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Methods and Apparatus Having Borehole Seismic Wavelorm Compression

CROSS-REFERENCE TO RELATED APPLICATIONS
The present application claims priority to Provisional U.S. Pat. App. No. 61/543,616,
titled “Methods and Apparatus Having Borchole Seisroic Waveform Compression” and filed

(ctober 5, 2011, This application is hereby incorporated herein by reference.

BACKGROUND

Current development of logging/measuring while drilling have enabled the development of
new seismic tools that acquire and fransmit seismuc data in real time during the drilling process
without impairing rig operations. This Seismic While Drilling (SWD} technology may
significantly jrapact (posttively) the cost of exploration and development dritling, particularly 1o
deepwater environment and other arcas with significant seismic uncertainties. The primary
application of SWD 1s to locate the well properly n the seismic section so the driller can guide
the well towards a target. SWD can further aid the driler with other drilling decisions inchiding
setting, coring, and casing points; drilling hazard avoidance; and overpressure zone
identification.

In SW, tme-domain waveforms are captured by digitizing signal responses of a rock
forroation fo an acoustic source at remete point relative to one or more wicrophoues {e.g.
hydrophones and/or geophones). Processors at the surface process the seismic time-domain data
and translate it into a space-domain representation. In order to accomplish this, these processors
employ a velocity model, which s usually estimated from the seismic data itself. However, the
errors associated with these estimates can be quite large, especially in exploration arcas where
well mformation is scarce or non-existent. Such errors may result in the reflectors {and thus
targets) being placed incorrectly n space. In order to properly place the well that s being drilled,
cither the seismic versus timne profile or seismic versus depth profile 1s desived. Both of these can
be achicved via SWE.

Seismaic while drlling can poteutially be done i at least three distinet ways: 1) using a
downhele source {active or drill bit) and surface receivers; 2} using an active SCismic source on

the surface and one or more receivers downhole; 3} using both a downhole source and downhole
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receivers. The carly commrnercial SWD services emploved the fivst approach. However, with the
advance of PDC bits, the drill bit signal was found 1n many stfuations to be too weak to serve as
a useful sersmic source.

The latter two options employ downhole receivers. Conventional drilling systems employ
notoriously low-data-rate mud pulse telernetry systems to conununicate downhole measurcrocnts
to the surface. The bandwidth constraints of such systems make it infeasibic to cormunicate all
of the collected waveforms to the surface for processing, visualization, and inferpretation.

Previous atierapts to address this issue are believed to be madequate.

BRIEF DESCRIPTION OF THE DRAWINGS

Accordingly, there are disclosed in the drawings and the following description specific
apparatus and method embodiments employing borehole scismic waveform compression o at
lcast partly address this issue. In the drawings:

Fig. 1a shows an illustrative SWD setup with acoustic waveforms generated by the bit.

Fig. 1b shows an illustrative SWD setup with acoustic wavetorras generated by an atr-gun.

Fig. 1¢ shows an illnstrative clock synchronization technique.

Fig. 2 shows an dlustrative graph of raw, unfiltered SWD waveforms captured at different
depths.

Fig. 3 shows an illustrative 8 mch Seismnic While Drilling Tool.

Fig. 4 shows ustrative overlaid received and band-passed filtered acoustic waveforms
from S air-gun check-shots.

Fig. S shows an illustrative Kaiser band-pass filter to remove 0Hz offset and frequencies
above 100Hz.

Fig. 6 compares tllustrative spectral content of the origimal and filtered signal.

Fig. 7 shows an illustrative individual received waveforms corresponding to an air-gun
check-shot.

Fig. 8 compares an Hustrative “stacked” waveform with the individual filtered check-shots
at the original sampling of 2035Hz.

Figs. 9a and 9b corpare a first illustrative stacked and recounstructed waveform with

different compressions.,
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Figs. 10a and 10b compare a second illastrative stacked and reconstructed waveform with
different compressions.

Figs. 1la and 11b comparc g third illustrative stacked and reconstructed waveform with
different compressions.

Fig 12 is a block diagram of an illustrative encoder that provides borchole seismic wavetorm
COTPTEssion,

It should be understood, however, that the specific embodiments given in the drawings and
detatled description thercto do not livut the disclosure, but on the contrary, they provide the
foundation for one of ordinary skill to discern the alternative forms, equivalents, and
modifications that are cncompassed with the given embodiments by the scope of the appended

claims,

DETAILED DESCRIPTION

Fig. | shows an illustrative seismic while drilling (SWD) environment. A drilling platform 2
is equipped with a derrick 4 that supports a hoist & for raising and lowering a drill string 8. The
hoist 6 suspends a top drive 10 suitable for rotating the drill string 8 and lowering the dril string
through the well head 12, Connected to the lower end of the drill string 8 is a daill bit 14, As but
14 rotates, it creates a borehole 16 that passes through various formations 18. A pump 20
circulates drilling fluid through a supply pipe 22 to top drive 10, down through the interior of
drill string 8, through orifices in drill bit 14, back to the surface via the annulus around drill
string §, and into a retention pit 24, The drilling fluid transports cuttings from the borchole into
the pit 24 and aids 10 mawntaiming the ntegrity of the borchole 16,

