTK we used is 0.92. Following
the setups in other studies [21], speakers p280 and p315 are
omitted for the technical issues. The remaining part is split into
a training set VCTK-Train with 98 speakers and a testing set
VCTK-Test with the last 8 speakers. The remaining 2 speakers
are omitted as they appear in the test set for denoising.

Noise data we used is based on two datasets. The first one
is VCTK-Demand (VD) [22]. VD contains a training part VD-
Train and a testing part VD-Test. Both parts contain clean speech
and noisy speech data. To obtain the noise data from VD, we
minus each noisy data in VD-Train with its corresponding clean
part to get the noise dataset VD-Noise for training. The second
noise dataset we use is the TUT urban acoustic scenes 2018
dataset [23], which contains 89 hours of high-quality recording
from 10 acoustic scenes (e.g., airport). This dataset contains
a development part and an evaluation part. We only use the
evaluation part (DCASE-Eval) for the simulation of the test set
for high-fidelity speech restoration.

Room impulse response is randomly simulated to add reverber-
ation effect on 44.1 kHz speech. Simulation is performed using
an open-source tool*. All the related parameters are randomized,
including the size of the room, the placement of the microphone
and the sound source, the RT60 value, and the pickup pattern of
the microphone. In total, 43239 filters are simulated, in which
we randomly split out 5000 filters as the test set RIR-Test and
named the other 38239 filters as RIR-Train.

’https://github.com/hacheliu/voicefixer

3https://zenodo.org/record/5528144

4https://github.com/sunits/rir_simulator_
python

4.2. High-Fidelity speech restoration
4.2.1. Data sets and distortion modeling

In this task, we simulate low-quality speech with four distortions
in the training and test set, including noise, reverberation, clip-
ping, and low bandwidth. Training data is simulated on the fly
based on the speech data in VCTK-Train, the noise in VD-Noise,
and RIR in RIR-Train. We set up the parameters of each dis-
tortion to be completely random to better cover the real-world
cases. The test set we used in high-fidelity speech restoration,
HiFi-Res, is constructed based on the clean speech in VCTK-
Test, the noise in DCASE-Eval, and RIR in RIR-Test. HiFi-Res
consists of 501 three seconds utterances with similar random
distortions simulated as the training process. We first generate
the distortions following specific order: reverberation, noise,
and clipping. Then the degraded speech is low-pass filtered and
down-sampled to an arbitrary low sampling rate between 2 kHz
to 44.1 kHz. Details of the distortion modeling in this work are
made available on GitHub’.

4.2.2. Experiment details

All the audio files in our datasets are resampled to 44.1 kHz
sampling rate. We calculate STFT using the Hanning window
with a window length of 2048 and a hop size of 441. The mel
filterbank we used consists of 128 filters. For training, We use
Adam optimizer with 51 = 0.5, 82 = 0.999, an initial learning
rate of 3 x 10~ and a batch size of 24. The first 1000 steps
are warmup steps, during which the learning rate grows linearly
from 0 to 3 x 10~*. The learning rate is scheduled for decay
by 0.9 every 400 hours of training data. We trained our model
using four Nvidia-V100-32GB GPUs for two days.

4.2.3. Baseline systems

We mainly use four baseline systems in the experiment. We
implemented an UNet-based system (Baseline-UNet) for the
high-fidelity speech restoration task, which structure is similar
to the analysis module of VoiceFixer. It performs restoration
by estimating STFT of the high-quality speech and reusing the
phase of the degraded speech, which is a common approach in
previous speech restoration systems [24]. As for the Oracle-Mel
system, we directly use the target mel spectrogram as input to
the vocoder to simulate the case when the analysis module works
ideally. So, Oracle-Mel marks the theoretical upper bound of
the VoiceFixer performance. For the Target system, scores are
calculated using the ground truth clean speech. Conversely, the
Unprocessed system evaluated directly on the distorted speech.

