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Abstract

Subduction zone earthquakes usually occur along the interface or within the
subducting plate. However, more complex mechanisms might exist in the mixed
collision-subduction boundary. On April 2, 2024, an Mw?7.4 earthquake struck eastern
Taiwan, a suture zone between the Philippine Sea Plate and the Eurasian Plate. The
distribution of aftershocks is complex and difficult to be explained by any known active
faults. Our joint source inversion result shows the rupture occurred on the subducting
interface and an intraplate high-angle reverse tear fault within the Philippine Sea Plate.
The tearing process caused the initial rupture, followed by the subsidence of the western
footwall into the deeper lithosphere. This subsidence process resulted in significant
thrust movements at the subducting interface, producing the largest asperity during the
rupture. In other words, the westernmost Philippine Sea Plate broken off and subducted
westward beneath the Eurasian crust. Our results indicate that the earthquake
complexity in a mixed collision-subduction environment requires thorough
re-examination, as it may significantly impact seismic hazard assessments.
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1. Introduction

A magnitude Mw 7.4 earthquake struck the Hualien area in eastern Taiwan
(121.58°E 23.86°N, depth 22.52 km) on April 2, 2024 (23:58:09 UTC). This event,
named the 2024 Hualien earthquake hereafter, was the largest in Taiwan after the 1999
Chi-Chi Mw 7.6 earthquake.

Ground shaking near the source area was extremely strong. The largest intensity
was observed in Hualien County, with a maximum intensity of 6+ (440~800 cm/s?) on
the Central Weather Administration (CWA) intensity scale. Shaking of intensity 5+
(140~250 cm/s?) was experienced in most of eastern Taiwan. Strong ground shaking
also expended toward northern Taiwan, including Taipei city, with an intensity of 5-
(80~140 cm/s?) and more than 40 seconds duration. This event damaged several
buildings and caused large landslides in Hualien County. The Turtle Island offshore
Yilan collapsed due to the intense shaking. It also caused extensive damage in northern
Taiwan. Several sections of the Mass Rapid Transit (MRT) in new Taipei city were
damaged in which the rails had moved; the maximum was approximately one meter.
Unfortunately, 18 people died in this event.

Over 2000 aftershocks occurred within one month after the mainshock, including
the largest M6.2 aftershock on April 22. This big aftershock was located in the southern
area of the mainshock epicenter, and its depth was shallow, only about 8 km, compared
to the mainshock. Before April 22, the aftershocks mainly occurred north of the
mainshock epicenter. While after April 22, the aftershocks moved south of the epicenter,
near the northern tip of the Longitudinal Valley. The distribution of one-month
aftershocks shows a northeast-to-southwest trend on the map view (Fig. 1). However,
they separated into several discontinuous groups at different depths in the profile view
(Fig. 1). There is no single known tectonic structure that can connect all these
aftershock groups.

This disorder aftershock distribution could be because the 2024 Hualien
earthquake occurred in a complex tectonic area. It was located on the northernmost part
of Longitudinal Valley, a suture zone of the Eurasian Plate and the Philippine Sea Plate
(Yu et al., 1997). This region has several active structures, including the Milun Fault,
the west-dipping Central Range Fault, and the east-dipping Lingding Fault, the
northernmost segment of the Longitudinal Valley Fault system. In the eastern offshore is
the Ryukyu Trench, where the Philippine Sea Plate begins to subduct northward under
the Eurasian Plate. Thus, this area is situated in a complex collision-subduction mixed
environment. Thousands of earthquakes occur in this area yearly, including a large Mw
7.4 event in 1986 (Fig. 1).

Unraveling the representative seismogenic structures of the 2024 Hualien
earthquake is critical to understanding and revealing how this event occurred. From the
centroid solution of the Real-time Moment Tensor (RMT, Lee et al., 2013) determined
based on the local broadband network, the mechanism of this event was thrust with a
strike from northeast to southwest and up to 42 km deep centroid depth was reported.
The USGS CMT also indicated a deep centroid with a depth of 35.5 km. Based on the
RMT focal mechanism, two fault planes could be the candidates involved in this event.
One is the east-dipping fault plane close to the known geometry of the Lingding fault.
However, no significant surface break was found along this active fault after the



mainshock. In addition, the centroid was 20 km north of the epicenter at a depth close to
40 km. The geometry of the east-dipping fault plane cannot explain this centroid
location, especially for its deep depth. The other fault plane is dipping toward the west
with a dip angle of 39.7 degrees. Although the west-dipping geometry can explain the
deep centroid, this west-dipping fault plane has not been discovered and confirmed in
the past.

Few studies have been published to discuss the cause of the 2024 Hualien
earthquake. Cheloni et al. (2024) proposed a composite fault model to explain this event
based on geodetic data (GNSS and InSAR). The large slips on their composite fault
model mainly occurred at depths shallower than 20 km, which cannot explain the deep
centroid (up to 35 km depth) reported by both RMT and USGS. It was also noted that
all geodetic data were collected from the island side, resulting in limited azimuth
coverage. This restriction provided insufficient constraint on the overall slip distribution,
particularly in depth.

This study used teleseismic data, local ground motion waveform, and GNSS
coseismic displacements to perform joint source inversion (Fig.2-4). In addition to
analyzing the rupture process of this event, we also tried to find and explain the
seismogenic structure involved in the earthquake. Its impact on the large-scale
seismotectonic structure and regional seismic hazard assessment is also addressed.

2. Data and Methods

Data processing

The joint source inversion analysis utilized three data sets: local ground motion
waveform records, GNSS coseismic displacements, and teleseismic P- and S-body
waves. Teleseismic body waveforms were downloaded from EarthScope. A total of 106
high signal-to-noise ratio records were selected for the inversion. The stations used were
limited to an epicentral distance range of 30° to 90° to mitigate the effects of shallow
crustal complexity (see Fig. 2). A 120-second time window, including 20 seconds before
the first P arrival, was employed for the inversion. The raw teleseismic velocity data
were initially filtered between 0.01 Hz and 0.5 Hz, then integrated to obtain
displacements, and resampled at a rate of five points per second.

Local waveforms were gathered from the Taiwan Strong Motion Instrument
Program (TSMIP), the Central Weather Administration’s 24-bit network (CWA24), and
the Broadband Array for Taiwan Seismology (BATS). This study used 31 local
waveforms, covering all three components, as depicted in Figure 3. The raw data were
band-pass filtered between 0.02 Hz and 0.5 Hz, then integrated to derive displacements.
A 100-second waveform started from the event origin time was utilized for the inversion,
with a sampling interval of 0.2 seconds.

The Nevada Geodetic Laboratory supplied GNSS coseismic displacement data
with high-rate continuous records from the Central Weather Administration of Taiwan.
The inversion process utilized coseismic displacement data from 105 stations, each
providing three-component measurements. (Fig. 4).