A logging tool suite 206 is integrated into the bottom-hole assembly near the bit 14, As the bit
14 extends the borehole through the formations, logging tool 26 collects measurements relating
to various formation properties as well as the tool orientation and various other drilling
conditions. During pauses in the drilling process {e.g., when the drill string 8 is extended by the
addition of an additional length of tubing), the tool suite 26 collects seismic measurements. As
the pump 20 is normally off during this extension process, the downhole environment is
generally quiet during these pauses. The bottomhole assembly can be configured to
automatically detect such pauses and to inttiate a programrnable fime window for recording any

recetved scismic waveforms.
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At predetermined time itervals, a seismic source 40, ¢.g., a surface vibrator or an air gun, 8
triggered to create a “shot”, i.e., a burst of scismic energy that propagates as seismic S-waves
and/or P-waves 42 into the subsurface. Such waves undergo partial transmission, reflection,
refraction, and mode transformation at acoustic impedance changes such as those caused by bed
boundaries, fluid interfaces, and faults. The tool suite 26 includes seismic sensors to detect the
modified seismuc waves reaching the bottorshole assembly. Data is recorded 1o downhole
memory when cach shot is fired on the surface. The tool suite 26 (and the other system
componenis) has a high-accuracy clock o ensure that the recorded measurements” timing can be
synchronized to the timing of the shot. One possible synchronization approach 18 to synchronize
the bottomhole assernbly clock to the clock information 1n the Global Positioning System (GPS)
prior to insertion into the borehole.

The tool suite 26 may take the form of one or more dril collars, 1.¢., g thick-walled tubulars
that provide weight and rigidity to aid the drilling process. The tool suite 26 further includes a
navigational sensor package having directional sensors for determining the inclination angle, the
horizontal angle, and the rotational angle {aka. ool face angle™) of the bottombhole assembly
(BHA}. As is commonly defined in the art, the inclination angle is the deviation from vertically
downward, the horizontal angle is the angle in a horizontal plane from trae North, and the tool face
angle is the orientation {rotational about the tool axis} angle from the high side of the wellbore, In
accordance with known techniques, directional measurements can be roade as follows: a three axis
accelerometer measures the earth's gravitational field vector relative to the tool axis and a point on
the circumference of the tool called the Mool face scribe line”. (The tool face scribe line is typically
drawn on the tool surface as a line parallel to the tool axis.) From this measurement, the inclination
and tool face angle of the BHA can be determined. Additionally, a three axis magnetometer
measures the carth's magnetic field vector i a similar manner. From the combined magnetoreter
and accelerometer data, the horizontal angle of the BHA may be determined. Inertial and gyroscopic
sensors are also suitable and usetuld for tracking the position and orientation of the seisruic sensors.

A mud pulse telemetry sub 28 1s included to transfer measurement data to a surface receiver
30 and to receive commands from the surface. The telernetry sub 28 operates by modulating the
flow of drilling fluid to create pressure pulses that propagate along the fluid cohmn between the
bottom-hole asserubly and the surface. (Mud pulse telemetry generally requires a tlow of drilling

fluid and thas is not perforroed while the pump s oft)
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The mud pulse telemetry veceiver(s) 30 are coupled fo a data acquisition system that
digitizes the receive signal and communicates it to a surface computer system 66 via a wired or
wircless link 60. The Huk 60 can also support the transmission of comumands and configuration
information from the computer system 66 to the bottomhbole assembly. Surface computer system
66 1s configured by software {shown in Fig. 1 in the form of removable storage media 72) to
monitor and conirol downhole instruments 26, 28, Systern 66 ncludes a display device 68 and a
user-input device 70 to enable a human operator to interact with the system control software 72.

Thus SWD systems can be broadly partitioned into two components: a surface systemn and a
downhele system that work in a synchronized fashion. The surface system may include an
acoustic source 40 and at lcast a single processing unit 66 typically executing microcode to
control the actuation of the acoustic source. Other embodiments may involve dedicated hardware
to control the actuation of the acoustic source 40. Ofien the acoustic source 40 may be an atr-gun
or a seismic vibrator (e.g. Vibroseis) possibly fired/vibrated within predetermined time intervals.
They operate to excite an acoustic signal that propagates through rock formations to the
dowuhole systerns. For offshore operations, the acoustic signal may propagate through waler
addition to a rock formation.

As described previously, the downhole SWID component may be a part of a Logging While
Drifling (LWDB) or Measurement While Drilling (MWD} subsystern used in providing L/MWD
services, respectively. The teachings herein may also apply to wireline services, in which the
downhole component is part of a wirehine logging sonde. An dlustrative Logging While Drilling
(LWE) downhole system providing SWD services may include at least one embedded
processing systemn capable of synchronizing operations with predetermined time intervals also
used by the surface system, receiving at least one copy of the acoustic signal from the
surrounding rock formation, digitizing and storing of the received acoustic signals, and
compression and fransmission of at least some of the received acoustic signals to the surface
systern. In typical embodiments, the surface subsystem may download or configure the
predetermined timae intervails within the downhole subsystem at the surface prior to entering the
borehole via communication hink (tethered or otherwise).

