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 Founded in 1931 by E.O.Lawrence
* Oldest of US National Labs

* Operated by the University of California
for the US DoE

* 4000 Staft, 800 Students, 2000 Guests
* 14 Research Divisions including

— Physics, Nuclear Science
— Materials, Chemical Science
— Life Sciences, Physical Bioscience
— Energy and Environment, Earth
— Computing
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— Advanced Light Source

— Nat. Center for Electron Microscopy
— Nat. Energy Research Super Computer Center
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Introduction

* We are developing methods of optically recovering
mechanical sound recordings without contact to the
medium

* Address concerns of the preservation, archival, and
research communities:

— Preservation: The reconstruction of delicate or damaged

s D
Zd

* The approach evolved naturally out of methods of
optical metrology, pattern recognition, and 1image
processing.

— Access: Mass digitization of diverse media
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History
1859 Leon Scott: Phonoautograph paper recorder
1877 Thomas Edison invents sound reproduction
on tin foil Phonograph
1885 Bell and Tainter introduce wax cylinder
1887 Emile Berliner invents disc Gramophone
1925 Western Electric Orthophonic (electrical) system
end of the “Acoustic Era”

1929 Edison production ends, lacquer transcription disc
introduced
1947 Magnetic tape in production use, Ampex 200A

* 1948 33 1/3 rpm LP introduced

* 1958 Stereophonic LP on sale, uses 45/45 system
= ° 1963 Cassette magnetic tapes
Wo.iou 1982 Compact Disc (CD)

end of the “Analog Era”

« 2001 Apple IPOD
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Mechanical Recording Principles

Cylinder: groove Disc: groove moves from
varies in depth side to side (Lateral Cut)
(Vertical Cut) y h

4.000

@2.1875 -~ 0.01-0.005inch

groove spirals around
cylinder, 100-200
tracks per inch

: v
Vertlce_ll cut -
recording, surface
varies locally. T

~< 20 microns

Audio 1s encoded in micron scale features
which are >100 meters long
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Debate during acoustic years between cylinder (constant surface speed) and
disc (ease of manufacturing and storage) technologies.

'::}I |' 7-Feb-2007 Status !
nm;ﬁ\j C.Haber



Parameter 78 rpm, 10 inch Cylinder
Cut Lateral Vertical
Area containing audio data 38600 mm? 16200 mm?
Total length of groove 152 meters 64-128 meters
Max groove amplitude (microns) 100 - 125 ~10
Groove depth (microns) 80 fixed +/- 10 varies
Groove displacement @noise level | 1.6 - 0.16 microns < 1 microns

Information 1s encoded 1n sub-micron scale
structures which are >100 meters long
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Sound Carrier Degradation

Fungus
Wax bloom

breakage

dirt warpage
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Archives and collections now transfer recordings to
more stable and accessible formats using modern
stylus players and conservation protocols. Requires
contact to the media and audio professionals.

We study the use of new, optical measuring and
image processing methods to create a digital
representation of the complete record surface, on the
computer, and then “play” 1t with a virtual needle.
This 1s a very general approach and no contact to
the record 1s required.
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Non-Contact Digital Imaging

* Preservation
— Protects samples from further damage
— Repair existing damage and debris through digital “touch-up”

— Re-assemble broken samples

* Access
— Offload many aspects of transfer to automated software

— Handle diverse formats

A “smart” copying machine for records

4| B E | Micro-photograph of shellac disc:
‘ A two dimensional image “2D”
can measure lateral grooves

Surface profile of a wax cylinder:
A three dimensional image “3D”
is required for vertical cut grooves
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The Method

» Digitally image the surface

« Cover with sequential views or grid.

« Stitched together: surface map

* Process image to remove defects

* Analyze shape to model stylus motion.
e Sample at standard frequency

* Convert to digital sound format.

» Real time playback 1s not required

 Store results as standard digital sound files
(.wav) and high resolution digital images
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2D Imaging: Electronic Camera

160 um
 — scratch
surface
—
groove
bottom

Coaxial 1llumination

i

« Suitable for disc with lateral groove
e Require 1 pixel = ~ 1 micron on the disc surface

« High speed cameras allow near “real-time” imaging
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3D Imaging: Chromatic Aberration
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3D Imaging: Confocal Scanning Probe

Required for cylinder

Surface of an Edison cylinder

Length=1 mm Pt=14591 pm Scale =18 pm

with vertical groove ’

modulation. :

Point by point scan

0.01 degree = 96 KH 3
— S Polychromatic

Point Source

—Specirometer
Spatial Filier
Sua-;)

E"l Continuum of
" monochromatic

A3 images 5. )

Ohject Surface

Up to 4000 pts/second
“_;}! 1l
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Speed and Data

m Graph grooves

400~

". n{-ra r
600 =7
m Gra
5
I

*Point by point measurement
*Exposure time per point

4.000

:

| N | Il’lllllllllllll

)