Fault models

We identified six potential fault planes to investigate the possible rupture faults
associated with the 2024 Hualien mainshock (Fig.5-6). These fault planes include: (1)
two nodal planes based on the RMT mainshock focal mechanism, with one plane
dipping eastward (F1) and the other dipping westward (F2); (2) a known active fault
near the source area, the Lingding Fault, considered a candidate rupture plane (F3); and
(3) fault planes F4 to F6 constructed from aftershock distributions and the focal
mechanisms of significant aftershocks. The geometry parameters of these six fault
planes are listed in Table 1. Notably, F4, a fault plane with a nearly north-south strike
and high-angle eastward dip, is fitted well by a significant deep aftershock group. The
top boundary of F4 lies below 20 km depth, dipping slightly northward and aligning
well with F2. While both F3 and F4 dip eastward, their locations and geometries differ
without overlapping. All fault planes were divided into 953 subfaults, each measuring 5
km in length and width. The depth range for these planes extends from 0 to 69 km.

The two nodal planes F1 and F2 were determined from the RMT CMT mainshock
focal mechanism and may trade off in fitting the data in the joint inversion test. Thus,
we initially evaluate these two fault planes, exclude the less probable one, and proceed
with subsequent tests using all other fault planes. Figure 5 presents the inversion results
for F1 and F2. For F2, slip is concentrated offshore near the coastal region, with a
significant asperity close to the centroid. In contrast, F1 shows a more dispersed slip
pattern with multiple slip patches, the largest located farther from the coast and offset
from the centroid. The misfits for F1 and F2 are 0.32 and 0.28, respectively.
Additionally, some slip areas on F1 are located on the shallow fault plane near the
surface, yet no significant surface rupture was observed following the mainshock. Based
on these findings, we infer that the west-dipping F2 is more likely to be involved in the
2024 Hualien earthquake than the east-dipping F1.

We then conducted an inversion analysis using F2 and all other fault planes (F3 to
F6) to evaluate their contributions to the mainshock. Results show that only F2 and F4
exhibit significant slip (Fig. 6). Large slip areas are observed on F2 and F4, with minor
slip patches on F5 and F6, and almost no slip on F3 (the Lingding Fault). The
contributions of F2 to F6 to the total moment are 70.7%, 4.3%, 16.9%, 4.7%, and 3.4%,
respectively. The lower contributions of F3, F5, and F6 suggest that these planes were
not directly involved in the mainshock but may have been passively triggered afterward,
resulting in the subsequent complex aftershock distribution. Given their minimal
contribution to the joint inversion data, we focused on the two fault planes most likely
involved in the mainshock rupture for further investigation: the west-dipping fault plane
F2 and the high-angle east-dipping fault plane F4.



Table 1. Fault parameters of the six potential planes.

Fault planes F1 F2 F3 F4 F5 F6
Strike (degree) | 32.3 | 217.8 | 11.3-341.7 | ~15.0 | 221.0 | 112.0 |

Dip (degree) 50.5 39.7 56.4-68.1 ~75.0 12.0 70.0

Length (km) 100 100 55 75 40 45

Down dip width

7 7 4 2
(km) 5 5 60 0 35 5
Subfault si.
ubfault size 5x5 5x5 5x5 5x5 5x5 5x5
(km’)
Subfault 300 300 132 120 56 45
Numbers
L. Lingding
Association RMT CMT RMT CMT Aftershock = Aftershock = Aftershock

Fault

Joint source inversion

The finite fault inversion problem is typically expressed in a linear form, Ax=Db,
where

A represents the matrix of Green's functions, b is the observed data vector, and X is
the solution vector containing the slip amplitude, direction, and rupture time for each
subfault (Hartzell and Heaton, 1983). To assess the quality of the solution, we employ a
misfit function defined as (Ax-b)? / b? The multiple-time windows approach was
employed to enhance the spatial and temporal resolution of the slip. We used 48 time
windows in the inversion, each 2 seconds long, with a 1-second overlap between
consecutive windows. This allows each subfault to slip within 47 seconds after the
rupture initiation. However, increasing the time windows significantly enlarges the
matrix A, making the solution computationally expensive. To improve performance, we
apply a parallel Non-Negative Least Squares (NNLS) inversion technique (Lee et al.,
2006), which decomposes matrix A across different computing nodes and
simultaneously solves all the time windows. The maximum rupture velocity was set to
6.0 km/s to align with the shear wave velocity near the hypocenter, which was likely
located in the oceanic crust and characterized by a higher seismic velocity. Stability
constraints were applied to ensure realistic slip distributions. These include minimizing
the seismic moment, applying damping at the edges of the parameterized fault, and
smoothing the slip between adjacent subfaults.



The teleseismic Green’s functions in matrix A were computed using the IRIS Data
Management Center Synthetics Engine (IRIS DMC, 2015), based on the 1D Earth
reference model derived from the Preliminary Reference Earth Model (PREM,
Dziewonski and Anderson, 1981). The Green’s functions begin 20 seconds before the
onset of the P wave to align with the observed data. The Green’s functions for geodetic
displacement and local synthetic waveforms were computed using the
three-dimensional spectral-element method (SEM, Komatitsch et al., 2004). The 3D
seismic synthetic waveforms were filtered between 0.02 and 0.5 Hz, matching the
frequency range of the observed data. All local observed and synthetic waveforms were
started from the initial event time and spanning a 100-second time window. The static
displacement derived from the synthetic waveforms was taken as the Green’s functions
for the geodetic data.

3. Result
Slip distribution

The slip distribution of the Hualien earthquake was complex, involving both
east-dipping (Fault A) and west-dipping (Fault B) fault planes (Fig. 7). Five asperities
were identified, divided into two groups. Three of these asperities occurred along Fault
A. Asperity Al lay to the north of the epicenter, exhibiting the largest slip, reaching up
to 6 meters. Asperity A2 was located south of the epicenter, with a significant slip of
approximately 4 meters. Asperity A3 was situated at the northern boundary of Fault A,
with a smaller slip of less than 3 meters. However, A3 had an extensive slip area that
extended deeper into the fault plane, reaching depths of 25 to 45 km. The three
asperities on Fault A primarily displayed thrust movement, although the southern
portion of A2 exhibited more strike-slip behavior.

Another two asperities were located along the west-dipping Fault B. Asperity B1
lay north of the epicenter, with slip concentrated at mid-depth near the hypocenter (Fig.
7). The movement was primarily thrust, with a maximum slip of nearly 2 meters.
Asperity B2, also situated north of the epicenter, exhibited oblique thrust movement
with a maximum slip exceeding 3 meters. It had the largest slip area among all
asperities, with a size of approximately 30 x 30 km? extending from a depth of 25 km to
approximately 45 km.

