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Analog models of earthquakes and seismic cycles are charaetized by strong variations
in strain rate: from slow interseismic loading to fast coseimic release of elastic energy.
Deformation rates vary accordingly from micrometer per seand (e.g., plate tectonic
motion) to meter per second (e.g., rupture propagation). Dermation values are very
small over one seismic cycle, in the order of a few tens of miometer, because of the
scaled nature of such models. This cross-scale behavior pass a major challenge to
effectively monitor the experiments by means of digital ingee correlation techniques,
i.e., at high resolution ¥ 100 Hz) during the coseismic period but without dramaticaj

oversampling the interseismic period. We developed a smagpeed imaging tool which

allows on-the-y scaling of imaging frequency with strain ate, based on an external
trigger signal and a buffer. The external trigger signal coes from a force sensor that
independently detects stress drops associated with analogarthquakes which triggers
storage of a short high frequency image sequence from the béér. After the event has
passed, the system returns to a low speed mode in which image dta is downsampled

until the next event trigger. Here we introduce the concept bsmart speed imaging and
document the necessary hard- and soft-ware. We test the algothms in generic and real
applications. A new analog earthquake setup based on a modcation of the Schulze
ring-shear tester is used to verify the technique and discissalternative trigger systems.

Keywords: analog modeling, digital image correlation, seismo tectonics, data analysis, monitoring

1. INTRODUCTION

During earthquakes elastic stress and strain is suddefdgsed in the lithosphere, causing abrupt
relative motion of two adjacent crustal blocks. Earthqualeee usually bound spatially to a
discontinuity (e.qg., fault, or fault zone) and often occora quasiperiodic manner over geological
timescales (ka to Ma){yndman and Hyndman, 20)6According to the elastic rebound theory,
each earthquake is preceeded by a period of seismic quieséelhmeed by the earthquake and
associated postseismic deformatigie(d, 1910 This cyclic behavior is termed “seismic cycle”
and is the basis for assessing the geologic evolution osmegenic fault and the seismic hazard
associated with it§cholz, 201 It is characterized by strongly contrasting strain rateshe
interseismic and coseismic phase. During the interseismiogé¢he system is frictionally locked,
loaded at low rates (mm/a) and elastic strain gradually buildgTse et al., 1985; Schurr et al.,
2019. In some cases the fault is not completely locked and showsaskep deformation, e.g., in
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the form of slow slip eventsde et al., 2007; Burgmann, 2018  loading rates, combined with a dynamic imaging techniquee T
the accumulated strain leads to stresses that exceed ¢fieridl ~measurements coming from the setup are used to trigger alswitc
strength of the locked patch, a slip event nucleates andteesul from low to high framerates, resulting in drastically reedc
an earthquake with slip velocities in the range of m/s. amounts of data generated by the monitoring system. Moreover
Although the recurrence behavior of earthquakes on a singlthe trigger system is combined with a bu er of images, supplying
fault is quasiperiodic, under the assumption of constant lngd a temporary storage, which is used to fetch a certain amount of
rates and frictional parameters, it is not possible to predie th older images previously taken. Internally in the camera syste
onset of seismic sligen-Zion et al., 2003Therefore, numerical this is implemented similar to a rst-in- rst-out (FIFO) butwvith
simulations and physical experiments have been designed &xcess to the contained elements. This allows to increase th
model fault slip and the seismic cycl&dqsenau et al., 20).7 total duration of an experiment, while maintaining the ahyjlio
Because of the multiscale nature of fault slip, many numeéricanonitor the onset of seismic slip and the coseismic defornmatio
simulations are limited to either short (e.g., rupture models at high rates.
(Heinecke et al., 20)4or long timescales (e.g., geodynamic

models) Dinther et al., 2013 Only few numerical techniques 2. EXPERIMENTAL SETUP AND METHODS