The digitizved acoustic signals acquired during the predetermined time intervals are
compressed. Dhgital waveformn compression of received waveforms may be used with cither

LWD or MWD services for cither or both storage and transmission. For storage, the waveform



10

15

20

WO 2013/052423 PCT/US2012/058330

compression’s utility les in the ability to increase the storage density of a given fintte FLASH
memory, or other non~veolatile memory. Thus, digital waveform compression may enable more
recorded wavetorms for either additional accuracy or for longer operation periods relative to a
comparable LWD downhole apparatus without compression. For transmission, the waveform
compression’s utility focuses on incressing the throughput of digitized wavetorms through a
commmunication channel when transmitted to the surface systems i addition to any possible
improved storage density. Thus, compression may enable timely transmission of digitized,
recetved waveforms at an effective data vate that enables real-timme SWD service and does not
negatively impact other MWD services. For wircline systems, compression benefits are similar
to L/MWD benefits with the possibility of additional waveform sampling densities, t.¢. more
waveforms per Hinear foot.

As an alternative to predetermined timing intervals, the shots {and recording intervals) may
be event driven. For example, they may be actuated by commands from the surface computer
system 66, which can be comnmnnicated via mud pulse downlink telemetry or via cycling of the
cirenlation pump between ou and off states. As another exaruple, the timing roay be set as part of
the pump cycle. A pump cycle is where the surface mmd pumps are cycled between off and on
stafes, ¢.g. “on to off to on” s a full eycle.

The ability to detect these events may exist elsewhere m the /MWD subsystem, and
through an inter-tool communication systern, the downhole SWD component receives a moessage
indicating such an event occurred or a command to act in response to the event. In these
embodiments, the downhole apparatus listens/montior {receives) for trailing acoustic retlections
oft of surrounding rock formations, 1.¢. “echoes.” The digital waveform compression of at least
one digitized acoustic signal received facilitates cither or both storage and/or transmission
PUrpOSes.

The source 40 need not be on the surface, and in some contemplated embodiments, it is
included as part of the drillstring. For cxample, the downhole scismic subsystems may further
inchide a piezoelectric transducer such as those found in Halliburton’s Acoustic Caliper and/or
SONIC/BAT downhole tools. The triggering of the downhole source corresponds with the timing
of the recording intervals, e.g., in an eveni~driven fashion or at predetermined timae intervals

contigured by the surface system prior to the downhole system entering into the borchole.
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The following references supply additional detail which may prove helphul to the
understanding of SWD concepts berein. They are hereby incorporated berein by reference:

[1] Fuxian Senp, H. Sadi Kuleli, M. Nafi Tokséz, Erkan Ay, and Haijiang Zhang, An
fmproved method for hydrofracture-induced microseismic event detection and phase
picking, Geophysics, Volume 75, Issue 6, 2010,

[2] Gary Althoff and Bruce Cornish: Halliburton Energy Services; Georgious Varsamis,
Balaji Kalaipatti, Abbas Arian, Laurence T. Wisniewsky, Joakim O. Blanch and Arthur C.
Cheng; SensorWase Inc., New Concepts for Seismic Survey While Drilling,; SPE 90751,
2004,

{31 Jakob B.U. Haldorsen, Cengiz Esmersoy, and Andrew Hawthorn, Schlumberger; Mary L.
Krasovee, Massachusetts Institute of Technology: Sue Ratkes, Toby Harrold, and David
M. Day, BP ple; and James D. Clippard, Shell E&P Technology Co., Optimizing the Well
Construction Process: Full-Waveform Data From While-Drilling Seismic Measurements
in the South Caspian Sea., SPEAADC 79844, 2003,

{41 Paul S. Earle, and Peter. M. Shearer, 1994, Characterization of global seismograms using
an automatic-picking algorithn: Bulletin of the Seismological Society of America, 84,
366-376

[S1T. Harrold, A. Poole, L. Nelson, A. Hawthorn, W. Underhill, Seismic Measurement
While Drilling in Azerbaijan and Brazil, In Proceedings of TADC/SPE Dnlling
Conference, Dallas, TX Feb 2002,

[6] Anchliva, A Review of Seismic-While-Drilling (SWD) Technigues: A Journey From
1986 to 20085, In Proceedings of SPE Europe/EAGE Annual Conference and Exhibition
held in Vienna, Austria, 12-15 June 2006.

The received acoustic wavetorms contain useful information for drlling purposes. When
available at the surface, the received acoustic waveforms may be plotted across time and depth to
construct g seismic image {see, e.g., Fig. 2). The challenge, then, is to communicate the reccive
acoustic waveforms from the downhole tool that receives these waveforms {deep within a
borehole) to the surface coraputer systern. Ideally, full wavetorras would be sent uphole for real
time processing, visualization and interpretation {Fig. 2}, but such is not feasible. Iudeed, in
nany Cases it maay cven be infeasible to just store all of the recorded waveforms in the tool’s

memory. Accordingly, there s disclosed herein digital compression techuiques to facilitate
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communication of an adeqgoate number of wavetorms to the surface for near real time analysis
and to further facilitate the storage of a greater muraber of waveforms in a memory of a given
capacity. The disclosed corapression techniques are applicable not only to mud pulse telemetry
sysiemas and data storage, but also for use with other telemetry systems (including, e.g.,
clectromagnetic telometry, acoustic telemetry, and wircline telemetry).

