
 
 
XXX-X-XXXX-XXXX-X/XX/$XX.00 ©20XX IEEE 

Design and Implementation of a Multi-Parametric 
Geo-Seismic Realization Engine for Programmable  

Mechatronic IoT Geo-Mechanics Simulators 
Hasan Tariq1 

Department of Electrical Engineering 
College of Engineering, 

Qatar University 
Doha, Qatar 

hasan.tariq@qu.edu.qa 

Mohammed Abdulla E Al-Hitmi1 
Department of Electrical Engineering 

College of Engineering, 
Qatar University 

Doha, Qatar 
m.a.alhitmi@qu.edu.qa 

Abderrazak Abdaoui 1 
Department of Electrical Engineering 

College of Engineering, 
Qatar University 

Doha, Qatar 

abderrazak.abdaoui@qu.edu.qa 

Damiano Crescini2 
Brescia University 

Brescia, Italy 
damiano.crescini@unibs.it 

Farid Touati1 
Department of Electrical Engineering 

College of Engineering, 
Qatar University 

Doha, Qatar 
touatif@qu.edu.qa 

Adel Ben Manouer3 
Canadian University Dubai 

Dubai, UAE 
adel@cud.ac.ae 

Abstract—Physical simulation of seisms and earthquakes 
are a big challenge for disaster management agencies. Billions 
of dollars are spent annually to exercise seismic disaster 
preventive procedures. The current state of the art geo-seismic 
simulators use mechanical actuators like motors to perform 
ground motions, these motions need to be coherent with geo-
seismic perception and ground mechanics. In this work, a 
programmable multi-parametric geo-seismic realization engine 
has been proposed to improve the capabilities of existing 
mechatronic ground simulators as 1:1 correspondence 
equivalent simulation. The seismic waves, wave patterns, wave 
velocities, wave amplitudes, wave pattern amplitudes, pattern 
frequencies, distances traveled, epicenters, hypo-centers, 
seismic centers, and arrival angles of incidence with respect to 
poles and equator, hypo-epi central distance, and 
ground/seismic station was modeled for motor based motion 
control system. The geo-seismic realization parameters and 
ground motions were equated dot by dot. The geo-seismic 
realization engine was tested for a wide range of ground 
motions with extreme seismic waves from 0.1Hz to 178Hz, 
velocities 3km/h to 25km/h, and terrestrial inclination 
magnitudes from -10.000° to 10.000°, which is key contribution 
rendered by this work. This work bridges geophysics, 
simulation, automation, and state agencies for the safety 
practices and measures for populous in any region of the 
world.  

Keywords— disaster management, automation, geo-seismic 
realization, motion control, geo-mechanics, earthquake, 
programmable, simulation, calibration, machine learning. 

I. INTRODUCTION  

The natural disasters occur on the globe every year with 
earthquake and floods being most devastating and horrible 
on the loss and damage benchmarks. The number of people 
reported affected by natural disasters (564.4million) was the 
highest since 2006 as compared to last 10 years [1], 
amounting to 1.5 times its annual average (224 million). The 
estimates of natural disaster economic damages (US$ 154 
billion) place last year as the fifth costliest since 2006, 12% 
above the 2006-2015 annual average registered in CRED 
database.  Earthquake or seismic events have proven to be 
the most obvious and recurring in all [2-3] natural disasters 
i.e. 14,568 in 2018. The top of the chart was in Indonesia on 
September 28, 2018, with 2,256 death tolls.  

The only option to take preventive measures and 
implement pre-event and early warning mechanisms is the 
geo-seismic simulation systems. The trust-worthy simulation 
requires detailed geo-seismic and geo-mechanics 
coordination to realize the nearest natural occurrence of 
seismic events. The top 10 existing geo-seismic systems 
mentioned in research literature were studies in details and 
one common gap was observed exhibited in table I.   