allow the combination of short term and long term processes,

and frequently the parametrization and implementation ofTo produce regular stick-slip oscillations we utilize a rgta
the non-linear, multiscale interactions between the longla shear apparatus (ring-shear-tester), normally used for rigsti
short timescales remains di cultd{vouac, 201k Seismotectonic granular material properties (details ifichulze, 1994; ASTM
analog experiments allow to address the multiscale natuséf |nternational, 2015 Two dierent sets of experiments are
on a laboratory scale and may provide additional insight itte  ysed to show the performance and suitability of the trigggrin
deformation over multiple seismic cyclesqsenau et al., 2017 mechanism. The rst con guration uses the ring-shear-teste
Even though the analog experiments are strong simpli cationgtandard con guration, lled with rice which produces strong
of a seismogenic fault system, they inherently show stigk-sl stick-slip events that are very reguldtdsenau et al., 20p9rhe
dynamics without the need of a complex integration schem@econd con guration is a rotary version of typical block s,
(Caruso et al., 2007; Markavand Gros, 204 featuring an annular gelatine block that slides on glass &i€Eite
The strong variation of slip rate during the interseismicindividual experiments are monitored using a camera systeah th
and coseismic period is the main challenge for monitoring thes connected with the triggering system. A complete ovengéw

physical experimentRigure 1). To capture the full rupture and || components used and how they are connected is provided by
associated coseismic deformation, the camera has to rught h Figure 2and Table 1

image rates. Usually, there are two modes of recording a slip
event. Either the camera is always running at high frame,rate 1. Experimental Setup

and the images are only stored after a trigger is send (typic@| Schulze ring-shear-testeB¢hulze, 1994s used as a basis for
for very high speed camer&s> 1kHz). This only captures one the experimental setup&igure 2). This machine measures shear
rupture at a time, and does not provide constant monitoringiove forces during rotary shear of a granular material (e.g.dsatass
the complete seismic cycle. The other possibility is to marato  peads; see alsanien et al., 2006; Klinkmiiller et al., 2016; Ritter
a constant frame rate and storing all the images. This pravidest al., 201 During the experiment, it is possible to vary normal
a constant monitoring but requires large amounts of data tqoad and shear velocity. The ring-shear-tester uses a eaetiin
be stored during an experiment which either is limited by thecombination with a motorized weight to hold a constant normal
total amount of storage available (e.g., on the harddrivepyo  stress. The cantilever pulls the lid downwards onto the sample
the maximum rate of data transfer (e.g., memory to harddrive inducing normal stresses of 0.5-20 kPa. A digitally cotebl
Although, some cameras allow a change in recording frequengnotor rotates the shear cell at velocitiés in the order of 104
during the recording, this is not possible for experimentstwit to 10 * mm/s. For the experiments in this study, we use velocities
non-predictable and very short eventt (< 39), because the from 8.3 104 to 1.6 10 2 mm/s and normal stresses
event s over before the frame rate can be adjusted manually. petween 5 and 20 kPa. A twin beam system coupled to inductive
The images taken during the experiment are then processefisplacement transducers measures the shear forces during th
using digital image correlation which yields the displacemenexperiment at a frequency of up oD 50kHz. The sti ness of the

eld of slip on the fault. Ideally, the experiments run for al@  complete experimental setupk 1,354m (Schulze, 1994
time, to supply a large number of seismic cycles under constant

experimental conditionsN > 100), for a good statistical 2.1.1. Standard Con guration
analysis. For the presented experiments, this means a vgig lalWe use the ring-shear-tester RSTpc.01 in standard con gonati
number of images which have to be processed which takes a lomgth the annular shear cell that has an inner sample diameter
time, even when using a longer time interval and fewer imagesf 10 cm, an outer diameter of 20 cm, and a thickness of 4 cm
the slip events have to be selected and individually processed (Figure 2A, cell type &chulze, 1994 The aluminum shear cell

In this study we present a new technique which allows fohas a high friction bottom, de ned by evenly spaced grooves.
continuous monitoring of seismic cycles in seismotectsuale As granular material we use a typical “thai” rice (sample “RI-
models and analog earthquake models. The setup proinegitu 1, Table 2, which has previously been found to show ideal
of shear stress and dilation, under variable normal stessel  stick-slip characteristics that are needed to test thegaigg
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FIGURE 1 | Comparison of the slip velocity in the experimental setup ding the interseismic(Left) and coseismic (Right) phase. The slip velocity during an event is
almost 2 orders of magnitude higher than during the interssimic phase. The colorbar is valid for both plots.
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FIGURE 2 | Schematics and photographs of the setups on which the trigge algorithm is tested.(A) Standard con guration with cell and high stiffness. The baskcell
is rotated while the lid is stationary and used to measure thehear force. According toSchulze (1994), a shear zone forms below the lamellae within the glass bead