Oue dlustrative B-inch SWID tool captures acoustic waveform data wn the following format:
32 bits/sample at a sampling frequency of 2035 samples/sec for at least 2 minutes for cach of
eight acoustic recetve fransducers {4 hydrophounes and 4 geophones). Thus without additional
signal processing and compression o reduce the aggregate bit count, the total digitized received
set of waveforms total is ¥ signals x 32 bits/sample x 2035 samples/see x 120 see = 62,515,200
bits, i.e. 7,814,400 bytes. Even given an aspirational mud pulse telemetry rate of 15 bits of
information per second, the total time to transmut is 48.23 days. Even one transducer for 0.5
second consists of 32 x 2035 x 8.5 = 32,560 bits and would take ~36 minutes io transmit with the
rate of 13 bits/see, a prohibitive time interval for drilling operations relying on MWD for
information other than a SWD wavetorm.

A more typical mud pulse telemetry rate is ~3 bits/sec, pushing the time to transmit a single
0.5 sec waveform to ~3 hours. For a more manageable SWD systern relying on mud pulse
telemetry, we believe a single processed digitized recetved waveform should be compressed o
ne more than about ~190 bits. The methods disclosed herein can accomplish this, putting the
transmission time on the order of 1 mimute for 3 bits/sec telemetry rates. At every stand (3
sections of pipe or ~90 fect), the 1 minute taken for SWD waveform teleractry is quite acceptable
and should not affect negatively other drithing operations relying ou voud pulse telemetry. Even
when limited to less than 200 bits per waveform, we can provide SWD waveforms of sufficient
quality to provide usclul information for the driller during the current drilling run without poalling
out of the hole for a tool reading.

A suitable goal for the disclosed implementations of SWD technology would be to produce
“Vertical Seismic Profile” sarveys in real-time, where the full seismaie wave forms are prompily
sent to surface via mud pulse telemetry. In this context, a “full” wave forrn is a time-domain
waveform in, say, a 512 msec window around the first break arrival time. A series of such
wavctorms would enable the scismic velocity profile to be continuously updated to facilitate the

proper positioning of the well in the seismic time/location. Real-tivae VSP aualysis with full
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seismic waveforms further assists i wdentifying/interpreting reflections and corridor stacks for
seismic ties and look-ahead applications, and saves the extra time and money that might
otherwise be spent on a wirchine VEP survey for the same purpose.

The disclosed methods and apparatus may adaptively adjust the filtering, sampling and
quantization of received acoustic wavetorms, with a quality measure that uses a plurality of
perceptual parameters relied on by seismic analysts to interpret Vertical Seismic Profiles. The
resulting data compression facilitates the storage and/or transmission of a plurality of digitized
recetved seismic waveforms that retain foatures important to seismic log-analysts for recorded
and/or real-time applications. Many embodiments both at the surface and downhole allow for
user defined/customized weighting pararnciers that may be used in a weighted linear fashion
and/or in a nonlinear gateway fashion (i.c. if the break time is less than sowe threshold, then
check the weighted perception parameters against another threshold, e.g. sign, amplitude, mean-
squared error}.

Fig. 3 shows an illustrative compression process for the received digital waveforms. A high-
accuracy clock 302 for the tool is synchronized to that of the surface systerns, e.g., by means of a
GPS reference clock before the tool is deployed downhole. (Other synchronization techniques
are known and may be employed.) The downhole tool determunes the recording tivoe miervals
and sampling tiraes based at iecast in part on the clock 302, A tool module 304 for data storage
and/or coramunication to the surface tags the measurernents with a tume reading from the clock
302,

During the recording windows, one or more A/D converters 306 begin sampling the signals
from one or more seistme sensors 308, A baudpass filter 310 wolates the frequency range of
interest, screening out the high frequency noise and potentially blocking any DC component. A
shot profile detector 312 detects and separates the individual wavetorms. (Often the source fires
a series of shots in the recording interval. The shot profile detector defines a time window for
cach shot, thereby separating the digitized signal into individual waveforms.) The stacker 314
averages the individual waveforms from a given shot series together, thereby improving the
stgnal to noise ratio.

A first-break detector 316 processes the stacked waveform to identify the “start” of the
recetved acoustic waveform, which corresponds to the first arrival of seismic cnergy from the

shot. (Standard detection technigues are available i the hiterature and may wclude, for example,
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identifying the zero crossing preceding the fivst peak that exceeds a predetermived threshold) A
distortion calculator 318 operates on this start point and/or other information derived from the
stacked waveform, comparing them to corresponding measures derived from a re-constructed
waveform to derive a measure of distortion caused by the compression process. Suitable
distortion measures include start point error and mean-square corror between the stacked
waveform and the reconstructed waveform, or a combmation thereof. Based on the distortion
measure, the distortion calculator adapts the compression parameters {0 maxiniize comprossion
subject o limits on the distortion. Hlostrative compression parameters mclade: sarople
quantization, sampling rate, and anti-aliasing filter cutoft.

