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1. Introduction
This paper discussed the application of microphotography in two dimensions (2D) to the
digitization of audio data which are held on mechanical sound carriers. This approach was the
basis of the IRENE project and the terminology “2D” and IRENE will be used interchangeably.
The original reference to this work was published in 2003 [1]. Additional information is posted
the project URL [2] and published [3,4]. The IRENE proposal was submitted to, and funded by
the National Endowment for the Humanities[5].
Microphotography in 2D is an approach to digitizing data from disc records which have a lateral
cut groove. An image is acquired from above and the groove undulates from side-to-side in the
image plane. The geometry is also described in Figure 1. Table 1 lists some of the parameters of
mechanical sound carriers. From these parameters it can be concluded that an imaging system
would need to have a resolution of ~0.5 micron in order to image coarse groove shellac and
lacquer discs (typically “78’s”). Such discs were the dominant recording medium for the first
half of the 20th century.
The goal of the IRENE project was to develop a fast, access oriented, optical scanner for pre-LP
era lateral-cut disc records. IRENE uses an electronic camera to acquire high resolution images
of lateral-cut grooves in two dimensions (2D). An example of an IRENE image is shown in
Figure 2. With suitable optics and illumination the groove bottom and certain other highlights
are sufficiently resolved with electronic photography. Due to the speed of scientific grade
cameras an entire 3 minute 78 rpm disc can be scanned in about 10-15 minutes. Algorithms
operating on these images can extract information about the groove trajectory and thereby
reconstruct the audio content. Aspects of the IRENE acquisition and analysis chain are also
shown schematically in Figure 2.
The 2D imaging used by IRENE provides a subset of the potential information which could be
retrieved by a full three dimensional (3D) imaging of the surface of a disc. IRENE extracts
information from the 2-4 high contrast edge transitions visible at any point (in time) along the
groove trajectory. This is illustrated in Figure 3. Three dimensional scanning offers the
possibility of greater redundancy, and thus higher quality reconstructions, due to the 20-30 points
measured. For this reason IRENE was proposed as an access oriented machine. Based upon the
early R&D, which led to the project, it was not clear what ultimate audio quality would be
reached. This aspect of performance is discussed further below.
Figure 4 shows the IRENE hardware and software as installed at the Library of Congress.
Audio waveforms extracted with IRENE and with a stylus are compared in Figure 5. Test scans
have been made on a large variety of media and condition including acoustically and electrically
recorded shellac 78 r.p.m. records, cellulose acetate and cellulose nitrate transcription discs,
vinyl discs, Memovox discs, and broken or cracked discs. Click reduction has been implemented
as part of the primary image processing. The effect of this can be seen in the absence of sharp
features in the IRENE waveform of Figure 5.

2. Elements of the System
IRENE consists of hardware, the scanning system itself, and two software packages, one for data
collection and control, and one for data analysis. These elements will be described here.
The IRENE hardware is shown in Figure 4 and schematically in Figure 6. The key imaging
technology is line scanning. Rather that digitally photograph an area, one line of 4096 pixels is
acquired along a radial segment of the disc, at a set of angular positions (Figure 7,8). As the disc
rotates, an encoder triggers the camera on a fixed angular interval. This interval determines the
digital time sampling of the audio waveform. As configured, IRENE can acquire 80,000,
160,000, or 240,000 lines per revolution. For a 78, 45, or 33 1/3 rpm disc, 80,000 lines
correspond to 104 KHz, 60 KHz, or 44,444 KHz sampling respectively. The higher lines per
revolution options correspond to factors of 2 or 3 respectively. Line scanning unwinds the disc
into a rectangular region with periodic associations along the top and bottom edges as shown in
Figure 8 (ie: the bottom of the nth track joins the top of the n+1th track going left to right in the
image).
The optics used in IRENE consists of a high numerical aperture 5X microscope objective
coupled to a tube containing an aperture (to control contract) and a 50/50 beam splitter. The
camera is coupled to the top of the tube with an F-mount adapter. The focal plane contains 4096
pixels 7x7 microns in size. The scanner can be read at up to 18K lines per second. Typically in
IRENE it is read at 4K-8K lines per second. Illumination is provided through the beam splitter.
The light source is a 300 Watt Xenon arc with a UV filter. The light is coupled via a 5 mm
liquid light guide. The IRENE field of view is 2 mm radially and covers about 11 tracks.
Therefore 25-30 passes are required to cover a 10 inch disc including some overlap at the edges
of each image.
Motion in IRENE is controlled for three axes; rotation of the disc, translation of the disk, and
vertical position of the camera and optics. All motion control is integrated through a dedicated
control CPU (“XPS”) which communicates with the main IRENE CPU via Ethernet. The XPS
includes a servo control loop which is programmed to execute an auto-focus procedure. A laser
displacement sensor is mounted near the region under view. As the disc rotates, the
displacement sensor registers the vertical warpage and relays that to the servo loop which moves
the optics in order to maintain a constant focus (Figure 9).
IRENE is mounted on an optical bench with air-cushioned suspension. The system is susceptible
to vibrations which, if present, are seen in the data as spurious signals.
The IRENE control and data collection software is written in LabView 8. A sample front panel
is shown in Figure 10. The user entry is a simple set of choices. Data quality can be assured by
inspection of sample images at the front panel. Data directories can be defined also from the
front panel. A number of secondary tabs exist for setting specific parameters other than defaults.
Basic operational settings are visible as well. A set of auxiliary programs exist to optimize the
focus and illumination settings. These can be called by the main control program or executed
stand-alone as well.