4.2.4. Evaluation metrics

We use both objective and subjective evaluation metrics. The ob-
jective metrics including log-spectral distance (LSD) [25], wide-
band perceptual evaluation of speech quality (PESQ-wb) [26],
and structural similarity (SSIM) [27]. Since neural vocoders
generate waveforms directly from mel spectrograms, even with
the same perceptual quality, the generated waveforms may not
align with the target waveform in the time domain. This mis-
alignment can considerably degrade the objective metrics, as is
often the case in generative model [28]. Nevertheless, we report
the model performance on these objective metrics for reference.

We use mean opinion scores (MOS) as the subjective eval-
vation metric and invite eight internal language experts in

Shttps://github.com/hacheliu/voicefixer_main
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Table 1: Evaluation result on the high-fidelity speech restoration
test set HiFi-Res. Higher PESQ-wb, SSIM, MOS value indicates
better performance, while LSD is the opposite. The best value
for each metric is shown in bold.

Models PESQ-wb LSD SSIM MOS
Unprocessed 1.94 200 0.64 2.38
Oracle-Mel 2.52 0.91 0.74 3.74
Target 4.64 0.01 1.00 3.95
Baseline-UNet 2.67 1.01 0.79 3.37
VoiceFixer 2.05 1.01 0.71 3.62

Figure 2: Box plot of the MOS scores on HiFi-Res test set. Red
and black vertical lines represent median and mean values.

ByteDance to perform evaluation. Their task is to rate the overall
speech quality of an audio clip with a score between 1 (bad) to
5 (excellent). Each system has 38 samples for evaluation. We
average the MOS values across all language experts as the final
result.

4.2.5. Evaluation results

Table 1 shows the experimental results and Figure 2 depicts the
box plot of the MOS scores. The Oracle-Mel system achieves
a MOS score of 3.74, which is close to the Target MOS of
3.95, indicating that the vocoder performs well in the synthesis
stage. We observe that VoiceFixer obtains 0.256 higher MOS
score than that of Baseline-UNet and is only 0.11 lower than
the Oracle-Mel, demonstrating its good performance for high-
fidelity speech restoration. Although VoiceFixer performs worse
on PESQ-wb and SSIM metrics, it has a much better MOS score
than Baseline-UNet. This result shows that the improvement in
subjective metrics in VoiceFixer is not always consistent with
objective evaluations.

4.3. Single type restoration

To further demonstrate the effectiveness of VoiceFixer, we con-
duct two benchmark speech restoration experiments: speech
denoising and speech declipping.

4.3.1. Denoising

For speech denoising, we evaluate the model performance on
VD-Test (as described in Section 4.1). VD-Test contains 824
utterances from a female speaker and a male speaker. The test
set is simulated at four SNR levels, which are 17.5 dB, 12.5 dB,
7.5 dB, and 2.5 dB. The original data is sampled at 48 kHz. We
downsample it to 44.1 kHz to fit our experiments. We adopt three
recent methods SEGAN [29] , WaveUNet [30], and the model
trained with weakly labeled data [31] (referred to WL-Model)
as baseline methods.

We use the objective metric PESQ-wb [26] and the subjec-
tive metric MOS to evaluate model performance. Experimental

Table 2: Evaluation result on the VD-Test test set. Superscript
indicates the model is only trained on a single restoration task.

Models PESQ-wb MOS
Unprocessed 1.97 3.20
Oracle-Mel 2.85 3.64
Target 4.50 3.69
*SEGAN [29] 2.16 /
*WaveUNet [30] 2.40 /
*WL-Model [31] 2.28 /
Baseline-UNet 2.82 3.64
VoiceFixer 2.43 3.69

Table 3: Evaluation result on the declipping test set DECLI.