An anti-shasing (“downsampling”) filter 320 performs a low-pass filtering operation on the
stacked signal to suppress any frequency content above a programmable cutoft frequency, to
enable the ensuing downsampler 322 to operate without creating frequency aliasing. The
maximum cutoft frequency is limited by the desired downsampling rate, but it can be lower if
desired.

Dovwnsampler 322 reduces the sampling rate of the filtered wavetorm, cwmploying
interpolation if needed {e.g., when the original sampling rate 1s not an integer multiple of the
reduced sampling rate}. The dowunsarapled waveform s then re-quantized by re-quantizer 324
Re-quantizer 324 represents each waveforma sample with a smaller number of bits, e.g., two or
three bits per saraple rather than 32 bits per sample. The re-quantizer 324 may employ cvenly-
spaced quantization thresholds, but even spacing is not a requirement. Some embodiments may
employ voruniform quantization threshold spacing. In any event, cffective re-guantization
generally employs sorne form of waveform normalization, 1.¢., a gain term that can be apphied o
the wave form at, or at nearly any point upstream of, the re~-quantizer 324,

The output of re-quantizer 324 18 a covopressed waveform, but before it 18 accepted as a
suttable representation for storage and/or transmission, a reconstructor 326 upsamples and filters
the compressed signal to provide a reconstructed estimate of the stacked wavetorra., A first-break
detector 328 operates on the reconstructed estimate to identify the start of the received acoustic
waveform in the same fashion as detector 316, The distortion calculator 318 compares the start
times from detectors 316 and 328 and/or the mean square error between the recoustracted
estimate and the stacked waveform to derive a distortion measure. If the distortion measure 18 too

high, one or more of the compression pararaciers 18 adjusted to perroit roore bits to be used i the

10
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compressed representation. Conversely, 1t the distortion measure is far enough below the hro,
the compression parameters may be adjusted to reduce the wumber of bits used for the
compressed representation. When an acceptable distortion measure s attained, the compressed
representation may be stored and/or communicated by moduole 304 with an appropriate time
starnp  attached. As part of the storage and/or transmission, an cntropy coding scheme
{differential encoding, Huffiman, eic) may be employed to further reduce the number of biis
needed to represent the compressed waveform.

The distortion measure may be a weighted average of a plurality of ervor measures derived
from the comparison of the reconstructed estimate with the original waveform, the filtered
waveform, or the stacked waveform. The distortion measure includes at least one measure of the
accuracy of at least one perceptual parameter. Sorae embodiments may further enable a user to
specify (through a Graphical User Interface (GUI)) the sot of pereeptual parameters to be
measured and used for a distortion eriterion. Likewise, the user may further specify the weights
associated with cach perceptual parameter or other distortion measures and/or criterion limits
cither linear or noulinear w nature. These embodiments may then configure the downhole systern
embodiment with the user specified distortion measure/threshold through some predetermined
comurunication protocel allowing for fine tuning of the perceptual based distortion measure
and/or the calibration of any particular realization of downhole embodiments. Linear threshold
embodiments may be described as a lincar weighted sum of various perception measures and/or
errors. A non-linear threshold embodiment may piecewise link muitiple perceptual criteria in a
gated/serial/if-then-clse fashion. For example, if the recounstructed first break time is off more
than 3 msec frorn the original received waveform, then the downhole processor may reject the
current sct of compression parameters and compress by some other parameter set. (therwise, the
dowunhole processor maay go on to further check the sign of the largest {absolute aroplitude) peak
of the reconstructed waveform with a programmable threshold and reject the current
compression parameters for failure to satisty this criterion, and so forth,

Perceptual parameters may inclade the “the first break™ {i.c. start of the received waveform
from the acoustic source), peak amplitude of principle reflections within the received waveform,
the sign of principle reflections, general shape of the received digital waveform, arrival time and
amplitude of “Stoncley Waves,” and the percetved cnd of the scismic waveform where the

wavetorm's energy has dissipated below a threshold. One skilled i the art way wdentify many
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more perceptual parameters, Addifional perceptual parameters may wnclude features of the P-
wave portion of the received seismic waveform, such as the detected beginning, the spectral
content of the P-wave’s dominant freguency, the magnitude of the P-wave’s peak amplitude, the
sign corresponding to the Prwave’s peak magnitude. Similarly, additional perceptual parameters
may include featurcs of the S-wave portion of the received seismic waveform, such as the
detected beginning, the magnitude of the S-wave’s peak, the spectral content of the S-wave’s
dominate frequency, the magnitude of the S-wave’s peak amplitude, and the sign corresponding
to the S-wave’s peak magnitude. One skilled in the art may wdentify many wore parameters that
facilitate perceptual understanding of the received waveform.

In one ilustrative cmbodiment a 50% weight is applied to the first break point timing
accuracy, 20% weight to the sign accuracy of the first break point, 20% weight to exceeding the
amplitude value threshold, and the remaining 10% on the general shape of the encoded
wavetorm relative to the received acoustic waveform (as raeasured by mean square error). These
weights, the corresponding thresholds, and any goals or absolute limits on bit counts can be
specified and changed via a user interface to configure the operation of the downhole tool before
it is placed in the borchole or during the drilling run.