Most aftershocks before April 22 occurred north of the mainshock epicenter (Fig. 7)
and aligned well with the NNE-SSW trend of slip distribution. These aftershocks could
be divided into two groups, each corresponding closely with asperities on the two fault
planes. A significant number of aftershocks were recorded at depths greater than 20 km
along the east-dipping Fault A, mainly concentrated around asperities Al, A2, and A3.
The depths of this group of aftershocks gradually dipped to the north, which fit well
with the northward dipping depth trend of the subducted interface. Another group of
aftershocks occurred along Fault B, clustering near the two large asperities, B1 and B2.
Additionally, many shallow aftershocks (< 20 km depth) were observed above both
Fault A and Fault B. An isolated slip area was identified at slip patch B3, which also
experienced several large aftershocks. This patch may be associated with the subducted
interface, as the depth of Fault B in this region aligns with the subduction boundary
proposed by Wu et al. (2009). It is also possible that nearby aftershocks with similar
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depths occurred along the same subducting plate boundary.

The centroid of the mainshock, as reported by RMT, was located north of the
epicenter at a depth of 42 km within the deep lithosphere. It was positioned between the
largest asperity B2 on Fault B and the deepest asperity A3 on Fault A. In contrast, the
slip near the epicenter on both Fault A and Fault B was relatively minor.

Rupture process

The rupture of the Hualien earthquake involved two fault planes (Fig. 8a). Initially,
the slip near the hypocenter was minor. The rupture then quickly propagated north along
the east-dipping Fault A. Between 2 and 10 seconds, it caused slip on Fault A and
generated asperity Al with a substantial slip. Nearly simultaneously, the rupture
extended southward, producing asperity A2 on Fault A. Around the 8th second after the
initial rupture, Fault B began to slip near the hypocenter, with the rupture extending
northward on the right side of the junction line J from 8 to 12 seconds. Subsequently, it
propagated to deeper fault plane on the left side of line J. This rupture phase was
prolonged from approximately 14 to 30 seconds, gradually forming asperity B2. During
this period, asperity A3 also developed on Fault A. The main rupture concluded around
the 30th second, although minor slips continued on the shallow sections of Fault B,
forming slip path B3.

The moment rate function reveals a prominent triangular energy burst between 0
and 30 seconds, peaking around the 15th second (Fig. 8b). Approximately 90% of the
seismic energy was released during this period, with all major asperities forming in this
short timeframe. Some additional energy was released after the 30th second, gradually
tapering off around the 60th second. The total seismic moment is 1.87 x 10 Nm,
equivalent to a magnitude of Mw 7.45. The moment release can be divided into two
parts (Fig. 8b): energy released along the east-dipping Fault A and energy from the
rupture on Fault B. In the first 10 seconds after the initial rupture, seismic energy
mainly originated from Asperity Al and A2 on Fault A. This was followed by a large
energy burst from the rupture of Asperities B1 and B2 on Fault B. Around the peak
energy release at approximately 15 seconds, Asperity A3 on Fault A contributed
additional rupture energy from 15 to 30 seconds. The rupture of these asperities on the
two fault planes created a large triangular energy burst from 0 to 30 seconds. Fault A
released approximately 4.73 x 10'® Nm (Mw 7.05), about 26% of the total moment,
while Fault B contributed around 74% of the total moment, or 1.40 x 10" Nm (Mw
7.46).

The rupture behavior of Faults A and B differs significantly, as shown by the
maximum slip rates along the strike of both faults (Fig. 9). On Fault A, the peak slip rate
reaches an exceptionally high value of approximately 276 cm/s during the rupture of
Asperity Al. The maximum slip rates are primarily concentrated around the asperities
and have short durations. This suggests that rupture propagation on Fault A is
discontinuous, with large stress drops on each asperity. The rupture velocity on Fault A
is about 4.0 km/s and lower. In contrast, Fault B exhibits a more continuous rupture
propagation and a longer rupture duration. The peak value of the maximum slip rate was
around 176 cm/s, lower than that of Fault A. The rupture velocity on Fault B is
approximately 4.8 km/s, closer to the shear wave velocity in the deep crust.



4. Discussion

From previous analyses, the rupture of the 2024 Hualien earthquake occurred on
both the east-dipping fault A and the west-dipping fault B, resulting in a complex
pattern that any known seismogenic structures in the source area cannot explain. Here,
we propose that the Hualien earthquake was caused by the tearing and break-off of the
subducting Philippine Sea Plate at a mixed collision-subduction boundary, with several
lines of evidence supporting this hypothesis.

The top of Fault A is the junction between Faults A and B (Fig. 1). The depth of
this junction aligns well with the subducting interface proposed by Wu et al. (2009). As
shown in Fig. 1, the junction line J, the aftershock group, and the subducting interface
all dip gradually to the north. They all state that the Philippine Sea Plate subducts to the
north underneath the Eurasian Plate. We thus propose that Fault B is the top of the
west-dipping subducting plate boundary, forming from the interface between the
Philippine Sea Plate and the Eurasian Plate, whereas Fault A is a steep intraplate fault
within the Philippine Sea Plate. Due to the oblique collision, the Philippine Sea Plate
subducts to the north and slightly subducts toward the west at the collision boundary
with the Eurasian Plate. This westward subduction may have occurred beneath the
Coast Range, alongside the offshore, northward-dipping Ryukyu subduction zone.

Based on these findings, we propose that the west-dipping Fault B marks the
easternmost boundary of the subducting interface between the Philippine Sea Plate and
the Eurasian Plate. The east-dipping Fault A is an intraplate fault formed by tearing
within the Philippine Sea Plate as its left block began subducting northwestward
beneath the collision zone. The typical oceanic crust is usually about 8 to 10 km thick;
however, the rupture of east-dipping fault A extends from 20 to 45 km deep. Thus, this
tear might extend not only through the oceanic crust but also down to the lithosphere of
the Philippine Sea Plate.

A conceptual tectonic structure for the westernmost Ryukyu subducting interface,
revealed by the 2024 Hualien earthquake, is illustrated in Fig. 10. Due to the oblique
collision, the Philippine Sea Plate subducts not only northward but also northwestward
beneath the Eurasian Plate in eastern Taiwan. The subducting interface dips slightly
westward under the Eurasian Plate at the collision zone. The rupture occurred along two
fault planes: the west-dipping subducting interface and the east-dipping intraplate
tearing fault. Due to oblique collision and stress partitioning, the Philippine Sea Plate
subducts northward offshore and slightly westward toward the island. The resistance
from collision causes the western edge of the Philippine Sea Plate to subduct beneath
the Eurasian Plate at a shorter distance and a steeper angle, creating uneven stress and
bending that initiates tearing along north-south weak zones. This tearing likely triggered
the initial rupture. Subsequently, the footwall on the left subsided to a deeper level,
effectively breaking off the westernmost Philippine Sea Plate, which then subducted
westward beneath the Eurasian Plate. This process led to significant thrust movement
along the west-dipping plate interface (Fault B), generating the largest asperity (B2)
during the rupture.