(B) Half-elastic con guration with a rigid base block, an elast gelatine ring with a layer of glass beads in between. Here ¢hshear zone originates at the contact
between gelatine and glass beads.

algorithm (Rosenau et al., 2009, 201A solid, aluminum lid, only the bulk deformation of the rice is recovered by monitay
with lamellae providing a high friction interface, is placadtop  the surface. We use this setup to illustrate the performarfce o
of the rice. The upper surface of the lid is covered with a whitethe trigger system, because it produces almost perfect slijck-
on-black random pattern of dots, which is ideal for the latercycles with a very long interevent phase in comparison to tfpe sli
digital image correlation (section 2.2). Because the lidgil, events.
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TABLE 1 | Components and input parameters needed for the triggering lgorithm.

Used Alternative
Experimental setup Ringsheartester - Schulze RST.pc01 Amyther setup with sensors
Digitizer and triggering National Instruments CompactRIO Arprogrammable microcontroller with integrated FPGA, e.g.

Arduino + MKR Vidor
+4 channel analog card
+16 channel digital card
Camera system LaVision Strainmaster Controller Digital ozera that allows remote triggering with external signal
+ Camera Imager MX4M (4MPx, 8-12 bit, 1-700Hz)
Trigger software “Ringshear-Control,” self developed Labiew software Software adapted for used microcontroller
Camera control software LaVision StrainmasterDIC 1.1.0+ dpaVis 10+ Camera control software for used camera

TABLE 2 | Recording rates and data savings per experiment.

No. Vi Framerate Images Data Savings (%)
mm/s Low (Hz) High (Hz) Taken Full Used (GB) Full (GB)
GB-1 82 10 4 0.5 10 1,930 18,635 8.6 82.9GB 89.6
GB-2 17 10 3 1 25 4,335 47,767 19.1 210.6 GB 90.9
GB-3 1.7 10 2 1 25 1,403 2,852 6.2 12.5 50.8
RI-1 8.2 10 4 1 500 45,260 862,913 17.6 335.8 94.8
2.1.2. Block Slider Con guration LED light (100 kHz, 100% duty cycle) to prevent changing

For the block slider model, we use a thinner shear ¢éfj(fre 2B,  brightness because of the 50 Hz power grid frequency. The
gelatin not included in the image), which is completely lled it images are calibrated with a rectangular pattern of dots. This
glass beads (samples “GB-1" to “GBT&ble 2. On top of the calculates the spatial scale per pixel and adjusts for lens
glass beads an annular ring of gelatin provides elastic baynd distortion.
conditions and acts as a lid. The gelatine is 25w% pig skirtigela  In our study, each acquired image has a bit depth of 8
(Italgelatin, see aldoi Giuseppe et al., 200Which has a Young's bit which gives 265 grayscale values. In combination with a
Modulus E 150...20KPa and is transparent. On top of the spatial resolution of 2,048 2,048px this results in a le
gelatin a polycarbonate lid provides a sti connectiontotbede size of 8 MB per image. The images are processed using
transducers and provides the possibility to observe the glead  the built-in digital image processing algorithm by LaVision
layer from the top. StrainMasterDIC (top right in Figure 3). It utilizes ane

The shear cell has a bottom that is covered with a pattertransformation to match patterns at equally spaced interrimgat
of 2 2 2 mm pyramids which provides a very high basalpoints (step width: 8 px) between two successive images
friction along the bottom of the glass beads. The glass bea@ouguet, 2001; Fleet and Weiss, 200At each point, a
are lled into the shear cell according to the procedure giversubset of 31 pixels is matched using the least squares matching
by Klinkmiller et al.(2016. The glass beads are spherical withalgorithm. The algorithm gives back the displacement in the
an average diameter of 300-406 and a coe cient of friction ~ form of a 2D vector at each interrogation point. This results

of 0.3 to 0.5. For better detection with the image correlatio in a high resolution displacement eld over the whole analyzed
algorithm 10% of glass beads are colored with diluted blac&omain.
acrylic paint. We use the same mixture of glass beads thrautgho To get an appropriate catalog size, the experiments run over

all experiments. at least 1 h. Usually, the camera takes a continuous timesseri
o of images at a xed frequency, e.g., 10 Hz. Due to the nature
2.2. Monitoring System of the modeled system, the deformation during the intersetsmi