A typical data collection run on a 10 inch shellac disc requires 15-20 minutes. A typical scan
speed is about 50 degrees/second. In the initial configuration, for 30 passes only about 4 minutes
was spent in actual scanning. The remaining time was for setup and file handling. Recently,
with additional code, to make the file manipulation more efficient, the overall measurement time
has been reduced considerably. Each pass creates 8 images, 4096 x 10000 lines (in 80K line
mode). These images are stored as run length encoded bitmap files and are typically 25-40
Mbytes each. A simple alphanumeric naming convention automatically sequences them. Run
parameters are also written to a database for later access.
The IRENE data analysis software, referred to as RENE, is written in Microsoft C#. A typical
GUI is shown in Figure 11. The GUI allows for the determination of many analysis and
processing parameters. The code can run continuously and monitor, via the database, the
appearance of new images files which will be immediately processed. Processing time is about
1 minute for each of the 25-30 passes required to cover the disc. At present, data analysis is the
slowest step in the process. It may, in the future, benefit from faster processors, additional CPU,
or further use of threading.
The data analysis proceeds through the following steps:
a) Tracking: the path of the groove is determined
b) Edge detection: an algorithm identifies the high contrast transitions within the tracked road.
Smoothing functions can be applied across the feature.
c) Filtering: data is logged on the groove with, position, and intensity (brightness). Samples
falling outside user determined cuts are eliminated and interpolated across. Cuts can be
applied independently or logically ANDed.
d) Low pass filtering, resampling, differentiation, and smoothing: Data can be down-sampled to
a convenient digital rate. A low pass filter is first applied. To model the stylus response, the
measured groove shape is differentiated. Differentiation can be applied over various sets of
points resulting in more or less high frequency roll-off. The default, and least biased
algorithm, known as “FD1” differences every pair of points. It results in an ideal “flat”
digital response, in audio parlance.
e) Scaling: the data is typically written as 16 bit samples. A universal scale is used to equate all
measurements. The maximum amplitude (32768 counts) corresponds to an edge deviation of
10 pixels in one time sample. For a “typical” recording the maximum peak-to-peak
amplitude is then about -6 dB (50% of full scale).
f) Output: the data is written out to WAV fomat.

3. Performance Overview and Expectations
In terms of performance expectations there were two key “unknowns” at the outset.
a) What fraction of media would be suitable for IRENE to scan? A study was done when
the IRENE proposal was written (2004) to determine the image quality of shellac and
acetate discs. It was found, based upon criteria established at the time, that about 65% of
discs were GOOD, 25% were FAIR (might work), and 10% were POOR. It was found
now that, essentially, IRENE can image nearly all discs although the sound quality of the