Many aftershocks occurred in the shallow crust with depths less than 15 km. Also,
a major active fault, the Lingding Fault, is across the shallow crust of the source area.
The result of the inversion test for the potential fault planes shows that these shallow
seismogenic structures did not significantly participate in the rupture of the mainshock.
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In addition, no significant surface break in the source area was observed after the
mainshock. Thus, these aftershocks could be events triggered by the mainshock to
redistribute the regional stress. Since Fault A ruptured in the subducting plate and did
not propagate to the shallow crust, the overlying crust should deform to absorb the
dislocation, which could cause local passive triggering events in the overlying shallow
crust. In addition, most of the aftershocks after October 22 occurred in the shallow crust
(<15 km depth) south of the mainshock epicenter. Again, these aftershocks might have
occurred on other weak structures that were triggered passively by the Coulomb stress
perturbation rather than on the principal ruptured planes of the mainshock. Most
importantly, this event had a magnitude of Mw7.4, which the shallow small-scale
structures could not generate because the fault lengths were too short to generate an
earthquake larger than Mw7.0. Thus, it is highly possible that the 2024 Hualien
earthquake was caused by the break of the northwestward subducting Philippine Sea
Plate because it is the most considerable seismogenic structure in Eastern Taiwan, which
is large enough to accumulate large enough stress energy to produce a magnitude larger
than Mw 7.0 earthquake.
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Figure 1: Map and profile views of the 2024 Hualien earthquakes. Red solid star is
the hypocenter of M7.4 mainshock. Green open circle indicates the centroid location
reported by RMT. Pink rectangular shows the west-dipping Fault B. Blue rectangular
indicates the high-angle reverse Fault A. Circles are the M > 3.0 aftershocks from April
3 to May 3, 2024. They further separated into three groups: (1) Red beachball and
circles are events related to the subducting interface, (2) Blue beachball and circles are
events that show a north-south strike, high-angle, reverse fault, and (3) Orange
beachball and circle are the other events not incorporated in (1) and (2). Gray circles are
the background seismicity for M > 3.0 earthquakes from 1990 to 2023. The purple lines

present the slab interface of the subducting Philippine Sea Plate.
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Figure 2: Comparison between the observed teleseismic P waves and synthetics in
the vertical component. Black lines are observations, and red lines are synthetics. All
the waveforms are displacement type starting from 20 seconds before P and ending at
120 seconds after the P arrival. A bandpass filtered between 0.01 and 0.5 Hz was
employed. The blue and red numbers beneath each Global Seismic Network station are
the maximum amplitude and waveform misfit, respectively.
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Figure 3: Comparison between the observed local strong motion waveforms and
synthetics. (a) East-West component, (b) North-South component, and (c) Vertical
component. Black lines are observations, and red lines are synthetics. All the waveforms
are displacement type, starting from event time and ending at 100 seconds.
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Fig. 4. Comparison of the observed GNSS coseismic displacements and synthetics.
Left panel shows the horizontal component, and right panel shows the vertical
displacement. Black arrows are observations, and red arrows are synthetics. Pink star
indicates the epicenter of the 2024 Hualien earthquake.
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green circle indicates the centroid's location. Open circles are one-month aftershocks.
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Figure 10: The conceptual tectonic structure for the westernmost Ryukyu
subducting interface, revealed by the 2024 Hualien earthquake. The red star
indicates the mainshock hypocenter and the green circle shows the centroid.
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Abstract

The earthquake early warning (EEW) system aims to issue warnings to the public in
advance when a large event occurs to reduce life and economic losses. In a regional EEW
system, seismic stations are deployed in seismic-prone areas at a certain distance from
the area requiring warning. When an earthquake occurs, the Central Weather
Administration earthquake early warning (CWA-EEW) system predicts intensity (ground
shaking) in different regions by using a ground motion prediction equation (GMPE). The
rapidly determined source parameters (i.e., location and magnitude) and the site effects
of the regions are considered in the calculation.

In previous project, we obtained that the GMPEs can be effectively applied in EEW
through residual analysis and regression analysis. Currently, earthquake disaster
prevention and relief operations primarily rely on intensity as the main reference. Peak
Ground Acceleration (PGA) is used for earthquakes below intensity level five, while Peak
Ground Velocity (PGV) is used for earthquakes at intensity level five or above. Generally,
intensity level four and above is used as the standard for assessing casualties and building
damage. The intensity distribution of regional EEW models is influenced by seismic
sources and local site effects, requiring further analysis for different regions to improve
the accuracy of intensity estimation. The My 7.2 0403 Hualien earthquake was an
example. And on the other hand, the state-of-art GMPEs cannot accurately predict
earthquakes with intensity level five or above. Therefore, this project will establish a new
GMPE for PGV.

The results indicate that some of the GMPEs selected in the previous project tend to
slightly overestimate the intensity level. Regarding seismic source zoning, existing
GMPEs tend to overestimate small-amplitude events and underestimate large-amplitude
events in zones S15, S16, and TO1. While the velocity prediction equation which the
CWA has applied (Hsiao, 2007) performs well overall, it tends to produce estimation
errors for earthquakes above intensity level five. In summary, this project establishes new
ground motion acceleration (ILA2TAP-PGA) and velocity prediction equations (TW-
PGV).

ILA2TAP-PGA  : In(Y)=12.37 - 0.598Mw—0.033(8.5-Mw)?— 0.007Rhypo —
(4.215-0.387Mw) log(Rhypo+40) —0.47 log(Vs30)

TW-PGV : In(Y) =-3.97 + 1.4Mw- 0.005Mw>— 0.0057Rhypo —

0.4M Vs30
0.64 log(Rhypo +0.8e”*Mw) —0.206 log (m) —0.02depth

These two prediction equations have demonstrated certain predictive capabilities
based on residual and regression analysis. Due to the limited number of small-scale events,
the ground motion velocity prediction equation slightly underestimates small-scale
ground motion values, as it cannot fully capture the impact of the limited data during the
regression analysis. Nonetheless, all other analyses indicate that the prediction equations
possess a certain level of predictive capability.
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Longitude latitude site
119.950 22.400 0.840
119.850 22.450 1.129
119.850 22.500 1.042
119.950 22.550 1.395
119.950 22.600 1.576
119.950 22,650 1.594
119.950 22.700 1.769
119.850 22.750 1.832
119.950 22.800 1.789
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name EQ_type PGA | PGV | parameter
Arroyo2010
sub_inter 1 0 Mag, Rrup, Prd
(Arroyo et al., 2010)
Chao20(sub_slab) b slab | 1 0 Mag, Rrup, ftype, Vs30 class(0:estimated), Vs30, Prd, sourcetype, Ztor, Z1.0,
(Chao et al., 2020) - msasflag(0:mainshocks)
114.tw.C01
cru 1 0 Mag, Rrup, Prd, ftype, Vs30
(Idriss, 2014)
LL08.F04
sub 1 0 Mag, Rrup, Ztor, ftype, Prd, Vs30
(Lin and Lee, 2008)
PhungSub20
sub 1 0 Mag, Rrup, Prd, ftype, Vs30, Z1.0, Ztor, regionflag
(Phung et al., 2020)
Zh06(sub_inter)
sub_inter 1 0 Mag, Rrup, ftype, sclass, Prd, sourceclass, depth