Certain elements of Fig. 3 are now described with additional detall and aliernative
embodiments. In at least some embodiments, the A/D converter 306 digitizes cach transducer
stgnal with 32 bits/samplic at a saropling frequency of 2035 samples/scc for at least 2 minutes
after the triggering of the source. The bandpass filter 310 may have a frequency response such as
that indicated in Fig. 4, ctfectively suppressing any frequency content outside of the 5 Hz to 100
Hz band. Fig. 5 compares the filter’s input and output for an lustrative waveform, showing that
a large portion of the signal cnergy is excluded by this filter. Fig. & compares the power spectral
density of these wavetorms, Aside from the excluded spike at § Hz, the power spectral densities
of these two waveforms are largely identical in the illustrated frequency range between {0 and
150 Hz.

Returning to Fig. 3, the illustrative waveform exhibits five arrivals comresponding to the
sequential firings of the source. The acoustic detector 312 identifics the windows associated with
cach arrival. Some detector embodiments perform correlation of portions of the received acoustic
wavctorms contamning temporal peak cnergy with other portions of the received acoustic

wavetorms, These locations of corrclation peaks cowvespond to repetitive check-shots at
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predetermined wtervals, Thuos certawn detector embodiments include a correlation module; a peak
energy detector; a synchronizer modile and storage memory for containing the starting locations
of a plurality of times at least in part refated to peak auto correlation values.

{ther detection embodiments process the entire signal in time and/or frequency to detect P-
wave and/or S-wave arrival times. As one example, we define the average absolute value of 2

signal x{k} in a symmetric window of length N around a sample number # as:

Lgede
A= ﬁ@i:_w/_zi;‘q_n — i}

Two window lengths can be defined, 1.e., a short term window and a long term window, where N
for the short term window is less than that for the long term window. Denoting the average
absolute value for the short terro window as 8STA and the average absolute value for the long
term window as LTA, the ratio STA/LTA can be used as a detector for P-wave arrival times in
the recetved acoustic signal [1]. The STA 18 wore sensitive to sudden amplitude vanations in the
tivae series, whereas the LTA 1is calculated over a longer window and hence is more sensitive to
background notse, causing the ratio to provide a measure of signal-to-noise ratio in the
considered time window of the STA [4]. Of course, a ratio of root-mean-square values or other
detection technigues could also be employed.

The operation of stacker 314 is straightforward and in some cases may be optional, Afier the
filtered waveforn: of Fig. 5 has been divided into five waveforms, the stacker 314 averages them
together. Figs. 7TA-TE corapare cach of the wndividual waveforms to the stacked waveform. The
minor discrepancies can be seen only under close inspection. In alternative systerm embodiments
{c.g., those croploying a Vibroseis source} the waveform may be rouch longer making it
infeasible {and probably unnecessary) to perform a stacking operation.

Fig. 8A comparcs an illustrative stacked waveform with an cstimated wavetorm
recoustructed from a compressed wave form. The compression parameters for this waveform
were a 512 msec window, leading zeros omitted in favor of a first break time tag, an anti-aliasing
of 127.2 sampies/sec, and 3 bits per sample {including one sign bit per sampie}. The compressed
waveform 1s represcutable as 165 bits. Iuspection reveals the recoustructed waveform to be fairly

accurate.
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Fig. 8B compares the stacked waveformn of Fig. 8A to a reconsiruction of an cven more
compressed waveform, which may be allowed by the user relaxing a distortion lirait. The
compression parameters are the same except for a downsampled rate of 101.¥ samples/sec,
enabling a 132 bit representation. Several of the peaks are attenmated, but the waveform shape is
jargely preserved.

The foregoing comparison is repeated for two other illustrative waveforms 1 Figs. 9A and
9B, and 10A and 10B. The bit representations for the second illustrative waveform are 177 bits
and 13X bits, respectively. For the third illustrative waveform, the bit representations are 192 bits
and 1353 bits, respectively. The increased bit counts are primarily attributable to the reduced
number of leading zeros in these waveforms. As before, the more severe cornpression exhibits
some distortion relative to the stacked waveform, but the character of the waveforms is largely
preserved. Compression 18 thus successfully achieved without requiring any predefined teraplates
of any sort.

As module 304 stores and/or transmits the compressed waveform, it may craploy an entropy
code to achieve further compression. Hlustrative examples include Huffman coding and
arithimetic coding. The corresponding receiver or reconstruction modules would similarly
emiploy appropriate decoders. Module 304 may further jnclude attaching or associating a aime tag
for cach waveform and at least one digital indicator representing the compression parameters
used to generate the compressed waveform (i.c., the combination of filter, downsampler, and
guantizer settings). In addition, module 304 may also provide a gam term, which in some
embodiments can be determined in part by the saraple variance and/or peak absolute amplitude
of a fivst received wavetorr. The gain term {or some function thereof, including the square root)
may be applied to the waveform to normalize it. The gain ferm is communicated to the receiver
and/or reconstruction modude so that the vormalization can be roversed as part of the wavelorm
reconstruction. The normalization can be performed in an absolute fashion or i a relative
fashion. That 18, some embodiments adjust the scale of a first reconstructed waveform in relation
to a second reconstructed waveforrm that may be received before or after the first waveform,

The time tags may take the form of at least one digital clock reference indicator which can
correspond to the detected first break along with the compressed representation of a received
wavctorm, and which roay be cxpressed relative to another digital clock reference indicator, as

differential representations may require fower bits. This reference mdicator may be the lower
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significant digits of a time difference with respect to a universal clock reference point enabling at
least in part time synchronization between surface and downhole systems.