Over the whole experimental duration the top surface ofphase of a stick-slip cycle is very low. Previously, the adipn
the lid (standard con guration), or glass bead layer (blockrate was a tradeo, between the amount of storage available,
slider con guration), is monitored with a 4 MPx and 8-12 and the speed of the process. As an example, 1 h of continuous
bit CMOS' camera (top left inFigure 3 Imager MX4M, by measurement at 10 Hz covers 60-70 seismic cycles and uses
LaVision). Depending on the speed of the observed procesgpproximately 288 GB of storage. For this study, we developed
the frame rate is adaptable to values between 0.5aBB0 a triggering system that uses the shear stress measurefrents
Hz. The observed surface is illuminated by a continuoushe ring-shear tester to trigger a change in camera frequéom

0.5 to 1 Hz during the interseismic phase, to 10-25 Hz in the
1Complementary metal-oxide semiconductor. coseismic phase.
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FIGURE 3 | Schematic diagram showing the setup and the connections tolie monitoring system. The ring-shear-tester is controllethy a computer (RST-PC), which
sets the parameters for the experiment (e.g., shear velogitnormal stress). The CompactRIO (cRIO) is connected to the gput channels and provides the triggering
and recording on all four channelsKsnear, Frormal: 1 H, VL). A second computer (Camera Control PC) is connected to theamera system which consists of a
controller (StrainMaster Controller) and a software (StréMasterDIC by LaVision). It supplies the settings for the cagna (recording rate, exposure time,...) and stores

Data
Analysis

the incoming image data for digital image correlation (DICAIl components are also listed irTable 1.

—/

E[E]=N

The trigger system consists of an embedded controlleon what the user wants to record. The trigger algorithm
(center in Figure 3, National Instruments, CompactRIO) that independently utilizes the incoming 50 kHz stream and uses
is connected to the four channel analog output of the ring-every 50th value to calculate the trigger level. Highersate
shear tester and the trigger input of the camera system. Thibeoretically possible with a more powerful logical processor
controller records the data with a frequency of 50 kHz whish i ( eld-programmable gate array, FPGA) and digitizer (analog
downsampled to the requested recording frequency dependingdjgital converter, ADC). Additionally, the algorithm is wer
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simple and thus also able to run on less powerful, cheapdtquations (5) and (6) are used to determine a third condifian

hardware, such as e.g., an Arduino MKR Vidor, although at
reduced rate.

2.3. Trigger Algorithm

The trigger algorithm consists of a set of conditioiis D

avhich is true when both other conditions are true:
T3D T1" T2 @)

Although T1 includes a noise reducing factor of twdg is

fT1,T2, T3, T4, Tsgwhich are logically combined to determine the sometimes true for a few milliseconds and then deactivajama

output of a trigger signal'y (Figure 4). The algorithm uses any
provided input signak and detects changes by comparing
two di erencesl ghort and 1 jgng OVEr two time intervals. These

(Figure 4D). For a real slip event the conditions are met over
a longer period of time, without switching o in between. As
a consequence, the next trigger conditidn is set to true,

two di erences are the basis for the detection and are de ned awhen T3 has been active for at least the long window gize

follows:

tshort D [t 1, tO] (1)

tshortiS @ small time interval between the current valuggzaind
the previous value dt 1 which leads to:

LshortD Xtg Xt 4 2
And the long time intervationg is de ned by:
tiong D [tw:::t 1] (3)

This is the time between the previous valug and a value at a
de ned time the pasty, leading to:

1 long D x 1 X (4)
The moving window sizé,, can be chosen by the user to adjus
the sensitivity of the trigger algorithm. It mainly decidibe time
scale over which the change is going to occur. For example
the targeted process happens over a time scale of 100 ms t
the window size should bgy 100ms The two di erences

show a di erent reaction to transientsF{gure 4A). The long

W

term di erence is slower to react, but shows a larger amplitude,
whereas the short term di erence is quicker but with a much

smaller amplitude.