(Zhao et al., 2006)

Remark

Sourcetype: 0 = crustal, 1 = Subduction

Sourceclass: 0 = crustal, 1 = subduction interface, 2 = subduction intraslab
Vs30_class: 0 = estimated, 1 = measured

Msasflag: 0 = Mainshocks, 1 = Aftershocks

*21 1Vs30 H 3 & T 30 & 8 poz T 4 i (mfs)
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Abstract

This project adopts the Epidemic-Type Aftershock Sequence (ETAS) model to
describe seismicity using the conditional intensity function. It involves several critical
components, such as parameter estimation methods and model selection to determine
essential ETAS parameters. The ETAS model, incorporating concepts of self-similarity
and branching processes, employs statistical methods to analyze the spatiotemporal
correlations between earthquakes. Hence, it is suitable for short-term seismicity
forecasting, covering aspects like earthquake location, expected magnitude-frequency
distribution, cluster earthquakes, and background seismicity. We have already gained a
grasp on applying the ETAS model to the analysis of Taiwanese earthquake catalog in the
previous project. We have validated earthquake forecasting through the September 2022
Taitung earthquake sequence. This project aims to refine the results of the previous project,
continuing to use the ETAS model for earthquake catalog analysis. Apart from collecting
and registering the latest earthquake catalog information to update ETAS model
parameters, we introduced a seismicity simulation method. We utilized the trained ETAS
model parameters to generate short-term synthetic catalogs through simulations,
comparing these synthetic catalogs with observed seismicity. This comparison aims to
examine the effectiveness of the ETAS model in forecasting earthquake occurrence in
advancing earthquake monitoring and reporting services in Taiwan.

Keywords: seismicity, epidemic-type aftershock sequence (ETAS), seismicity rate
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Abstract

This research plan targets at further improving the earthquake early warning
system to meet the desirable performance. In particular, the focus is put on reducing the
end-to-end response time of each early warning report, so as to cut short the size of the
blind region of early warning. The approach is taken from the aspect of networked
hardware-software co-design, in the hope that the resulting networked and software
infrastructure can be reliable, efficient, and scalable, and that the infrastructure can be of
help for future study and deployment of the earthquake early warning system. This
report summarizes our research findings from January to early November. Results from
November to December will be reported in the final oral presentation of this project.

M 4t 3 . earthquake early warning, MQTT, gRPC, software design, LoRa,
LoRaWAN.
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func main () {

for{
for{

processing msg No new messages

4

break loop

I

}
|
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New Messages Arrived
during the sleep period
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534 LA freh LORAWAN ff i > 2 F #3535 3 i 4wk i o ChirpStack e
PIRER BT BT R F IR R ST (B R RATRE R Bk
(AppKey) {riei: %46 (NwkKey) o v B L # TRy & 4 foardr > i ® 2 Lz
bR ﬁﬁiﬁi?ﬁf‘% o i’»ﬁ%ﬁxﬁi’;ﬁﬁﬁ%@ﬁwf@w A g

ChirpStack + # % fi#ichf @ 45 5 » 4= MQTT ~ HTTP » gRPC % - izi¢ ¥ 0
LS I ok Fﬁ 1 10T T S gt FE o 4 Node RED -~ Kubernetes ~ Docker

£O0mET ARBRARF 1\ ChirpStack ¥ 12 & A3 30 % » & 7 UiF (730 4
< 2T 5 b 4e AWS -~ Azure ~ Google Cloud % » i1 F”*’ SRR S - Y
BEEIE S N o Gdo s AR NG L E gg@; b OBt BcdR A R R
Bt oom ZHEETRELERBE o w5t %F’g

ER R
TR B A BT A% .

A. MQTT/gRPC

Ak FEAWEL MQTT Broker » & % 7 % P73 MQTT £
Earthworm # PICK_EEW 2 TCPD irige e 74t f?;ﬂi%] » ¥ *  Earthworm &»
Tankplayer 1 2 % £ 4% 2013-oct-31-Taiwan_event_60s_MAN s & plab 3l 5 bt
Pbe » APRTH R AP B ETER CAMR o F TS AT & AT
Fade kLG A 1(c) HAR- Bamh 5 A PATH vk A

Shared MQTT gRPC PR ek A8 1
memory
®% 1(C) /] - - -
% 2 (C) - | - -
wx3(C) |- - (epoll)
%4 4 (C) ; - (pthread)
3 % 5 (Go) - - -
%% 6(Go) |- - -
w4 7(Go) |- ] - v
%% 8(Go) |- - -

AP E T w e S (1) R S (R Tl a5 (3)sh T kP B
(PR ok LS 4 5 (4) QRPC i Bl P a6 4 o & i 4o o

o  FHantBlRR %

FRMEREE Z AR RRA S A WD RJITAP R i BAF AT R A
= A rep FHEEFE 2 R4k % (PICK_EEW (C) + shared memory + TCPD (C))
gk - R NP RIRER R 0 T %Fj‘ﬂi;]i'%a Tep fHEPNEE Y = 24P
(= i AL U I R o N i oL NP e S - I fﬁ»‘ﬁ Ja Lexdem k SLen > IRiE

LN BIEowt Gy o
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O HTIPFRuEER %

BFEELT AR TR A D RS 0 AP R FER T D P B aupE o 1
e R AR AR o B S A PSR Rkt
Fudl > BT RO N PEF RRIRA &%’?#ﬂ@ﬁﬁ@ﬁﬂ 4L F o
BB BARFHRY NTLEE IS BB LA - T MQTT
publisher @ii%]?] TCPD ﬁ’,ﬁ@gﬁ?&&@ﬁ%%ﬁ“ v - A FH4sE TCPD #ets » F
GRS RRGR G PR BRARRES AW PR FRERF Ao 4o T BT o

end-to-end

pickeew network time waiting
: transmission before
sending time processing

et BRI R R ET R T R ERRFRRY Y OTELLR b
Yo AL e Pl i 4 o AP U PR REad E 0 TRAED R
e e B EHE R0 KA e RTFF A G Ph L
F B At IR R I s o R o

j\?,‘ﬁﬁé‘ﬁﬁaﬁ d = 52 Ubuntu 2 &= @ 29 - 585387 PICK EEW #£4
1 publisher - # 4 # pick = R L > ¥ - 5 57 TCPD e o
subscriber » § # #fc %k i PICK_EEW i3t & o g ¢b » MQTT broker + fie } &
— S aA W s N AR L P BIRIAE R E (T o h"‘i"}; B ﬁ&'ﬁmﬁ'ﬁ-i F %
FRORB R SRARRRE 1 RE R RRFETINL L Hieh
SRR B R L B i foa i