O

= 0.01-0.005 inch

-t

!

digital sampling

*Grid along time direction (red)

points per profile

Grid along axis direction (blue)

80 hours
~ 20 minutes (new multi-fiber probes)

48 KHz ~

180 probes

S

] probe

b
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Low-pass filter

fo<fsam p I e/2 P Uil

Analog waveform

ViHOﬁNR\TOUout > A i /\
AR X R AY

Commercial CD: 16 bits, 44.1 KHz
Archive spec: 24 bits, 96 KHz
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http://en.wikipedia.org/wiki/Image:Low_pass_filter.png

Segmented 1mage determines sampling

Natural segmentation
by pixel size (2D), grid (3D)
magnification, resolution

Easily time sample to 300 KHz

Amplitude sampling set by resolution
~0.3 microns / 250 microns max (2D)
~0.1 microns / 25 microns max (3D)
Not 16 bits but intrinsically linear

m Graph grooves

Amplitude
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Image Analysis (2D case)

Line Profile

255
200
1t0
100
co
0 -
[
1]

[
183

Measured width of features provide a natural noise
detection and removal tool.

3D images are analyzed in an analogous fashion
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What 1s the relationship between
“oroove” and sound?

Max. Slope = Max. Sound
Electro-magnetic case  Acoustic case

Headshall

Amplitude

% f--a_._._--’ y /
II %‘%i:-“ T\rminal
~Kggnm ;m
5 = < \ \—z
e Waveleng\b
induction Diaphragm is
over-damped to
provide flat response
V
_ : Ap —_P
Sound = Stylus Velocity 2
(“‘constant velocity condition™)
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Stylus Velocity and Fllterlng
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e Measured groove profile must be differentiated

* Variety of numerical procedures
— Implicit and explicit filtering effects
— Stylus response modeling
— Equalization
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Comparison

Data intensive

Cost

Scanning speed

Is fidelity sufficient?

Powerful restoration methods for audio already available

Non-contact

Robust — wax, metal, shellac, acetates..

Effects of damage and debris reduced by image processing
Re-assemble broken media

Resolve noise in the “spatial domain” where it originates.

Use of groove geometry.

Effects of skips are reduced or eliminated.

Distortions (wow, tracking errors, etc) absent or geometrical corrections.
Operator intervention during transcription is reduced, mass digitization.
Produce standard audio output data format (.wav)

Can archive images for future re-analysis with new algorithms.
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Projects Underway

« Concept was tested 2002-2003 leading to interest and
support from the Library of Congress and others.

« IRENE: a fast 2D optical scanner for disc records

— Digital access to the most common media + special formats
— Installed at the Library of Congress 8/2006

* 3D scans on “Edison’ cylinders
— Preservation and restoration of early and damaged recordings
— R&D with the Library of Congress and special projects

* 3D scans on plastic dictation belts
— Feasibility study for preservation transfers of damaged media
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[.LR.E.N.E.

Image, Reconstruct, Erase Noise, Etc

* Funded by NEH in 2005, installed at
Library of Congress 8/2006

« 1 year development and construction Shges
1

« Experimental “production” machine
and test-bed for future development

* Emphasize throughput and diversity
(access), scan time ~10-15 minutes

* Provide statistical measures of media
e Currently under evaluation

T
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Y Line Scanning: disc 1s in motion

A indicates radial
4.000 width of 1 sweep

direction of
azimuthal scan

direction of
radial scan

bluebird
@)

sensor field of view
projected onto surface
1 x 4000 microns

* 6000 pixels@15 K lines/s

e 7.6 x 10° lines/outer ring
— 390 KHz max sampling

* Scans @ a few x real time

* Scan time decreases linearly
with sampling!!!.

.
[Benmeiey Lanlie
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N AR distribution

Width across
Time groove bottom
Pixels =104 KHz

Measure slope

at each point oot ace dte, A hfadl ]

57.247

(stylus velocity)
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Measured profile of record warpage used to actively correct scanner focus.
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Phonoautograph Strips

* The line scanning methodology applies also to
lateral recordings on cylindrical media or on
flat sheets.

* Scanning motion would have to change
accordingly

— Linear stages
— Mandrels
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Test Discs

Comparison of tone sequence (GH curve) with IRENE

20
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dB wrt 1 KHz
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Pristine new acetate disc scanned by IRENE
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2006

Blues

33.959404


]

The following slides compare playback on various discs between a stylus
and IRENE. The selections span a range of conditions and materials.