TABLE I.  A REVIEW OF TOP 13 SEISMIC SIMULATORS 

 Geo-Mechanics Simulation Systems 
and Platforms 

Common Gap 

1. E-Defense Shake Table [4], Japan 

Multi-parametric Geo-
Seismic and Geo-Mechanics 
Realization/ Collaboration 

Engine  

2. 
Expanded Nevada [5] earthquake 
laboratory, USA 

Multi-parametric Geo-
Seismic and Geo-Mechanics 
Realization/ Collaboration 

Engine 

3. 
Ground Motion Simulator (GMS) 
[6], Turkey 

Multi-parametric Geo-
Seismic and Geo-Mechanics 
Realization/ Collaboration 

Engine 

4.  myQuake [7], National Instruments  
Multi-parametric Geo-

Seismic and Geo-Mechanics 
Collaboration Engine 

5. 
The seismic events [8] variable 
rotation testbench 

Multi-parametric Geo-
Seismic and Geo-Mechanics 

Collaboration Engine 

6. 
GG SCHIERLE [9] shake table, 
California 

Multi-parametric Geo-
Seismic and Geo-Mechanics 
Realization/ Collaboration 

Engine 

7. 
The State Key Laboratory [10] for 
Disaster Reduction, China 

Multi-parametric Geo-
Seismic and Geo-Mechanics 
Realization/ Collaboration 

Engine 

8. UC Berkley Shake  [11] Table, USA 

Multi-parametric Geo-
Seismic and Geo-Mechanics 
Realization/ Collaboration 

Engine 

9. 
San Diego's outdoor [12] shake 
table, Scripps Ranch, USA 

Multi-parametric Geo-
Seismic and Geo-Mechanics 
Realization/ Collaboration 

Engine 

10. 
focusTerra museum [13] in Zurich, 
Switzerland 

Multi-parametric Geo-
Seismic Realization/ 
Collaboration Engine 

11. 
CPPS Centre Simulator [13] in 
Sitten, Switzerland 

Multi-parametric Geo-
Seismic and Geo-Mechanics 
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 Geo-Mechanics Simulation Systems 
and Platforms 

Common Gap 

Realization/ Collaboration 
Engine 

12. 
Tokyo Earthquake Simulation [15] 
Center, Japan 

Multi-parametric Geo-
Seismic and Geo-Mechanics 
Realization/ Collaboration 

Engine 

13. 
Four Degrees of Freedom [16] 
GMSP, Qatar 

Multi-parametric Geo-Seismic 
and Geo-Mechanics 

Realization/ Collaboration 
Engine 

 

 Domain realization and perception assistance is the 
foremost constraint [4-18] in all simulation platforms design 
and implementations. In the geo-seismic domain, a plethora 
of contributions was observed in the simulation area from the 
theoretical and mathematical modeling aspect. The Tullis 
group simulator RSQSim [19] was appreciable for fault-
friction modeling, fully dynamic single-event simulations, 
rate- and state state-dependent friction (RSF) modeling with 
a gap of wave modeling and ground motions realization. The 
ALLCAL [20] was one of the earthquake simulators 
developed by scientists of the Southern California 
Earthquake Center (SCEC) and belonged to the Tullis group 
of simulators. The ALLCAL used the Triangulation rule for 
the geometrical modeling and estimation of stresses and 
displacement to approximate fault friction and 
elastodynamics at a very abstract level had a gap of 
mechanical implementation and core geo-seismic realization. 
The Viscoelastic earthquake simulator for San Francisco Bay 
region [21] was a very noticeable approach towards 
seismicity functions with a gap of real surface motion 
kinematics, i.e. seismic waves and arrival times. The Virtual 
Quake (VQ) earthquake simulator [22] was a simulation-
based forecast of the El Mayor-Cucapah region and evidence 
of predictability in simulated earthquake sequences was a 
successor of Virtual California (VC) can be used for 
forecasting and training mechanics. The gap in physical 
design and implementation [23] was very prominent in VQ 
contribution. The physics-based earthquake simulator 
replicated seismic hazard statistics across California [24] and 
compared its results with UCERF3 (Uniform California 
Earthquake Rupture Forecast, version 3 and RSQSim were 
reliant on parameterized [25, 26] ground-motion models 
(GMMs). The current state earthquake simulation [27] 
contribution also had gaps in geo-seismic realization [28-34] 
and its relationship with geo-mechanics implementation. The 
gaps in geo-seismic realization as a mechanical platform for 
physical implementation were observed in all [4-31] 
contributions had a common gap of geo-seismic realization.  

II. MULTI-PARAMETRIC GEO-SEISMIC REALIZATION 

ENGINE(GRE) DESIGN AND IMPLEMENTATION  

    The majority of ground motion simulation works either 
focused on the generation of seismic motions based on 
prolonged calibration or shake tables for active structural 
health assessment. In both cases, the uncertainty was 
expected for selected and in practice actuators types. The 
second major issue was the optimized multi-parametric 
domain modeling for precise coordination of physically 
robust ground mechanics. The section streamlined the geo-
seismic realization engine that governed the optimized 
actuator dynamics to achieve the best of both worlds.  