B 3 e B FHE A MQTT 18> sh3lshas B enf S % 40 BAT7 o

et

3

End to end latency

1.0 - e ——————————————
0.8
wv
8]
=
T>u 0.6 -
2
2
o 0.4 -
e
a.
0.2 X —— shared memory (C) (avg: 60.17 ms)
X —— shared memory (GO) (avg: 62.56 ms)
Js —== MQTT(C) (avg: 91.00 ms)
0.0 - S MQTT(GO) (avg: 89.66 ms)
0 50 100 150 200 250 300

Latency (ms)
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ERE P X fhEk T BT (A PICK_EEW 3] TCPD) vy #hii7F
ﬁzﬁﬁ:ﬂk PR o ateil & o FREE AP @7 MQTT 0% 5 fidy @y

G 2 HAL Go FT B C FT R TR A IR g4 30
cfy (L chy =100 45) et ad B o455 2 (P B % dhm 7 Gt RREAe R T
4 Earthworm —rg’f#—" m? FLBYES N E 3 e BMir s MQTT » BEAR 4% 7
MQTT 3 + %Fﬁ~%lé%¢ﬁU£ﬂ$ﬂmﬁ%1*i%$’EW@*#
33efRM S R ArR 40 K 50% SufTIRuE B oig ¥ p L I vt 4 B SR BT F E
FRGHOEFT AL - LAY

O HBF|:BPE B R RR PR 4D B

BFLAFHR? » APEaAniEakE fie B ¢ L,p%t)\ﬁkmpﬁﬁiﬁﬁ# s
TIPSR e AP A W4 GO F S fr C T AR AR T RIE ) B R
o DA ﬁ;’ﬁbﬁk;#l]m T E o BE R R AT Bl AT +4“)‘B§IFE\V-§§§’B§#M§ o
Tl B IOT K 4B Hicf) e - iR WA R A @ % g4 MQTT i
~ (5 91 icqy ) R m & Earthworm s Sversd eRae 87 "% 7 250 - iz- % %
hom T PR RS ] L TR LR E R o RFIAY > TR LR B E
ﬁit’ DGR et > B AT AT D) PR ek RS ] 0§ Bap s E e pF
CREATEARGERL > BT EE o B ko LA SR RER
: r"ﬁ‘*fﬁ © > BOR T $ord T sy pE s Tt BB E T o

1.0 = — —
0.8 A
wv
[{F]
=
§ 0.6
2
.'_(‘_:'
8 0.4
2
(=8
0.2 —— Shared Memory (C) (avg: 60.17 ms)
——— MQTT(C) (avg: 91.00 ms)
—-—=- MQTT Epoll (avg: 47.25 ms)
oo @ [ MQTT Cond (avg: 44.56 ms)

50 100 150 200 250 300
Latency (ms)
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End to end latency

1.0 -
0.8 -
w
@
= 0.6
g .
-
=
8 0.4
a_‘?
0.2 - )
s/ —— Shared Memory (GO) (avg: 62.56 ms)
; /  —— MQTT(GO) (avg: 89.66 ms)
0.0 - B2 ~== MQTT Ch Awake (avg: 39.58 ms)
20 40 60 80 100 120 140
Latency (ms)
o QRPC = F|:hpF £ &R %

AP E&Y o APAHF T A Go E S e gRPC Unary #f v ik & 5 1
#-H P MOQTT e e Pl Bt > 107 20 A R A ¥ ¢
@%m£ﬂ°?%$%%T@%ﬁ’ﬁﬁWEwFﬁW$%ﬁ%&%@ﬁiT’

gRPC ¥# MQTT fzhdlzgpFat > 5 ch& | o

End to end latency

101 — MQTT(GO) (avg: 67.69 ms)

—— gRPC(GO) (avg: 66.41 ms)

0.8

0.6

0.4

Probability Values

0.2

0.0 A

60

80

100 120 140

Latency (ms)

F S Byp BT 0 gRPC chish 1] a2 Bk

v

"=

T35% 6641 FF 0 m MQTT 4 67.69 T4 o iz~ &% A7 11 4 fAiAHK A BiEgr

R LT AR Y BT L e
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B. Go
Foow BRI A R A 5 A BNA (1) # PICK EEW 28 fifed C 2 &4
% GO #F 3 5 (2) # pick_eew_go - tcpd_go % Earthworm Jh B e A iwﬁr‘f °

o # PICK EEW ﬁ#ﬁﬁ.ﬁf_d C#HiT¥#5 Go %3
pick_ eew go ¥ 7 C F3 wAchfRs AR R ATHEERE S 5 0 A
321 & ¢ % Ih Go F5 slice ch i iEg s FpAPER* slice B R C
Bt L E s g o BN FAoT Bloron o ¥ b d 3 Go
EEBRATEEPEE p BT T A G O (R H B R O ehiE) o A F“ﬁ%"f
TR R e S WRG L F R 0 R RANIA o L gAY
AFRT - B RA CHRAY KA PR 0 g P B A R AR 5N AR R
# » unuseCode.txt # -
L;
*StaArray = | : configfile
*TraceBuf; StaArray

*TraceHead; TraceBuf
*Trace2Head;

TraceHead
Trace2Head
Tracelong
TraceShort
hrtlogo; MsgLen C. Lot
Nsta ;(M logo C.MSG

Ms¢ ,ll n,

then; hrtlogo
InBufl; Nsta := 0
Gparm; InBufl
-wh; Gparm C.GPARM
*configfile; Ewh C.E
myPid;
EEWF1ile
eew StaArray := make

EEWF1le| 100
eew StaArray

R 0.
eew Nsta = 0;

C#F7eand A3 Fx#i‘é‘-ﬁ: Go #F 7 i A2.5¢ F‘ﬁ#"%*#

o #- pick_eew_go f= tcpd_go %t Earthworm & 3t

d A A FHEB Y o pick_eew_go fr tcpd_go © = # stgr Earthworm %
Yo e d MQTT B~ shared memory » % S 15 s is & seend ¥ i (%> 2 fl’“i%h
EHhE A RATH - ‘Lsﬁﬁit’ P 3 R E TR i?ﬂr@ﬁ; Ll B
tcpd_go A A 4R 4 18 AT A RaHE L SRS E A AHP R - 2 BA TR Lr)iiim
FLiEFWE o EF ‘%Esﬁﬁt‘ AEFTHEL P BB fﬁ?,éa%— R Pl AKX
Garre e A AP