POOR remains very low. In practice there is little distinction between the old GOOD and
FAIR categories, on average. Both can be imaged and reconstructed with few errors.
b) What will be the ultimate audio quality and baseline noise level? Stylus playback is
determined by the quality of the groove wall (Figure 4). IRENE instead images the
groove bottom, which is traditionally not used in mechanical playback. A main result of
the IRENE study is that broadband “white” noise (hiss) is determined by the image
quality of the groove bottom. Typically lacquer discs, being composed of relatively finegrained, and reflective material, image well (Figure 12). Shellac discs, being composed of
a coarser grained material, and optically more diffuse in reflectivity, exhibit significant
fine scale features. (Figure 13) The noise levels reached on lacquer discs approach the
theoretical limits for the optical and analysis specifications inherent to IRENE. For
shellac the broadband noise levels are higher and that is a fact about the nature of the
shellac media. A number of potential effects on the broadband noise have been
investigated for shellac discs. These include exposure time, illumination, numerical
aperture, edge detection parameters, and median filtering on the image. No measurable
improvement was found by varying these factors. This suggests that the inherent noise,
in the image, is larger that the effect due to any of these. This remains an ongoing aspect
of the investigation.
4. Evaluation
The main areas of test and study are listed here.
1. Frequency response: George Horn of Fantasy Studios, and a member of IRENE Advisory
Board, kindly provided new lacquer tone test discs. A comparison of reconstructed
amplitude as compared to that which was cut (GH curve) is shown in Figure 14. IRENE is
able to reconstruct amplitudes upto the 15 KHz limit of these tone test discs. IRENE uses an
intrinsic bias by taking a pure numerical derivative of the measured groove shape. This
amounts to a simple 6 dB/octave rise with frequency. Interestingly, this bias overestimates
the signal at high frequency by a few dB.
2. Broadband noise: Many scans of shellac and lacquer discs have been performed and
compared with stylus playback of the same material. One aspect of this has been to compare
the IRENE signal to noise ratio with stylus playback. It has been observed that broadband
noise varies considerably across media types. Measurements on pristine lacquer discs
suggest that IRENE itself (optics, motion, resolution) contributes minimaly to the broadband
noise. In the case of shellac discs, the broadband noise is generally higher than a stylus
playback of the same material. A broad range of studies (item 3 below) suggest that these
results are characteristic of the shellac media and how the groove bottom images (Figures 12
and 13). Further studies with additional light sources support this conclusion. A typical
measurement of the noise levels among media and methods is given in Figure 14 and
discussed in the caption therein. At 1 KHz the noise levels are given in the table below.

Material
Typical audio content on a shellac disc
Same disc, quiet track IRENE
Clean shellac disc, stylus version
Pristine acetate, IRENE

Noise Level at 1 KHz, below reference
Defined as a reference in Figure 13
20-25 dB
30 dB
34 dB

3. Clicks. Pops, and Crackle: Discrete noise in discs results from small scratches, debris, and
broad stylus wear. The IRENE analysis “deletes” most clicks and pops which are recognized
as not matching the groove image characteristics. Figure 11 displays some of the data quality
cuts used in the IRENE analysis. Crackle, due to broad stylus wear, is generally absent or
much reduced since IRENE measures the groove bottom which is generally untouched by the
stylus.
4. Parametrics: The IRENE data collection and analysis chain includes many variable
parameters such as illumination, sampling rate, edge detector threshold and smoothing, focus,
and differentiation algorithm. Studies of the effect of these and others on signal to noise and
frequency response have been performed. The broad conclusion of this study is that the
broadband results of an IRENE scan and analysis are rather insensitive to all these
parameters as long as they are in a reasonable range.
5. Alternative lighting: Scans have been made and reconstructed with alternative side lighting.
Fixtures have been developed for this as well. This is shown in Figures 15 and 16. The idea
of side lighting is to pick additional features higher up the groove wall which may provide a
redundant measurement of the sound. Signal to noise is indeed be improved with additional
averaging as suggested in Figure 16. The practical aspect of sidelight is a complication of
the data collection and analysis process. Additional development would be required to put it
into regular use. Perhaps a subset of all discs would respond well to this approach.
6. Focus: IRENE benefits from high spatial resolution at the expense of depth of field. Due to
warping of many discs the IRENE optics must be kept in real-time focus during the
measurement. Initially IRENE was deployed with an auto-focus system using a laser
displacement sensor which tracked the disc surface coincident with the data collection
(Figure 7). A second process was tried as well. In the second process the same laser sensor
is used to first scan the entire disc to create a fine surface height map. During data taking this
map is accessed and interpolated, in real-time, to control the focus of the camera.
Considerable effort was expended to perfect the focus procedures. Finally it was determined
that the weight of the optics was too great for the focus control motor. It was replaced with a
higher performance motor which performed more reliably. Good focus tracking was found
to be a critical issue for signal to noise performance and fidelity.
7. Defect rejection: Worn discs exhibit a variety of defects such as scratches, cracks, and stylus
induced damage or wear. The IRENE analysis system is seen to track directly through
scratches and cracks which are significant enough to make a stylus skip (Figure 18). IRENE
can also handle a certain types of damage and wear (Figure 19) more readily than a stylus.