These results are preliminary
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Goodnight Irene: Weavers 1950
late model electrically recorded shellac disc
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2006

Blues

41.012096


2006

Blues

40.54192


Johnny: Les Paul and Mary Ford
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2007

Blues

126.4633


Blues

122.51843


Silver Threads Among the Gold:

Elsie Baker 1913 Victor 17474-A
Early, acoustically recorded, shellac disc
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Blues

48.587215


2007

Blues

48.587215


Studio Test 1947 Cellulose Acetate

Mutt Carey and his New Y orkers: Shim-Me-Sha-Wabble
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Blues

55.58767


Blues

29.414082


Spoken Word Lacquer Discs
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Blues

44.538445


Testing and Validation Phase

* 9-12 months in duration in the LC Recording Lab
* Led by Peter Alyea

e Machine to be tested on a significant sample of media
— Quantitative comparisons with test (& other) records
— Variety of media types and condition
— Listening tests
— Flat and historical EQ’s
— Study scan parameters and analysis/reconstruction options

 Results to be documented and disseminated
 Possibility of a follow-on stage

— Upgrades to software and/or hardware
— Expanded media study
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3D Scans

e Measure full surface profile
— Aluminum foil
— Soft wax for original recordings and dictation
— Molded wax and cellulose, commercial
— Dictation belts
— Problematic shellac or other discs
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= DictabeltAnalyoer View
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 eranay i)

Sample at 96KHz to
minimize effect of
aliasing

Sequential axial scans

Subtract valleys from ridges to

Overall cylinder shape due to off-center,
correct for overall shape

deformation, heard as low freq rumble
(Ridges provide (approx), e i
geometrical reference) Wil T M“”*"““W’W"w

DA 7 ddt
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Sound Comparison
 The Holy City, composed by Stephen Adams,

The Edison and Skedden Mixed Quartet, Amberol 1601

Commercial cellulose release

< . Stylus
{ « Optical

& + Optical + filter + EQ I
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Blues

30.639492


Blues

28.707289


Blues

28.849274
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Response of horn and diaphragm at
low frequency can modify response and
deviations from “constant velocity”

characteristic.
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Damaged or Delicate Cylinders

* Optical restoration of commercial cylinders yields
satisfactory results

« Historical value of recorded wax cylinders 1s greater

— Earlier recordings
— Fieldwork

— Dictation

* Fungus growth and other surface i1ssues can seriously
degrade these

» A research priority for the Library of Congress
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Surface Damage = Sound Degradation

ot |

oo

*Fungus growth on wax cylinders destroys the surface
*Recrystallization alters surface texture
eImpacts unique samples — early recordings, field work, dictation

= Dictabel (A mal e View

A focus of our on-going effort

-
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Fieldwork Collections
(partial list)

Library of Congress

— Omaha Indian Music: collected by Alice Fletcher and Francis La Flesche
~1897—99

— Francis Densmore recordings
— Helen Roberts
— ~8500 cylinders
National Anthropological Archives
Indiana Univ. Archives of Traditional Music,
— Collection spans 1893—1938, ~6000 cylinders
UC Berkeley Phoebe Hearst Museum
— recordings by A.Kroeber and others, >3000 items
— Linguistics collections
University of Washington Libraries

— Pacific Northwest Native American Materials in the Melville Jacobs Collection
(and others)
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UC Berkeley Phoebe Hearst Museum holds
an extensive collection of wax cylinders
recorded by Anthropologist Alfred Kroeber
and others. This sample is from the set
recorded of Ishi (circa 1911-14).

*~._Sam Batwai, Alfred L. Kroeber, and Ishi
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Prospects

e Disc scanning (IRENE) 1s under evaluation at the Library of
Congress now.
— Speed is practical for large scale projects (many discs/day)
— Can address damaged or delicate disc media
— Signal quality, noise, algorithms under study

* Cylinder (3D) scanning 1s an R&D effort at present.
— How should it moved into practical use?

— Until recently speed looked like a significant limitation except for
prioritized preservation projects. New multi-point probes make 3D
practical for all media

— An IRENE like 3D project is the next natural step
— Evaluation would include a pilot digitization study
— Important implications for early recording history and fieldwork collections.
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Optical Scanning: Technology Roadmap

2D disc R&D IRENE Production
4 sec/ 1 sec System eval mode discs

Basic 2D concept
demonstration
40 min/ 1 sec

2006-2007 2008?

20 hr/ 1 min 3D System
: - 10 min/ 1 min

% 0
- i ] F,
! A J &+ i
- ¥ i i J '} &
¥ I. | b =
W Y R A
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Pilot
_ 9
5003.200% 200720082 (A
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Optical Scanning: A general tool to preserve and
create access to recorded sound history

Wax cylinder Shellac disc Plastic dictation belt
Web site URL: www-cdf.lbl.gov/~av

V. Fadeyev and C. Haber J. Audio Eng. Soc, vol. 51, no. 12, pp. 1172-1185 (2003 Dec.)
V. Fadeyev et al, J. Audio Eng. Soc., vol. 53, no.6, pp.485-508 (2005 June).
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