The objective of GRE was to convert seismological 

variables and parameters into actuator commands and sense 

them to ensure the accuracy of the simulation system. In 

seismology, there are two basic types of waves i.e. body 

waves and surface waves with sub-types of each. Body 

waves have two sub-types i.e. primary (P), secondary (S) 

and surface waves have Rayleigh (R) and Love (L) waves. 

The set of same type seismic waves has been termed as 

event and events clusters while the recurring sets are 

denoted as a pattern. For a sensing system, seismic waves 

are very specific ground motion events that need to be 

sensed in x, y, and z directions as DX, DY, and DZ. In figure 

1, it can be observed that seismic waves study is focused on 

ground motion and anomalies in the lithosphere and crust 

only. The point where the seismic fault occurs and generates 

the earthquake is called hypocenter (CH). The perpendicular 

point of (CH) on earth surface is called epicenter (CE). Both 

CH and CE have with seismic fault source location as FL (x, 

y, z). The fault location for the collaborative localization 

method [30] using analytical and iterative 

solutions(CLMAI) is further specified as CLMAIF (FL1, FL2, 

FL3, GREP-FL, tFL) for GRE parameter P, at time tFL for three 

geospatial fault sources or hypocenters. The point where 

seismic variables are observed is called a seismic station 

(SS) with GPS coordinates SS (x, y, z). The SS can be further 

specified as CLMAIS for three seismic centers CLMAIS (SS1, 

SS2, SS3, GREP-SS, tSS) for GRE parameter P at tSS as GREP-

SS. The expected GRE parameter to be generated by fault 

location FL (x, y, z) has noise discrimination [31] factor DSS 

with percentage DSS (%) when observed at SS (x, y, z).  

 
Fig. 1. Wadati Triangulation Mechanism 

The entire refractive seismology from the pseudo-
random occurrence of seismic fault to precision of 
observation at seismic stations is dependent on Pythagoras 
theorems and Wadati triangulation. The most basic segment 
in geomechanics modeling is ON/OFF, basic arithmetic, 
trigonometry and logarithmic operations for acceleration 
conversions to different intensity perception scales.  
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Table II exhibits 30 geo-seismic parameters that 
correspond to 30 unique motor commands to produce 
equivalent geo-mechanics. Let the five motors be first 
horizontal shaft motor be MHS1, second horizontal shaft 
motor be MHS2, first vertical shaft motor be MVS1, second 
vertical shaft motor be MVS2, and third vertical shaft motor 
be MHV3. The terms “Steps” are dedicated to the unit 
movement of stepper motors. The “Timer” refers to the unit 
time between two consecutive steps. 

In table II, the hypocenter and epicenter measurement 
assist in the computation of magnitude (M) and energy (E) 
of earthquakes. After seismic motion generation, the 
triangulation method is used to find the epicenter as the first 
step. Three seismic stations are a mandatory requirement for 
the triangulation method. The P, S, R and L waves can be 
sensed any high-sampling and precision bi-axial motion 
sensors. The wave velocity or motion needs accelerometers 
and angular displacement needs inclinometers tactically  

 

oriented in x, y and z-axis. The conversion of seismic 
variables into motion control commands in given below in 
Table II. Both steps and timers are dedicated to enabling or 
actuator control systems used for geo-seismic motion. In 
table II, all the information regarding GRE is given. 
Clockwise and anti-clockwise rotation is expressed as CW 
and A-CW. Those sensor values, which are used only for 
computation and not used for motor commands, have been 
termed as “Not a Motor Commands as it is an Observation” 
in table II. Further details can be read from references cited 
in the introduction. 

The credibility or truthfulness of seismic events was 
authorized from at least 3 sources of observatories, i.e. 
seismic centers were three unique geospatial locations. 
There three different arrival times, as well as seismic noise 
induced in the signals, had to be differentiated from original 
or useful signals. The CLMAI and discriminant factor D 
was introduced to handle these criticalities narrated in table 
III.   