8. Broken discs: If the pieces of a broken disc are placed together on the turntable IRENE can
scan them and reconstruct the sound. See Figure 20. For complicated fragment shapes
additional software will be needed to aid the tracking algorithm in making the correct
connections between edges.
9. Risk management: Care has been taken in the design of IRENE to prevent accidental damage
to disc on the machine. This aspect has been studied and various features added or tuned as a
result. These include the following
a. Camera motion: hardware prevents the camera from ever coming into contact with the
disc
b. Turntable motion: a “gentle” rotation cycle option has been added so that broken disc
fragments are not shifted or expelled by rotational forces.
c. Illumination: the Xenon light source is interlocked in software to the rotational stage
motion to prevent any potential for heating of the disc surface. This occurs both in the
control program and in an autonomous control loop running on the XPS. UV filters have
been added to the lamp as well. Tests of temperature rise on stationary and moving
samples were made to ensure that discs would not experience any unusual temperature
excursions.
10. Software integration: The IRENE image capture and analysis software have been
interconnected through a “runs” database. New files created by the IRENE hardware can be
automatically analyzed for audio extraction.
11. Examples: To characterize the performance and features of IRENE a set of “canonical”
examples are chosen.
Sound clips are posted on a link at the project URL
(irene.lbl.gov\page2.html). Where available, stylus versions are included as well. These
examples are described here.
a. Pristine acetate disc: “Proud Mary” (Creedence Clearwater Revival): This disc was
prepared by George Horn at Fantasy Studios on a cutting lathe.
b. Good condition shellac disc: “Double Check Stomp” (Duke Ellington, Bluebird 6450,
1930) The stylus version is relatively free of clicks but wear related crackle is present.
The IRENE version is a good illustration of the characteristic broadband noise.
c. Shellac disc with a skip and distortion: “Johnny” (Les Paul and Mary Ford, Capitol
2486, 1953) This example is similar to a) but also has a clear skip which IRENE
“repairs” (Figure 18). It also shows more linearity at high amplitude than a stylus
playback of the same disc. While certain skips can be handled by a stylus using
standard strategies, IRENE, in this case, is seen to handle them automatically.
d. Very worn, acoustic shellac disc: “Chattanooga Blues” (Ida Cox, Paramount 12063,
1923) This example includes severe stylus damage which creates loud distortions in

the stylus playback (Figure 19). To a significant extent IRENE is able to track
through these successfully.
e. Very worn shellac: “Hemlock Blues” (David Lee Johnson, Gruvtone 106, 1950’s)
f. Broken shellac disc: “Iolanthe” (Victor 1930) As shown in Figure 20 a section is
broken off this disc. The sections were placed in relative alignment and IRENE
scanned though the split successfully. In general, if the fragment-to-fragment
alignment is off by a significant fraction of a groove width, additional code will be
needed to enhance the IRENE tracking.
g. Large lacquer radio transcription disc, good condition: (“The Greatest Story Ever
Told #175” ~1950) The lower broadband noise is apparent here as compared to
shellac discs.
h. Early lacquer disc: (Radio interview with Theos Bernard ~1929)
5. Outstanding Problems
The studies and evaluations discussed above have explored much of the performance aspects of
IRENE. The only outstanding technical problem known, at present, concerns low level noise in
the light source. This is an effect seen in Figure 15. It is not a concern for most audible content
but does obscure full measurements of the ultimate noise floor. It is being actively studied in
Berkeley and at the light source vendor. The vendor is keen to eliminate it.
6. Work Remaining
In its present form, IRENE is usable by experts on a wide range of disc media condition and
format. While many cases execute with default parameters, the best results often come with
iterative adjustment to the analysis or sometimes the data taking conditions. For IRENE to play
a role in an archive, more of these features needed to be automated, or presented as well
developed presets. Additional development needs to be done to make the software robust in this
regard. In a schematic sense this would require a pre-analysis pass which would analyze images
and dynamically determine the values of cuts or other analysis parameters.
Additional studies of signal and image processing may enhance IRENE’s performance. For
example, a more complex stylus model (beyond FD1) may have some effect on the noise
performance and reduce the amplitude overdrive at high frequency.
Other, features would make IRENE more convenient. Examples are processes to determine
groove start and stop positions, and a faster focus and illumination calibration. Additional
computing hardware would relieve some of the processing burden and accelerate the data
analysis as well. Preliminary work on these aspects has been undertaken with generally
promising results.