To detect changes in the signal, we introduce the
condition T1 which is true when the long term dierence
1 ong is twice the amplitude of the short term di erencignort
(Figure 4B):

1if j1 Iongj > 21 shori

T1(1 tongs L shord) : D 0if jLiong 21 shor

®)
The factor of two reduces the in uence of noise @n. To keep
the algorithm simple and easy to predict, the factor is prede ne
and not changeable by the user.

Becausel; reacts on any change, negative and positive,

s

(Figure 4B. This is facilitated with a simple counting variatie
that is incremented wheil is true and set to zero whengz is
false:

. kClif T3D1
KiD "5 it TaD 0 (8)
As aresulfT4 is de ned by:
, 1if k tw
Ta:D o4 k< gy, ©)

To capture processes happening after a slip event, e.g., igftersl
we implemented an optional hold timig which de nes for how
long the trigger should stay active aff€f switches back to o .
This is also facilitated with an internal clock type variablatth
tde nes the trigger conditionTs (Figure 4F). As a result, the nal
trigger activity that is send to the camera systégis a logical
’(RR connection ofT4 and Ts, whereT4 is a combination of all
HegViously de ned conditions and’s only depends on the hold
timety, (Figure 4G):
TaDTs_Ts (20)
As Figures 4B—-G shows, the combination of the individual
ttrigger conditions leads to an increasingly precise detactib
transients. It also detects transients which are not eabigerved

by the naked eye, such as the slow slip events marked in
Figure 4A

2.4. Implementation in LaVision

StrainMasterDIC

Our trigger system has been integrated into the image aisalys
software suites StrainMasterDIC and DaVis 10 by LaVisian, a
an additional method of changing the framerate via an exaérn
trigger signal. The microcontroller that calculates thel trégger
activity T, gives out a 5V TTL (transistor-transistor logic) signal

second conditionT, is used to be able to switch the polarity of that is interpreted by the imaging software to trigger the eaas.
the trigger Figure 40). The user is able to select the polarity onThe signal is idow state (0 V) wheriT, D 1 and inhighstate (5

which the trigger should detect. In our case the input sigoal f
the trigger algorithm is the measured shear stress. Duristjpa

V) whenTy D 0. Itis transferred over 50 coaxial cables to the
programmable timing unit (LaVision Strainmaster Contro)lef

event the shear stress decreases and therefore both di@senche camera system which then triggers the cameras.

show a negative polarity. As a result, in our casés true when
1 jongis negative:

1if Liong< O

0if Ling O ©)

Tz(l Iong) :D

Inherently, the trigger system is only activated when a slip
event is already happeningigure 4). Therefore, it is combined
with a bu er of images (FIFO) on the memory of the computer
(RAM) which is constantly lled with images from the camera
at high-speed frequendshgn. The size of the bu er can be set
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FIGURE 4 | Behavior of the trigger algorithm during an experiment. Ingyparameters are:ty D 30ms, t, D 100ms, polarity is negative,Fhigh D 20Hz,nD 5,iD 5.
(A) Typical shear curve of an experiment. The data contains veffast slip events and slower slip events. The latter are venyifccult to detect by eye. (B—G) Individual
results of the trigger conditions, with successively inci@sing accuracy. (H) Images taken during the experiment, distinguished by low, &, and buffer acquisition.

in the software. For this study it is set to be the number olhig Here we only give a brief overview of some of their charasties
speed images between two subsequent low-speed imaged, e.in,aur setup, to illustrate the application of the trigger system.
Fow D 1Hz and Fyjgn D 25Hz, then the number of images in The experiment in standard con guration (RI-1, blue color)
the bueri D 25. The two di erent acquisition frequencies are was carried out at a loading rate . D 8.2 10 * mm/s
realized by giving the high speed frequerigyy, and a division and a normal stress of 5 kPa. The strength of the rice grains is
factorn which slows down the acquisition when no slip event isrelatively high and reaches values above the normal steessa
happening. When the trigger is 0 T D 0), the system only times. The recurrence timgecis very regular and is 18.3 2.3s
selects eachth image that comes out of the image bu er to (Figure 5B). The stress dropd D 3,650 150 Pa, are two
be saved. As soon as the trigger is dig (D 1), all images in orders of magnitude higher that for the block slider con giion

the bu er are fetched and marked for saving. Then it continuegFigure 5C).The duration of a slip event in rice is around 0.1 s
recording at high speed until the trigger switches back to o .(Figure 5D). The ratio between recurrence and duration is very
Figure 4H shows the sequence of images recorded and whethaigh (fﬁ 360), and as a result the potential for saving image
they are taken in slow mode, fast mode, or loaded from the bu erdata is very high.