TABLE II.  REALIZATION GEO-SEISMIC EVENTS AS MOTION CONTROL COMMANDS   

 Geo-Seismic Domain GMSP Motion Control Domain 

Event Patterns 

P-Waves Pattern(PEVENT) MHS1 (CW + A-CW) 
S-Waves Pattern(SEVENT) MVS1 (CW + A-CW) 

R-Waves Pattern(REVENT) 
MVS1 (CW) + MHS1 (CW) and MVS1 (A-CW) + MHS1 

(A-CW) 

L-Waves Pattern(LEVENT) 
MHS1 (CW) + MHS2 (CW) + MHS1 (A-CW) + MHS2 

(A-CW) 

Earthquake Pattern(EEVENT) 
TPRE + PEVENT + TPOST-P + SEVENT + TPOST-S + REVENT 

Or 
TPRE + PEVENT + TPOST-P + SEVENT + TPOST-S + LEVENT 

Quantity of Patterns 
Number of Waves(NWAVES) n * WEVENT(PEVENT, SEVENT, REVENT, LEVENT) 

Number of Earthquakes(EEQKS) n * EEQKS 

Timers of Patterns 

Arrival Time of P-Wave(TAP) TPRE 
Arrival Time of S-Wave(TAS) TAP + TWP-P + TPOST-P 

Arrival Time of Rayleigh Wave(TAR) TAS + TWP-S + TPOST-S 
Arrival Time of Love Wave(TAL) TAS + TWP-S + TPOST-S 

Delay(TPOST) Post-Delay in Motors Commands 
Duration of Waves Pattern(TWP) NWAVES * TW 

Duration of Earthquake(TEQK) 
TPRE + TWP-P + TPOST-P + TWP-S + TPOST-S + TWP-R 

Or 
TPRE + TWP-P + TPOST-P + TWP-S + TPOST-S + TWP-L 

Magnitude of Pattern 

Peak to Peak Amplitude of Waves(AW) wave event XEVENT 2 * EVENT 

Magnitude of Earthquake (MR-EQKS) log(AW/TEQK) or  

Duration of a Single Wave  Time period of Waves(TW) Steps Timer for movement (CW + A-CW) 
Frequency of a Single Wave 
Pattern 

Frequency of a Wave(FW) 1 / TW 

Distance Travelled 
Distance Traveled by Waves(DW) Total Steps * TW 

Distance Traveled by Unit Earthquake(DEQKS) DW-P + DW-S + DW-R or DW-P + DW-S + DW-L 

Velocity of Waves 
(can be X and Y) 

Velocity of P-Waves(VP) DW-P / TW-P 
Velocity of S-Waves(VS) DW-S / TW-S 
Velocity of R-Waves(VR) DW-R / TW-R 
Velocity of L-Waves(VL) DW-L / TW-L 

Impact of P-Waves 
w.r.t to Equator and Poles 

Angle of Incidence P-Waves(ƟP) 
(can be X and Y) 

(Not a Motor Commands as it is an Observation) 
Average Angle of P-Cluster where angle and 

acceleration is similar 

Impact of S-Waves 
w.r.t to Equator and Poles 

Angle of Incidence P-Waves(ƟS) 
(can be X and Y) 

(Not a Motor Commands as it is an Observation) 
Average Angle of S-Cluster where angle and 

acceleration is similar 
Hypocentral Distance Hypotenuse of Wadati Triangle (HWT) BWT / {cos((ƟS+ ƟP)/2)} 

Epicentral Distance 
Base of Wadati Triangle 

(BWT) 
(TAS - TAP) * {(VP* VS)/ (VP - VS)} 

Epi-Hypo Distance   Perpendicular of Wadati Triangle (PWT) BWT / {sin((ƟS+ ƟP)/2)} 

Location of SS GPS Coordinates (Y°N, X°E) 
No Motor Commands 

(Longitude and Latitude Values) 
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III. IMPLEMENTATION OF GRE ON A PROGRAMMABLE 

GEO-MECHANICS GROUND MOTION SIMULATOR  

An open-source programmable mechatronics ground 
motion was needed to test the conceptual framework devised 
in section II. The work [16] was chosen as a testing ground 
for GRE exhibited in figure 2.  

  

Fig 2. GMSP [16] Assembled Photographs 

The GMSP consisted of a motion control system and a 
motion-sensing system. In GMSP, the GRE was used to 
produce the ground mechanics through a four degree of a 
motion system with 4 stepper motors. The a biaxial bi-sensor 
node as given in works [17 – 21] was capitalized to sense the 
high-frequency motions.  

IV. RESULTS AND DISCUSSION 

The GRE was programmed in the GSMP SoC module to 
perform the core experiments. The experiments were dual 
verified by sensing through PC based oscilloscope interfaced 
with Matlab. The GRE was tested for following geo-
mechanics automation using setup shown in figure 3: 

1. Three types of Seismic Waves, P, S & R. 

2. A Characteristic Earthquake Sequence. 

 
Fig 3. Data Acquisition System for GRE Verification  

The results were observed from two sources, i.e. the 
Tektronix oscilloscope and MATLAB serial input. The 
GMSP results are very fertile and perceivable by 
seismologists and geologists.  