B 5 pick_eew_go - tcpd_go &t Earthworm ,Z‘s SR RSSO B
7 7 startstop HolE gt A B EE TR AT IR o KB T —p ISR VS 2
PICK_EEW ¥ TCPD *t4t 5 Earthworm % %t »» f23g 7 H £ startstop eFAp & B o
v — T e tankplayer ficiE o A & A A BB A R T T RFTH
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BT A N (e > B % pick_eew_go

Class/
Priority

Process
Id

Process
Name Status
Alive
Alive

4758
4759

2?7/ ©
7/

startstop
tankplayer

Argument

00:00:00
0 00:00:00

tankplayer.d

pick_eew _go % tcpd_go i * CGO %% Earthworm library {5 o+ b

ZHEF e T R BT
tankplayer #i-i:@ i MQTT & e &
kgt Bk AL -
pick_eew_go » § #-° &% i 7
tcpd_go x|k p

R TR
# Bix ¥ tepd_go HoE o
ok TR AT

pick eew go il iE MQTT %% cps

pick eew go # F ek s o 4 pick eew _go iz I
g B g ol T o EiE
A% E MQTT @ﬁi«;}fﬂflﬁﬁﬁ

EEELY QNI ELR - F

BATHE § by T2
A

TR T ERICPDTR o F A - LB RAFTHE gL 2L R
e g R e AT -
C. LoRaWAN

p3A A 5 (1) @t LORAWAN 2% ok ZAF# L AW i 247 > 2 (2)
7 p* LoRa L * 3t ix ;z:';sg%f,fs A 2 SRR i L

> unknown
ew unknown §
X ew: > unknown p
W H i unknown
ew! unknown pa
K ew unknown
{ ew unknown <pick
ew unknown ¢ <pick
Ctype char=0x89dc81)
pick ew ull)> unknown param r in <pick eew.
pick ew: ull)> unknown parameter in <pick ee
TWF1 HSZ cT 01 121,305300 23,3508600 17.8606401 0.
EHY HSZ ST 01 121,329900 23.503808 459,5434
ESL HSZ ST 81 121.¢ 4-580 23.812100 69.062643 1.

X W,

(null)>
ts{*main.

Hello, earthworm cgo! This time we use "mgtt* to receive data!
The first line in file "num eew status": 1

nLogo: 1

GetlLogoi®].type: 150

GetLogo{0] .mod: 8

GetlLogoi® .inqtld )

SML HLZ ST el 120 908300 7
ALS HSZ ST 01 120.813480 23.5
Processing triggers

3.881300 2.751383 6.
>08300 3.974869 0.

20241010145616 nl.rep .
Create Earthquake Report
- triggers ..
#2R4¢ No REPORT #a##2 G
Processing triggers
REPORT ##### n trigger < 3 ----
46.45 , gap: 347, Q: -4

== 20241010145816

sta num < 4, G sta num: 2, n trigger: 6

averr:

o W3 LORaWAN #£% 0 B & 4 0w
LORaWAN = Fl=h e ¥ eni & PFAF fe 384 4o F
LAl B pr A e AR A b iy ) B B A
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2 0, (5n;43 0.000600

0.068381 0.372119

Fit R BEPT

$ ./pick eewGo pick eew.d

a>

304327 0.014184 0.435335 1728571806.22366 2
32 4.982058 0.278594 0,400098 17
679473 0.122421 0.4373

28571804 ,22366 2
71806.78366 @
S ./tcpd go

78 17285

ra U, J0 UV
1728571811,75366 0 1 3
2

1728571812.15366 0 2 3

nl.rep

I e

2 #dg



SIpF o
2By B &ﬁté)‘%&‘ﬁtmﬁliﬁ i@ % AES HBIRIE (T 4 B TR RER o
3.5 FR (Time-on-Air, ToA) © #icdp ez @ f@ﬁi%]év’ﬂf%ﬁ? s BB AN E TS
( Spreading Factor, SF) {4 %~ (Bandwidth, BW) - $&.% 71 SF € 3 4c ToA -
4.9 B G R JRPERY D g d TIE AR (S e TR R o
5m%ﬁ@ﬁ%ﬁ'&%Wﬁw$&@% WEACR T PR F SR 2t e
Bv by g hgdide

PIRBAIIFEFR | ot PRI B Wik e 7 AR > ¢ 1513 i
r’v’ﬂBfF'“ °
TEArASZFER (TRX) D B8 % = % f2 A Bc Pl f2 R 8 olicdp 7 8 (78— 4
FJR PR > GlAcfid R E E AR R .

Time-over-Air vs. Spreading Factor

2600 [ r e e e

2400 } ~%— 8 Bytes MAC payload
~—§— 22 Bytes MAC payload Range

2200 36 Bytes MAC payload <
—&— 50 Bytes MAC payload

2000
1800 |
1600 }
1400 -
1200 |

Time-over-Air (ms)

1000 |
800 1

600 + 1
Throughput

400
200 r

0 =

9 10 1" 12
Spreading Factor

~
o]

T e PR G feid- 27 LORAWAN g 3 s 28 48 o B >t ToA 2 SF 43k
ER S Qﬁs?] LI Y FA (6] BT T AT B kB S o B 125 kHz #f
BT T BRI F R E APH 0 F15 SF R ABETA BN
€ "F i o F]Pt o dok BB & LORAWAN i 5w "2 i3 ¢ g (ToA) ehut ik > ¢ T &
@ RIS B o R % SF Sdcis 0 MR K L RRLE G G0V i R E- €
o §REIVE L NN E SR Ml 2 A

%7 ToA - {B/F % & PDR (Packet Delivery Ratio) 3¢ @:f5 o 3¢ Bifg L
PREERRAASTOLE L H TR LR @ﬂﬁls‘@ﬁzﬂ o P
’if gtﬂ ¥ miﬁ,;ﬁ?%’:lﬁ.é ﬁ';:ﬁﬁql,b o g__ ,@;,J v »}; "\ﬁm“;%";ttfzﬁfli‘f y
e WiEg 7 [T]0 R AT L e @i ’-*uwm 5
Rk = itgécv;:%mrrs%&zﬁ‘,%aagwg\#\u? ;}P 3"%; W
" ﬂgrm,}g—,frkyj@ Ful L g ERE PR S "7}#«‘§Pm:r ,‘Z’,’L‘ o

BEARH v K A e fgpontd Ml RHERAAREFEH 23 - 27 (7 -

a

3&

\_.