Clipping Level 0.25 0.1
Models STOI MOS | STOI MOS
Unprocessed 0.95 2.56 0.89 2.72
Oracle-Mel 0.81 3.44 0.81 3.42
Target 1.00 342 1.00 3.49
*SSPADE [32] | 0.98 3.34 0.92 2.63
Baseline-UNet | 0.97 3.38 0.96 3.38
VoiceFixer 0.82 3.38 0.80 3.38

results are shown in Table 2. The PESQ-wb score of VoiceFixer
reaches 2.43, higher than SEGAN, WaveUNet, and WL-Model.
The MOS evaluations demonstrate that VoiceFixer outperforms
the baseline speech denoising model Baseline-UNet. In addition,
we observe that VoiceFixer even outperforms Oracle-Mel and
achieves the same level as Target on the MOS scores. This is be-
cause the restored results of the VoiceFixer contain more energy
in the high-frequency part, which potentially leads to a better
perceptual quality for the listener.

4.3.2. Declipping

For the declipping task, we compare VoiceFixer with a state-
of-the-art synthesis-based method SSPADE [32]. To evaluate
the model performance, we create a test set DECLI based on
VCTK-Test (as described in Section 4.1). DECLI is constructed
by first normalizing the amplitude of VCTK-Test into [—1, 1],
and then simulating clipping on each audio with two clipping
levels 0.25 and 0.1. This resulted in two declipping test sets,
each containing 2937 clipped and clean speech audios.

We adopt MOS as the subjective metric and STOI [33] as
the objective metric. A higher STOI value indicates better perfor-
mance. Experimental results are shown in Table 3. VoiceFixer
outperforms SSPADE on MOS by 0.04 and 1.25 in 0.25 and 0.1
clipping levels, respectively. The higher performance on MOS
demonstrates a better perceptual quality restoration offered by
VoiceFixer on speech declipping.

5. Conclusion

In this study, we propose VoiceFixer, an effective approach for
high-fidelity speech restoration. VoiceFixer consists of an analy-
sis stage modeled by a ResUNet and a synthesis stage using a TF-
GAN. The two stages can also be replaced by other deep learning
models. The subjective evaluation results show that VoiceFixer
achieves superior performance on high-fidelity speech restora-
tion from distortions such as noise, reverberation, clipping, and
low bandwidth. In the future, VoiceFixer will be extended to
more types of distortions.
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Abstract

In this paper, we introduce L2-ARCTIC, a speech corpus of
non-native English that is intended for research in voice
conversion, accent conversion, and mispronunciation detection.
This initial release includes recordings from ten non-native
speakers of English whose first languages (L1s) are Hindi,
Korean, Mandarin, Spanish, and Arabic, each L1 containing
recordings from one male and one female speaker. Each
speaker recorded approximately one hour of read speech from
the Carnegie Mellon University ARCTIC prompts, from which
we generated orthographic and forced-aligned phonetic
transcriptions. In addition, we manually annotated 150
utterances per speaker to identify three types of
mispronunciation errors: substitutions, deletions, and additions,
making it a valuable resource not only for research in voice
conversion and accent conversion but also in computer-assisted
pronunciation training. The corpus is publicly accessible at
https://psi.engr.tamu.edu/l2-arctic-corpus/.

Index Terms: speech corpus, voice conversion, accent
conversion, mispronunciation detection

1. Introduction

Voice conversion (VC) [1] aims to transform utterances from a
source speaker to make them sound as if a target speaker had
uttered them. The closely related problem of accent conversion
(AC) [2] goes a step further, mixing the source speech’s
linguistic content and accent with the target speaker’s voice
quality to create utterances with the target’s voice but the
content and pronunciation of the source speaker. When teaching
a second language (L2), accent conversion can be used to create
a “golden speaker,” a synthesized voice that has the learner’s
voice quality but with a native speaker’s accent (e.g., prosody,
intonation, pronunciation) [3]. Several studies [4, 5] have
suggested that having such a “golden speaker” to imitate can be
beneficial in pronunciation training. Furthermore, in addition to
providing language learners with a suitable voice to mimic,
detecting mispronunciations is also a critical component for
providing useful feedback to the learners in computer-assisted
pronunciation training [6].