In the block slider con guration three di erent shear ratesea
realized, which are in the range of the targeted values fer th

3. RESULTS application of the trigger setup (GB-1, -2, and -3Rigure 5A).

. . ) Shear rates range from 8.210 4 to 1.7 10 2 at normal
3.1. Slip Events in the Different stresses of 5 kPa. The recurrence time nonlinearly desedte
Con gurations increasing shear rate, which is an expected behavior for this

Both con gurations show quasiperiodic stick-slip osciltats of rate-and-state-dependent materidtifure 5B). At the highest
varying amplitude and recurrencé&igure 5A). The shear force realized shear rate the recurrence time is reduced by onerord
in all experiments oscillates in a sawtooth shaped pattern gsaloof magnitude from around 60 s down to 4 s. This is due to the
to the shear force along a seismogenic fault. This is chenigtit ~ occurrence of some smaller precursory events, also re ected in
for sheared granular shear materials (elgsert et al., 2000 the lower tail of the stress drop distribution. The slip eveirt
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FIGURE 5 | Shear force curves and characteristic parameters deriveddm the stress measurements.(A) Shear force measurements during the experiments with a
characteristic saw-tooth shape. The y-axis is shear forceniNewton and the x-axis is time in seconds for all experimentgB) The realized recurrence times cover two
orders of magnitude and are similar for both setups. For higér shear rates the recurrence time is signi cantly reduced, Wich is in accordance with the
rate-and-state-dependent friction.(C) Stress drops cover the same range for the block slider con guation and is much higher for the standard con guration. This
results mostly from the stiffness of the setup, which is seval orders of magnitude higher in the standard con guration(D) The duration of the events decreases with
increasing shear rate. The detected durations of the rice Btk-slips are very low and truncated at 0.1 s.

the block slider con guration are of much lower magnitudeath  two lower shear rates and 7 for the higher shear rate. Thies st

in standard con guration with median stress drop rangin@ifin  not as high as for rice but because the recurrence behaviesss
27 81to41 14 Pa Figure 50. Furthermore, they are less regular a manual trigger switch is not feasible.

regular and have a less homogenous magnitude-size distibu

log-normal instead of normal, especially at the highestsheta ~ 3.2. Trigger Algorithm

the events cover a broad range of stress drops. The duration Bhe amount of data saved during the image acquisition
slip in the block slider is also decreasing with increasingas ranges between 50 and 95% Table 2. Experiments which
rate and ranges between 0.@.6 and 4 2s. Theresulting ratio show a very regular and ideal stick-slip behavior show the
between duration and recurrence is in the range of 14-20Her t highest amount of data saved (GB-1, GB-2, and RI-1). If
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the slip events are less regular, or are dissected by transied.2. Digital Image Correlation

slip events that are much slower than the actual event, th€he reduction of produced images yields much faster procgssin
algorithm triggers more often, and therefore more data igimes for the digital image correlation. This speeds up thedgl
produced (GB-3). Nevertheless, the trigger system is able teork ow of an analog experiment. Additionally, the signal to
save more than 50% of data. Slight re nements to the detectionoise ratio is improved during the interseismic time. Becatse
thresholds or frame rates can help to push this limitation aframerate is adjusted to the coseismic velocities, the ieigmsc
bit further. Correctly adjusting the window size to the fast deformation often is below the detection threshold of thgitdil
events lowers the amount of false detections and a highémage correlation algorithm, which is usually in the subpixel
“slow” framerate helps to cover the slower events with moreange. Lower framerates during the interseismic time inseea

accuracy. the total amount of deformation recorded per image providing a
The trigger algorithm also decreases the average framerateich more accurate estimation of interseismic deformattbat
over the duration of the whole experiment, e.g26Hz for RI- is needed for example to calculate the interseismic locking.