7. Conclusions and Outlook
The goals of the IRENE project have been largely met and significant insight has been gained
into optical scanning of mechanical sound carriers. With further refinements of software,
IRENE could be used as a tool in a working archive. IRENE can reconstruct audio and reduce
discrete noise sources, including clicks and pops, and crackle. Broken and heavily damaged
samples can be reconstructed. Broadband noise on shellac discs is typically larger than found
with a stylus playback. Studies and analyses of the noise, including measurements with
alternative lighting, indicate it will be further reduced with more redundancy. The use of 3D
scanning is a clear direction for the future offering a significant increase in redundancy with
measurements of the groove wall. This is an aspect of the later 3D project using confocal
microscopy.
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Tables
Table 1: Parameters of various mechanical sound carriers.
Parameter
Coarse
Micro-Groove
Cylinder
Diameter inches
10-12
12
2-5
Revolutions per minute
78.26
33.3333
80-160
Groove width at top
150-200 m
25-75 m
variable
Tracks/inch Gd
96-136
200-300
100-200
(mm)
(3.78-5.35)
(7.87-11.81)
(3.94-7.87)
Track spacing
175-250 m
84-125 m
125-250 m
Fixed Groove depth
40-80 m
25-32 m
NA
Ref level peak velocity@1kHz
7 cm/s
7 cm/s (11
unknown
m)
Maximum groove amplitude
100-125 m
38-50 m
~10 m
Noise level below ref, S/N
17-37 dB
50 dB
unknown
Dynamic range
30-50 dB
56 dB
unknown
Groove max ampl@noise level 1.6 - 0.16 m
0.035 m
<1 m
Max/Min radii mm
120.65/47.63
146.05/60.33
fixed
2
2
Area containing audio data
38600 mm
55650 mm
16200 mm2 (2’’)
Total length of groove meters
152
437
64-128
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Figure 1: Description of the lateral cut disc record. Top left is am image of a disc. Top center
shows a stylus riding the in the spiral groove. Top right is a photomicrograph of the groove
about 0.75 mm across, The wide white regions are the record surface. The black are the groove
walls which slope at 45 degrees. The narrow white line is the groove bottom. Lower plot shows
a cross section of the groove. Vertical scale is in microns, horizontal scale is in millimeters.
Sound is encoded in the left to right movement of the groove.

Width across
groove bottom

Time pixels = 104 KHz
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(stylus velocity)

Average
Filter using width cut

Figure 2: Upper left shows a detail of the IRENE scanner. Shellac disc is on the turntable.
Objective is at center. A laser displacement sensor is at right and is used to maintain focus, even
if disc is warped. At the middle right are shown acquired images and the result of edge
extraction. For these high resolution IRENE images of a shellac 78 rpm disc, coaxial
illumination is used. Bright regions are flat. Narrow line is the groove bottom, approximately
10 microns in width, as imaged. Black regions are the sloping groove walls. The groove bottom
width distribution at upper right is a basic noise reduction tool. Edges found outside this
distribution are due to scratches and debris. A filtered waveform is shown at lower right
mapping the groove displacement versus time. At lower middle is a differentiated version of this
representing the stylus velocity. This is related to the audio, lower left, by simple scale factors.

Figure 3 : Upper plot shows a disc image acquired with IRENE. Audio content is extracted from
sharp contrast features seen in the image, particularly the dark to light transitions which occur
along the groove bottom.. Lower plot shows a 3D scan for one time slice (represented by the
orange line). IRENE extracts data from significantly fewer points as there are at most four high
contrast edges per track per time slice. 3D can benefit from the redundancy of 20-30
measurement points.