To train and evaluate voice and accent conversion systems
designed for non-native speakers, one needs high-quality
parallel recordings from the source and target speakers.
Likewise, to develop and benchmark mispronunciation
detection algorithms, detailed phoneme level annotations on
pronunciation errors (e.g., phone substitution, additions, and
deletions) are required. However, existing non-native English

' IMK: Canadian accent; AWB: Scottish accent; KSP: Indian accent
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corpora (e.g., Speech Accent Archive [7] and IDEA [8]) do not
fulfill these requirements (refer to section 2 for a detailed
discussion.)

To fill this gap, we have built a non-native English speech
corpus that contains ten non-native speakers of English in the
initial release. The end goal for this corpus is to include 20
speakers from five different native languages: Hindi, Korean,
Mandarin, Spanish, and Arabic. For each speaker, the corpus
contains the following data:

e Speech recordings: over one hour of prompted recordings
of phonetically-balanced short sentences

Word level transcriptions: orthographic transcription and
forced-aligned word boundaries for each sentence

Phoneme level transcriptions: forced-aligned phoneme
transcription for each sentence

Manual annotations: a selected subset of utterances (~150),
including 100 sentences produced by all speakers and 50
sentences that include phonemes likely to be difficult
according to each speaker’s L1, all annotated with corrected
word and phone boundaries; phone substitution, deletion,
and addition errors are also tagged

The dataset is hosted on an online archive and is freely
available to the research community for non-commercial use.
To the best of our knowledge, L2-ARCTIC is the first openly
available corpus of its kind.

2. The need for a new L2 English corpus

A number of voice conversion studies [9-12] have relied on the
Carnegie Mellon University (CMU) ARCTIC speech corpus
[13] and, more recently, the Voice Conversion Challenge
(VCC) dataset [14]. However, little attention has been paid to
voice conversion between non-native speakers of English, in
part due to the lack of high-quality speech recordings from
those speakers, despite 80% of the English speakers in the
world being non-native [15]. For example, CMU ARCTIC only
has a few accented English speakers', either native speakers of
different English dialects or highly proficient non-native speak-
ers, whereas the VCC dataset was recorded solely by profes-
sional voice talents who are native English speakers. Therefore,
these standard corpora are not suitable for either voice conver-
sion between non-native speakers nor accent conversion tasks.

Among the non-native English corpora, the Speech Accent
Archive [7] and IDEA [8] cover a wide range of native
languages and speakers. However, each speaker only recorded
a short paragraph (Speech Accent Archive) or a short free
speech task (IDEA), and most of the recordings have strong
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background noise, making them ill-suited for voice/accent
conversion. The Wildcat [16], LDC2007S08 [17], and
NUFAESD [18] datasets have a limited number of recordings
for each non-native speaker, and have restricted access —
LDC2007S08 requires a fee, while Wildcat and NUFAESD are
limited to designated research groups.

As for corpora for mispronunciation detection, the CU-
CHLOE [19] and College Learners’ Spoken English Corpus
(COLSEC) [20] only contain speech and error tags from
Chinese learners of English, and CU-CHLOE is (to our
knowledge) not publicly available. The ISLE Speech Corpus
[21] contains mispronunciation tags and is open for academic
access, but it only focuses on a limited group of English learners
(German and Italian). SingaKids-Mandarin [22] has a rich set
of speech data, but it only focuses on mispronunciation patterns
in Singapore children’s Mandarin speech. In fact, most existing
mispronunciation detection systems use their private datasets,
which makes it difficult to compare experimental results across
different publications [19, 23-25].

To overcome the insufficiencies outlined above, we
constructed (and are now releasing) L2-ARCTIC to provide an
open corpus for voice conversion between accented speakers,
accent conversion, and mispronunciation detection. Zhao et al.
[26] have performed a preliminary evaluation on voice/accent
conversion tasks using a subset of the speakers in L2-ARCTIC.
Using a joint-density GMM with MLPG and global variance
compensation [9] (128 mixtures, ~5 min of parallel training
data) as the voice conversion system, they obtained 2.5 Mean
Opinion Score (MOS) on the converted speech, which was also
rated as similar to the target voice. Furthermore, an accent-
conversion algorithm based on frame-alignment using
posteriorgrams was able to generate speech that was perceived
as similar to a non-native target voice but markedly less
accented (98% preference compared to non-native speech).
This manuscript presents preliminary results on a new task:
mispronunciation detection.