1. This limits the average amount of data per second from 200 to
10 MB/s which enables the use of inexpensive single hard-drivé. 3. Alternative Triggering Systems
systems instead of a raid con guration. The software does no.3.1. With a Priori Data Reduction
immediately save the images onto the harddrive, but trassfe Our trigger system serves as an a priori reduction of data. It
the selected images into another bu er (FIFO) in the RAM thatjs therefore most e cient when the observations are preceded
saves the images as fast as the harddrive can save thenfoflgere by some sort of precursor, or if additional observations,hsuc
the incoming images are distributed over a longer periodmikti  as the force measurements, are available. Furthermoreliésr
which reduces the storage rate needed. The delay betwegertrigon the temporal storage of images with dynamic access to
signal and reaction of the camera system is in the order ofva fethe bu er which is not available for most systems. Some
s which provides a very quick reaction to the trigger sigrfal. Icamera systems allow for post-triggering, which means that
the two window sizes are well adjusted, the complete onset @fiey have a static bu er which is emptied after an event has
the slip event and the postseismic e ects are recorded at higheen triggered. These only support one frame rate, and the
speed, whereas the interseismic phase is covered at redueed r&riggering process has to be fast enough, that an over ow
In extreme cases (full resolution and framerate) the camisel  of the bu er is prevented. The triggering can be automated
in this study produces around 1 GB/s which can be lowered tqvith the presented setup, or manual by visual inspection
around 100 MB/s, assuming a typical reduction by 90%. Usuallyf the experiment. This technique can be feasible when a
this system requires a multi-disk raid that can store up ®@B/s  reliable signal is not available and should be accompanied by

in combination with a large RAMX 128 GB) to record images a continuous monitoring at lower frequency with a second
over the duration of 1 h. This is not needed anymore, whengisincamera.

the provided trigger system. In some cases a reliable secondary signal, such as the force
measurements, is not available because the setup is tedknic
4. DISCUSSION AND CONCLUSION not feasible. This is the case for many analog experiments,
. L like wedges and sandboxes. For these experiments a reliable
4.1. Time Synchronization stress measurement is geometrically hindered or the stress

Combining experimental results from dierent monitoring transmission to a sensor is limited. Such experiments can be
systems requires a reliable time stamp on the images and @nonitored using a simultaneous strain measurement by digit
the signal data. To synchronize the time between multiplémage correlation. Especially when the observed deformation
computers in our setup we use the network time protocolare too small to be visible by the naked eye, which makes
(NTP). A specialized software continuously synchronizeshea the manual post-triggering impossible. The real-time strain
computer with the two network time servers of the |0ca|gage also requires a bu er and a performant computer system
area network at the institute. The network time serversyhich is able to compute a quick strain estimation from
synchronize with GPS signals and the software automaticalthe images. If these requirements are met, the system is
calculates the delay and o set within the network. This is asimilar to our trigger system and can either use a velocity or
standard facility that is necessary for many LAN networksacceleration threshold to trigger the high-speed acquisit
and should be generally available at most universities dfages.

research institutions. If only the time synchronization thvi

internet servers provided by the operating system is used,.3.2. With a Posteriori Data Reduction

e.g., Windows time service, we found that the time di erencedf a buer on the computer ram or camera ram is not
between two individual computers can be up to several secondsvailable, e.g., for consumer grade digital cameras, togeab
For seismotectonic scale models with slip events that occalgorithm can be used to do quick a posteriori sorting
on the millisecond time scale, this is not feasible. Therfor of images. During the experimental run but with some
it is advised to either use a single computer for everythingtime delay. Then the images have to be transmitted to a
or to synchronize the time between the individual devicesomputer during the experimental run which is also possible
by using an external clock generator using a specializefdr many standard digital cameras where the manufacturer
software. supplies a specialized software to remote control the camera
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via USB. Using a script, or the PC component of theDATA AVAILABILITY STATEMENT

embedded microcontroller (“RealTime” for the CompactRIO),

the trigger is used to delete the unnecessary images dunimg t The datasets generated and analyzed for this study, inuitie
interseismic phase. Alternatively, the recorded signal ben Scriptstogenerate the gures, have been publishéglidolf etal.
used after the experiment, to select only the images where (8019)

slip event has happened which quickens the post-experiment
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