In some embodiments, leading zeros may be omitted in favor of a time reference to the “first
break”. The receiver will then append appropriately leading zeros to reconstructed waveforms,

Thus, 1 the receiver or reconstruction modules, the compressed waveforms are recetved or
read frovo memory and used to reconstruct an cstimate of the acoustic waveforms captured
downhole. An indication of the compression parameters is similarly received or read from
memory and used as part of the reconstruction process to extend the bu resolation of the
samples, to upsample the waveform with interpolation, to scale the waveform and associate it
with an appropriate time nterval or position, and to display a representation of the waveform to
user.

In one iHustrative usage example, the SWD systern employs an air gun that fires a timed
series of § check-shots at a predetermined delay after the mud pumps are shut off. The BHA
detects the pause in drilling by, ¢.g., downhole pressure change or a significant decrease in flow
rate, and inftiates a waveform acquisition cycle by the SWD tool. Based on preprogramioed
parameters, the SWD tool determines the data acquisition window relative to the nud pump
shutdown and acquares high-resolution acoustic waveforms from cach of its sensors within that
window. See, e.g., an illustrative raw waveform in Fig. 5. A bandpass filter {e.g., Fig. 4) may be
applied to the data to isolate the signal in the frequency range of interest. An illustrative filtered
signal is overiaid on the raw signal in Fig. 5 for comparison. The spectral content of the two
signals 18 shown in Fig. 6. The 0 Hz component of the raw waveform has been excladed.
Otherwise the spectral content 1s essentially identical in the frequency range of interest.

Based on the predetermined shot profile {e.g., a series of 5 check-shots), the SWD tool can
extract the jndividual received waveforms as indicated in Figs. 7A-7E. The individual
waveforms may preferably be extracted from the bandpass filtered signal, though this is not
reguired. To imaprove signal to noise ratio, the mdividual waveforms may be stacked, ie.,
averaged together {although this too 18 not required). Figs. 7a-7¢ show a comparison of an
illustrative stacked waveform to cach of the mdividual waveforms. The stacked waveform is
subjected to compression as previously described and stored or transmitted to the surface. Figs.
8a and 8b, Figs. 9a and 9b, and Figs. 10a and 10b, show three different waveforms, along with

their compressed representations  at  different sarophng rates. The bit count for each
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representation is also shown, along with a compression factor. Though distortion s visible,
particularly at the higher compressions, the essential features of the waveforms are preserved.

On the topic of customization and compression, we have proposed using a user interface
where a plurality of weights may be given to different perceptual features important to the user
{generally a scismic waveform analyst). Using a plurality of perceptual parameters, we suggest
adaptively adjusting the quantization, samphng and/or filler processing modules to assist in
making real-time VSPF waveforms available via mud-pulse telemetry, Likewise, we have
suggested allowing for adjustable distorhion thresholds as to custormze the level of distortion
acceptable to the driller or analyst. Simtlarly, this allows for the field engincer the capability to
adapt the nurnber of bits for a given time interval {or adapt the timme window for a given nuraber
of bits).

On the topic of transmission, we have proposed sending the actual wavetorm rather than
“quality” factors and/or wavelets from a codebook. Such transmuission of real-time waveforms is
desirable for competing in the SWD market. The technology is also applicable to other setsmic
and acoustic borchole applications {e.g., SONIC caliper, where the dowuhole tool will both
excite the acoustic waveform and receive the reflected acoustic waveform from the surrounding
rock formation).

fn certain tustrative method embodiments, the SWII system exciies an acoustic source a
plurality of times just before, during and/or just after the beginning of predetermined time
intervals; receives at least one acoustic signal within a borchole from surrounding rock
forraations; digitizes at least one the received acoustic signal with a first sampling rate/period;
detects the first break time within the received acoustic sigoal, searches a plurality of
configuration parameters {cutoff frequency, sampling rate and quantization} for an optimized
configuration parameter set that reduces the required number of bits to represent the received
waveform within a predetermined bit count threshold and still remain within a predetermined
distortion measure threshold for a reconstructed acoustic signal; and digitally compresses the
digitized acoustic signals according to the set of optimized parameters for storage or
communication to the surface.

Certain surface systemn embodiments include a graphical user interface operating ov a
computer cnabling a user to customize the weights placed on cach a plurality of perception

parameters within a set of weighted distortion criteria. These surface system embodiments
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further operate to configure downhole components with the weighted distortion criteria for use 1o
optimizing the digital compression parameters {e.g. filtering, sampling rate, guantization, ¢ic.)
prior to storing and/or transroitting. Sorne crnbodiroonts may use multiple sets of perception
parameters and/or distortion criteria for storage and transmission.  Alternatively, some
cmbodiments may use multiple sets of perception parameters for differcnt depths, regions,
anticipated drilling counditions and/or anticipated rock formations. (For example, the bit count
limit may be progressively reduced at a corresponding rate as that expected for the mud pulse
telemetry systern operating at wmereasing depths.)