3. Corpus curation procedure

This initial release of L2-ARCTIC contains English speech of
speakers from five different first languages: Hindi' [27],
Korean, Mandarin, Spanish, and Arabic. We chose these L1s
because each one has a distinct foreign/non-native accent in
English and provides unique challenges. Indian speakers of
English typically have native-like English fluency but use
segmental and suprasegmental features in ways that are distinct
from American English. Thus, Indian speakers have both
advantages in approaching pronunciation changes (e.g.,
familiarity and comfort with English) and disadvantages
(comfort with their English variety makes it particularly
difficult to adjust their speech to salient differences with
American English.) Korean learners of English have a large
number of high functional load consonant and vowel
difficulties (errors with many minimal pairs). Prosodically,
Korean and English employ suprasegmental systems that have
little overlap [28, 29]. Mandarin (Chinese/Putonghua) learners
of English have difficulty with a range of consonant and vowel
sounds and in producing correct English stress, intonation, and
juncture [30-32]. Spanish learners of English may have
difficulties distinguishing a number of high functional load
contrasts in English [33, 34]. Spanish is also a five-vowel

! Hindi is an Indo-Aryan language that is both an L1 and a language of
wider communication. Thus Hindi speakers in the corpus may use Hindi
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language, and Spanish learners find the more complex English
vowel system especially challenging. Like English, Spanish
uses both word stress and nuclear stress for emphasis but,
because it does not use the unstressed vowel schwa, realizes
stress differently. Finally, Arabic also has significantly fewer
vowels than English, and while Arabic has word stress, it does
not use stress in the same way that English does [35, 36]. In the
future, we may also include speakers from other L1s if we find
them to be useful to the research community.

3.1. Participants

For this initial release, we recruited two speakers (one male and
one female) for each of the Lls, for a total of ten speakers.
Speakers were recruited from lowa State University’s student
body; their age range was from 22 to 43 years, with an average
of 29 years (std: 6.9.) Demographic information of the speakers
is summarized in Table 1. The proficiency level of English was
measured using TOEFL iBT scores [37].

Table 1: Demographic information of the speakers

Speaker L1 Gender TOEFLiBT
HKK Korean M 114
YDCK Korean F 110
BWC Mandarin M 80
LXC Mandarin F 86
YBAA Arabic M 100
SKA Arabic F 79
EBVS Spanish M 70
NJS Spanish F 110
RRBI Hindi M 91
TNI Hindi F 99

3.2. Recording the corpus

To create the corpus, we used the 1,132 sentences in the CMU
ARCTIC prompts. There were multiple reasons to choose these
sentences. First, the ARCTIC prompts are phonetically
balanced (100%, 79.6%, and 13.7% coverage for phonemes,
diphones, and triphones, respectively), are open source, and can
produce around one hour of edited speech. Second, the
ARCTIC corpus itself has proven to work well with speech
synthesis [38] and voice conversion tasks [9-11, 39]. Finally,
the ARCTIC prompts are challenging for non-native English
speakers so they can elicit potential pronunciation problems.

The speech was recorded in a quiet room at Iowa State
University (ISU). We used a Samson C03U microphone and
Earamble studio microphone pop filter for recordings; the
microphone was placed 20 cm from the speaker to avoid air
puffing. During each recording session, a linguist guided the L2
speaker through the process, asking the speaker to re-record a
sentence if the production contained significant disfluency or
deviated from the prompt. All speakers were instructed to speak
in a natural manner. The speech was sampled at 44.1 kHz and
saved as a WAV file.