Figure 4: The IRENE hardware in place in the Recording Lab at the Library of Congress.
Camera and optics are mounted vertically on support arch. Turntable holds disc on motion
stages. Motion control computer and light sources are below. Main CPU and displays are to the
left. A screen detail is inset with groove images and data quality plots displayed.

Figure 5: Detail of waveform (50 milliseconds) from IRENE extraction (upper) and stylus
playback (middle). Bottom plot shows comparison of frequency spectra of an 8 second segment.
The dark(light) blue curve is from stylus (IRENE) playback.

Figure 6: Schematic of hardware: Too detailed to fit in this space.

Figure 7: Concept of line scanning as applied in IRENE

Figure 8: Unwound image from one 360 degree pass of the data collection. Virtual stylus enters
at blue arrow. Red arrow point wraps around to position of green arrow, and so forth. A perfect
spiral, centered, would appears as diagonal lines here. The significant deviations are due to the
disc being off-center and distorted. The distance across this image corresponds to 2 mm on the
disc surface. There are 4096 horizontal and 80000 vertical pixels in the image represented by
this figure.

Figure 9: The IRENE auto-focus system. Laser displacement sensor monitors warp as disc
rotates. Measured warp is shown at lower right, scale is millimeters.

Figure 10: IRENE control program front panel display. Text field at top is for file name entry.
Magenta window displays operating parameters including run progress (blue). User instructions
are given in “step list” which includes useful settings. Display at right is a segment of the
current image. Tabs give access to additional settings.

Figure 11: IRENE analysis GUI. Left panel contains all analysis parameter options. Plot at
upper right is a summary of all the images being analyzed (one pass). Plots at lower right are
(from top to bottom) width of the groove bottom along a short selectable segment, position of the
groove bottom, and brightness of the groove bottom. Black sections in the middle plot are places
where the code repaired a region which fell outside cuts set for width, deviation, or brightness.
Diagram at lower left shows numbers of defects found for each of the three cuts.

Figure 12: Lacquer disc image example. Note the smooth and continuous appearance of the
groove bottom. This is quite typical of lacquer discs.

Figure 13: Shellac disc image example. The groove bottom has significantly more texture and
variation at high spatial frequency along the groove direction. This leads to broadband noise.
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Figure 14: IRENE test disc frequency response are the pink squares. As cut are blue diamonds.

Figure 15: Comparison of noise spectra from various media and methods. Orange is IRENE
measured typical audio content from a shellac 78 rpm disc (Double Check Stomp), ~ -50 dB at
the 1 KHz bin. Dark blue is the IRENE measured noise on the lead-in track of this same disc, 72 dB at the 1 KHz bin. Green is the stylus noise level of a clean shellac disc (Double Check
Stomp), measured at the Library of Congress, -80 dB at the 1 KHz bin. Light blue is the IRENE
measured noise of a pristine lacquer disc (Fantasy tone test disc), -83 dB at 1 KHz. The peak at
1500 Hz is due to 120 Hz (line) variations in the light source, see section 5. The IRENE noise is
seen to rise faster at high frequency than that measured by a stylus. This can be “corrected” by
an equalization curve if a goal is to match the stylus response.

Figure 16: Image shows side lighting attachment installed on IRENE objective.

Figure 17: Upper left shows normal coaxially illuminated image. Upper right shows same region
illuminated with two beams incident from the sides. Lower plot compares frequency spectrum
for various cases. Light blue is IRENE with vertical light. Dark blue is stylus. Purple is vertical
plus side lighting averaged. Effect of additional averaging is apparent.

Figure 18: Effect of large scratch on stylus and IRENE. Image at top shows location of scratch.
Upper waveform is the stylus response including a significant recoil. Audio skips tracks here.
Lower waveform is IRENE response in the same area. There is no skip, (Note that the lost data
in the stylus waveform has be “cut” from the lower plot in order to display the two clips in
coincidence.)

Figure 19: Heavily damaged shellac disc (Chattanooga Blues). Top frame shows a clear
separated crack in the disc. The green curve at upper right indicates that IRENE successfully
interpolates across the crack. Lower frame shows severe stylus wear which leads significant
distortion in stylus playback (see example). Instead, IRENE is largely able to repair these
defects.

Figure 20: IRENE reconstruction of a broken disc with uninterrupted waveform at right.