Certain downhole tool embodiments are synchronized with at least one surface system using
predeternuned shot fime intervals, The downhole tool includes: at least one acoustie receiver
{c.g. geophones, hydrophones) enabled to receive acoustic waveforms from the surrounding
environment; at least one sampling module that digitizes/quantizes the acoustic wavefors; a
filter with a programmable cutoft frequency; a programmable down-sampler; an adjustable re-
quantizer; a processor detecting, sclecting and/or processing the received digitized acoustic
waveforms to store or transmoit compressed representations. The downhole tool may further
include a decoder to reconstruct/uncompress the encoded digitized waveform, wherein the
processor cornpares the reconstructed wavetorm to the origimal o determine a distorhion measure
and a suitable set of compression parameters.

Additionally, the downhole tool may further include a storage roemory (FLASH or RAM)
storing either/or both the configuration wputs or/and enceded waveform once a distortion
measure meets a desived threshold or/and the encoded wavetorm representation has a bit count
falling below a desived bit cound threshold, Additionally, a controller may selectively transvot
encoded representations satisfying the threshoelds. The controlier may operate by storing cach
cucoded waveform in nonvolatile memory and then removing or overwrifing selective cucoded
waveforms.

Additionally, the downhole tool maay further determine, store, and/or transnit a digital clock
value representing a detected first-break tirae in cach waveform. Similarly, the downhele tool
may further determine, store, and/or transmit a calculated distortion measure corresponding to
cach encoded waveform.

Numerous other modifications, equivalents, and alternatives, will become apparent to those

skilled 1o the art once the above disclosure is fully appreciated. It is intended that the following
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clairos be ioterpreted to embrace all such modifications, equivalents, and alfernatives where

applicable.
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CLAIMS
What is claimed is:
1. A seismic while drilling system comprising:
a drill string having at ieast one seismic sensor;
an embedded processor that digitizes a sigoal from the seismic sensor to obtain a digital
waveform  and  processes the digital waveform to denive a cowpressed wavelorm
representation for storage or transnussion, the compressed waveform having a reduced
sampling rate and redoced quantization relative to the digital wavetorm, the reduce
sampling rate and reduced quantization being adaptive based on a measure of distortion
between the digital wavetorrn and the compressed waveform representation.
2. The system of claim 1, further comprising a mud pulse telemetry module coupled to the
embedded processor to communicate the compressed waveform representation to the surface
with an associated indication of the reduced sarapling rate and reduced quantization.
3. The system of claim 2, further comprising a surface computer system that receives the
compressed waveform representation and based at least in part on the compressed wavetorm
representation, displays a representation of the signal recetved by the seismic sensor.
4, The system of clairn 1, further comprising a storage memory coupled to the embedded
processor, wherein the storage memory stores the compressed waveform representation with an
associated ndication of the reduced sampling rate and reduced quantization.
5. The system of claim 1, wherein the distortion measwre includes a measure of mean square
error between the digital wavetorm and the reconstructed waveform.
6. The systera of claim 1, wherein the embedded processor further eraploys entropy coding to
derive the compressed waveform representation.
7. The system of clairo 1, wherein the ermbedded processor further bases the adaptation of the
reduced sampling rate and reduced quantization in part on a bit count limit for the compressed
wavctorm representation.
8. The systern of ¢laim 1, further comprising a surface seismic source that fires when drilling

fluid pumps are off.

9. A method comprising:

exciling an acoustic source a plurality of times;

19



WO 2013/052423 PCT/US2012/058330

receiving at least one acoustic signal within a borehole from surrounding rock formations;
digitizing the at least one acoustic signal; and
adaptively compressing the digitized signal for storage or transnission, subject to a distortion
measure that includes at least one perceptual feature.
5 10, The method of claim 9, wherein the perceptual feature 18 a rocan square crror.
11, The wethod of claim 9, wherein the compressing includes filtering the digitized signal with a
downsampling filter.
12. The method of claim 11, wherein the compressing further includes reducing a samplhing rate
of the digitized signal.
10 13, The method of claim 12, wherein the corapressing still further mcludes reducing quantization
of the digitized signal to obtain a compressed wavetorm representation.
14, The method of claim 13, wherein the compressing still further includes entropy coding the
compressed waveform representation.
15. The method of claim 14, wherein the compressing still further inchudes:
15 deriving a reconstructed waveform frov the compressed wavetorra representation;
comparing the compressed waveform representation to the digitized signal to determine if a
distortion criterion is satisfied; and
adjusting at least one of the filter, the sampling rate, and the guantization if the distortion
criterion is not satistied.
20 16, The method of claim 15, further comprising associating cach compressed waveform with an
indication of a set of compression paramecters eraployed m the compression, the compression

parameters including at least a sampling rate of the compressed wavetorm.
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ANY REFERENCE TO FIGURES 1A TO 1C AND 11A TO 12
SHALL BE CONSIDERED AS NON-EXISTENT
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