Once the recording was finished, we removed repetitions
and false starts, performed amplitude normalization, and
segmented the utterances into individual WAV files. All of the
above were done in Audacity [40]. The utterances were
carefully trimmed to remove the leading and trailing silence and
non-speech sounds such as lip smacks.

as an L2, speaking another Indian language as an L1. Educated Indian
English is a stable contact variety of English.
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Figure 1: 4 TextGrid with manual annotations. Top to
bottom: speech waveform, spectrogram, words, phonemes
and error tags, comments from the annotator
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Figure 2: Phoneme distribution of the corpus

3.3. Corpus annotations

Our corpus provides orthographic transcriptions at the word
level. We used the Montreal forced-aligner [41] to produce pho-
netic transcriptions in PRAAT’s TextGrid format [42], which
contains word and phone boundaries (Figure 1). Further, we
performed manual annotations on a selected subset of sentences
for each speaker. For all the speakers, we annotated a common
set of 100 sentences. In addition, we annotated 50 sentences that
included phoneme difficulties that were L1-dependent. In the
end, the corpus contains up to 150 curated phonetic transcrip-
tions per speaker!. Those transcriptions contain manually-
adjusted word and phone boundaries, correct phoneme labels,
mispronunciation error tags (phone additions, deletions, and
substitutions), and comments from the annotators. To facilitate
computer processing, we used the ARPAbet phoneme set for
the phonetic transcriptions as well as the error tags. In the
comment part of the transcriptions, however, annotators were
allowed to use IPA symbols. To ensure high-quality
annotations, we developed automated scripts to check the

! Some speakers did not read all sentences, and a few sentences were
removed for some speakers since those recordings did not have the
required quality.
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annotation consistency and then asked human annotators to fix
problems. The annotators (N=3) were PhD students in the
Applied Linguistics and Technology program at ISU. They
were experienced in transcribing speech samples of native or
non-native English speakers.

4. Corpus statistics

In total, the dataset contains 11,026 utterances, with most
speakers recording the full ARCTIC set (1,132 utterances.)!
The total duration of the corpus is 11.2 hours, with an average
of 67 minutes (std: 9 minutes) of speech per L2 speaker. On
average, each utterance is 3.7 seconds in duration. The pause
before and after each utterance is generally no longer than 100
ms. Using the forced alignment results, we estimate a speech to
silence ratio of 7:1 across the whole dataset. The dataset
contains over 97,000 word segments, giving an average of
around nine words per utterance, and over 349,000 phone
segments (excluding silence). The phoneme distribution is
shown in Figure 2.

Human annotators manually examined 1,499 utterances,
annotating 5,199 phone substitutions, 1,048 phone deletions,
and 497 phone additions. Figure 3 (a) shows the top-20 most
frequent phoneme substitution tags in the corpus. The most
dominant substitution errors were “Z—S,” (voicing) “DH—D,”
(fricative—stop) “IH—IY,” and “OW—AQO” (use of a tense
vowel for lax, and vice versa.) Each contains English phoneme
distinctions that lead to common substitution errors for varied
English learners. Figure 3 (b) shows the phone deletion errors
in the annotations. In our sample group, the most frequent
phoneme deletions were “D,” “T,” and “R,” almost always in
non-initial position. Many non-native speakers of English do
not pronounce the American English phoneme “R” in
postvocalic position (e.g., in car and farm.) “T” and “D” often
occur as word endings and in consonant clusters both within
and across words, where they were often omitted. Figure 3 (c)
shows the phone addition errors in the annotations. The ones
that stood out were “AH,” “EH,” “R,” “AX (schwa),” “G”, and
“IH.” The vowel additions simplify complex syllable structures
with consonant clusters and so may serve to make the word
more pronounceable. Table 2 provides a breakdown of
pronunciation errors by L1s. Although others have used L1 to
predict L2 pronunciation errors [33, 34, 43], such predictions
are often inaccurate when applied to individual learners. Thus,
this list is meant to start a discussion of the types of errors that
actually occur in L2-ARCTIC.