 

 
Fig 4. P-Waves observed in MATLAB for 8Hz on the x-axis [16] 

(without GRE)  

 
Fig 5. P-Waves observed in MATLAB for 8Hz on the x-axis  

with GRE 

The impact of GRE motor control commands and multi-
parametric control actuation variables are eloquent in figure 
5 for 8Hz uniform P-waves without seismic parameter 
damping.  

 

Fig 6. S-Waves observed in MATLAB for 4Hz on the y-axis 
(without GRE) 

TABLE III.  REALIZATION GEO-SEISMIC EVENTS AS MOTION CONTROL COMMANDS   

CLMAIS vector for three 
seismic centers 

Time Vector of GPS Coordinates for GRE parameter 
under observation at a given time (SS1, SS2, SS3, GREP-SS, 

tSS) 

CLMAIS(SS1(x1, y1, z1), SS2(x2, y2, z2), SS3(x3, y3, 
z3), GREP-SS, tSS) 

Location of (CH, CE) GPS Coordinates of Offset = (BWT) from SS ((Y°N, X°E) 
SS (Y°N, X°E) + (BWT [sin{(ƟS+ ƟP)/2}]°N, BWT 

[cos{(ƟS+ ƟP)/2}]°E) 

CLMAIFL vector for three 
fault locations 

Vector of GPS Coordinates with 3D offsets of (BWT) from 
CLMAIS(SS1, SS2, SS3, GREP-FL, tFL) 

CLMAIS(SS1, SS2, SS3, GREP-SS, tSS) + 

{(BWT-SS1 [ sin{(ƟS-S1+ ƟP-S1)/2}]°N1, BWT-SS1 

[cos{(ƟS-S1+ ƟP-S1)/2}]°E1, -PWT-S1), {(BWT-SS2 [ 
sin{(ƟS-S2+ ƟP-S2)/2}]°N2, BWT-SS2 [cos{(ƟS-S2+ ƟP-

S2)/2}]°E2, -PWT-S2), {(BWT-SS3 [ sin{(ƟS-S3+ ƟP-

S3)/2}]°N3, BWT-SS3 [cos{(ƟS-S3+ ƟP-S3)/2}]°E1, -PWT-

S3), GREP-SS, tSS} 
Noise Discrimination Factor 

Dss(%) 
The magnitude of the percentage difference between 

CLMAISS and CLMAIFL 
(Not a Motor Commands as it is an Observation) 

{(|CLMAIFL - CLMAISS|)/ CLMAIFL} x 100 
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Fig 7. S-Waves observed in MATLAB for 4Hz on the y-axis 
(with GRE) 

The results captured in MATLAB were very self-
explanatory. An obvious difference in terms of waves nature 
and captured sensor values are visible in figures 6 and 7.  

 

 

Fig 8. R-Waves observed in MATLAB for 8Hz on the y-axis 
(with GRE) 

The contribution of GRE is presented in figure 8 as one 
of the key contributions in accurate geo-mechanics. 
Furthermore, a characteristic earthquake pattern 8 P-waves, 4 
S-waves, 3 R-waves and 3 L-waves with a duration of 4 
seconds. The GRE was able to deliver very swift and sharp 
results on the GMSP and assured its reliability and 
capabilities for a much challenging simulation.  

 

 

a. Standard Earthquake Pattern 

 

b. GMSP Generated Pattern for Characteristic Valdivia Incident 

Fig 9. Valdivia Earthquake Simulation on GMSP 

The GMSP generated earthquake from the data collected 
from the IRIS database and converted into motor controls 
and programmed into the system as shown in the fig 9.  

Furthermore, the serial input of ESP32 was connected to 
PC to observe long-term results in MATLAB and plotted as 
real-time time-series for further analysis. The results are very 
ideal for seismological studies and future observations of 
other earthquakes occurred over the course of time.  

V. CONCLUSION 

A multi-parametric geo-seismic realization with detailed 
parametric study and derivation of motor commands added 
significant value to capabilities of the current state of the art 
geo-seismic simulator. A 4 degree-of-freedom seismic wave 
ground motions simulation platform for P, S and Rayleigh 
waves developed in our previous works was tested and 
demonstrated promising results. The 22 multi-variable 
parameters equated with motor commands served a real-life 
value addition to seismic simulators to have much detailed 
scientific applications. This constitutes a strong tool to train 
algorithms for machine learning and AI as well as deep 
learning models.  
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