Table 2: Most frequent errors by native language; the top-5
error occurrences are listed in descending order

L1 Substitutions Deletions Additions
Hindi DH->D, Z-55, WV R,D, T R, AH, S, Y
EY->EH, TH>T ER, HH AA
DH-D, Z->S, IH->1Y D, T,R AX, H, AH, S
Korean
OW-AO, EH->AE HH, K Y
Mandarin | 2% DHD, IH->1Y D, T,R AH, AX, IH
N->NG, VSF LN N, R
Spanish Z-S, IH=>1Y, DH>D D, T, AH EH, AX, AH
AE>AA, AHS>AO Z,H IH, IY
Arabic P->B, OW->A0 T,R, D G, AH, IH
R->ERR, DH->Z, Z->S AH, IH AX, EH
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Figure 3: Li1-dependent pronunciation error distributions and the aggregated results. (a) Substitutions (b) Deletions (c) Additions.
Errors with low frequencies were omitted, all the values are the percentages with respect to the total number of each error type
(i.e., normalized universally); “ERR” means an erroneous pronunciation that is not in the ARPAbet phoneme set.

5. Mispronunciation detection evaluation

This section provides initial results on mispronunciation
detection using the 10 speakers that we have currently released.
Our implementation is based on the conventional Goodness of
Pronunciation (GOP) method as defined in [44]. The acoustic
model we used was a triphone model (tri6b) as defined by
Kaldi’s Librispeech training script [45]. It is a GMM trained
with 960 hours of native English speech [46], and contains
150,000 Gaussian mixtures. Three-state left-to-right HMMs
were used for non-silent sounds. The Kaldi implementation
does not have a fixed number of Gaussians for each HMM state.
The Word Error Rate (WER) of this acoustic model was around
8% on clean speech when combined with a 3-gram language
model.

We used the phone-independent thresholding variation of
the GOP method to make the classification decisions, i.e., if the
GOP score of a phone segment was higher than a threshold P,
then it was accepted as a correct pronunciation, otherwise it was
rejected as an error. As a preliminary result, we only focused on
substitution errors since the GOP is not suited for detecting
additions and deletions.

Two hundred and six (206) utterances were withheld to
determine the search range of the phoneme-independent
detection threshold. The remaining 1,293 utterances were used
as the testing set. In the testing data, excluding the additions and
deletion tags, there are 41,353 phone samples in total, where
4,415 (10.7%) were tagged as substitution errors. We set the log
GOP threshold between -16 and 0 and made the step size 0.1.
For each experiment condition, we computed the detection
precision rate as Ny /N and the recall rate as Nyy/Nerrorss
where Npy is the number of correctly predicted substitution
errors, N is the total number of segments predicted as
substitution errors, and Ngyrors i the total number of
substitution errors in the testing set. The Precision-Recall curve
is shown in Figure 4. When we set the threshold to -4.2 (in log
scale), the precision equals recall (0.29). From this result, we
can see that the dataset is quite challenging, because it contains
speech data from different L1 backgrounds and recorded by
speakers with a wide range of pronunciation challenges. This
GOP implementation is open source and is available online'.

! https://github.com/guanlongzhao/kaldi-gop
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6. Conclusion

This paper has presented L2-ARCTIC, a new non-native
English speech corpus designed for voice conversion, accent
conversion, and mispronunciation detection tasks. Each speaker
in L2-ARCTIC produced sufficient speech data to capture their
voice identity and accent characteristics. Detailed annotations
on mispronunciation errors are also included. Thus, it is possi-
ble to use this corpus to develop and evaluate mispronunciation
detection algorithms. To the best of our knowledge, L2-
ARCTIC is the first of its own kind, and we believe it fills gaps
in both voice/accent conversion and pronunciation training.

The corpus is released under the CC BY-NC 4.0 license
[47] and is available at https://psi.engr.tamu.edu/12-
arctic-corpus/. Future work will be focusing on adding ten
more speakers to the corpus.
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