-—\—

,‘H_
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ek S g H B4t e 3 Maximum Payload Size f* 42 [8][9][13] °
LoRaWAN & Maximum Payload Slze ¢ " ¥ Spreading Factor (SF) 3 4v @ ;‘}gﬂ L
wmﬂpiﬁmSF&?’Lﬁl—i,ﬁm@ FEHE 0 s rﬁ-@iﬁm@%ﬁfﬁfm 20
£ om AR *ﬁ.qsav‘ gy ¢ @;ﬁ; (Duty Cycles) p# R *4] > #&® SF & 2 "4 payload

|

)

%o T HF ESFE ﬁ}@m Maximum Payload Size :

Data rate Spreadmg factor Channel bandwidth Bit rate Maximum payload size
0 SF12 125 kHz 250 bps 51 bytes

1 SF11 125 kHz 440 bps 51 bytes

2 SF10 125 kHz 980 bps 51 bytes

3 SF9 125 kHz 1.76 kbps 115 bytes

4 SF8 125 kHz 3.13 kbps 242 bytes

5 SF7 125 kHz 5.47 kbps 242 bytes

6 SF7 250 kHz 11 kbps 242 bytes

TR kR
https://www.researchgate.net/figure/Achievable-bit-rates-and-payload-sizes-in-LoRaW
AN_tbl1_ 337285895

BRAF RtV 4e SEED 2 #4k H = §_512 mawml, 5B Rk R
PR HERSF R E AT REMHAR 7 - 0 2 datarate B P-cn SFT7 W
Wik 242 BrAa ks & BRBEBTETAZREITS LU BE . §- BiEE
fed FA e A FTEEDGRE BTV LG RSt BT o B fs > By
-&£RW%&ﬁﬁMmmwm§ﬂ,M%Q§W9%MHM@;6mm@ﬂﬂyﬁa
FE O pEEAR f@ﬁ%] 36 §7 - Duty cycle e 41§ B 585 Bk Sig & ehphacid o

O 5@ LORaH i 3t RIFE kAT N LT

d > LoORaWAN % & ®pefiif (gateway) & ¥ 3K & £ 8 (v B¥ =R H

CEMFNHALSL AL OB T DRFENFHEOMERE A B

TERS T RTT 1&1?%.&&%& FEIT S RBHEEE R EN AR D
R e > BT g e RS ”i‘%??g"“‘fuﬁﬁi??’%Wiﬁéﬂﬁ"“’“:%?kl'%fﬁ

G SR e *%&*‘ CEFR R RHIEE LRV APy RE R

mr

B ORTE «U<EEWS> e [L0] ok ¢ A B 8 f Gl
FRIZ B E AR o B YOSk R S IL%}@_/PJ @de A l;JPRngE 7
o e:fuﬁﬂ R F e & r+ C s F B %I B
ORIRE AL vk RSB T g X % ¥R S 0 MR
PLUM ,Eﬁ’_,,, [14]  PLUM & 5/ 2 2R T2 i > & £3945 p P icfk anF ik
Bl RT A SEL S GRS RF O AR TR SRA B &
ﬂhx’bgb FET B9 N L SiomE L feaiE 5 MRGE 0 A ALY, HELROF ﬂ\
PRI T FREBE BT REF oY L PIRE o
d % LORAWAN § s cif fiid 12 2 Jo 78 1 et > b e i it TCP/IP e
%5 4% LORAWAN #-F R s %8 MM B4 + B 17 & GIRBehiTE > &
P b EGFARARG AR PR SRR R RDARAT Y A ot BE
2.3 5 # LoRa 5 T WA E LT R A B GEME S kAR 7

"

4_

L https://www.src.com.au/seedlink-seismic-data-streams/_
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#*Hhﬁﬁéwwiﬁé%ﬁﬂiéﬁggﬁW@iﬂi’swéﬁ®%lﬂLiiﬁﬂ,
BB AROVER S FEAELIEY 2 R AL NT GRE T R P B
LoRaWAN &= & i 5 i% b * ﬁ%o
gt A é@i pk’ﬂ’“ P — ﬁéé*“ LoRa #jiFergrd] § gt (Multlhop) W
2 ’]‘# [10] » #a & A #T5t m«bi BRIEE o 32T 0 d @iy RIFE ik
g VA ﬂfr'}%‘—“ B FerRt AR o F—"‘—‘“ﬁ J~7f§_év’:uxhéﬁ'%;‘2’f%’*’
@$$qﬂ%mawsmm4D@ﬂ¢ @@%ﬁ.é? LoRa i3t o £ il 13 4
Fed ¥ :h& 8L (ENs) fr¢ & 8. (RNs) &= > L5 ¢ * LoRaWAN :
EN (End Node) - * =4 &2t
o THELATENE RS A A MEMS ¥ 2 @5 E[11][12]
o AFHRRD R SAE
o EEfHAD LI AFEALT B8 T OUAERECY AT0EN £ %% R EN
e FBENLEEI Y- B RNSREFRP
RN (Relay Node) - ¥ #-& 2L
o FFREAIIRMBHN LAKA 0 2 L FE RBRIF R
. %%ﬁ%ﬁiﬁﬁﬁﬁmJUE%&¥W%Bﬂ$¢¥~V$$%%ﬁ
a3 2 RN &° BR ) LAz SZ > EN £2 58 ﬁﬂﬁumﬂw
* % g 8ho i RNArEN enfe £ 2527 - rﬁﬁ#,‘&%é#ﬁli.:ﬁ]a’ REFEN LT
MR SR N BB RE RS o S R BT 7 &ﬁﬁ—ﬁﬁ
ETIR =3 A 57’5\?'“* gf@‘éﬁ%‘a‘:ﬁé’@f”&%@ﬁﬂ v AR ”ﬁ/r’p%ﬁi—mﬁ“ ‘L’]‘#—
A RRPIEHRE S O BT AINFEKRE S RARBERLI AT AN - B
WRITI RS ERE I A RFELF > W FIT SRR E ) TR ok
S BEEApETEEET TN RRITIE R RBE N ERFEDESF -
’““ﬁﬁﬁvﬁﬁéﬁ'ﬁ > 2 & 5 5 ¢ Spreading Factor *# % (fp-inig
ﬁﬁlii}i) Fe{mannt o TR B ERSOH A A o SRR o 3%
Pf%%S%ﬁiﬁa&iﬂN@ﬁ%&Z?iwﬁwﬁ%%ﬁ—%E*me
FRERHEERT L0 PN RN 0 FREF ) RPN RT R T A
£%MEOW?F’L%ﬁdHiﬁ’EH AR RS BT FRAERS R
- BIRG AAE RIPE A RR *KM@#; % LoRa - ' #i¢ * LoRa fr
TCP/IP CE R IR ;@Mrsgap@*ﬁ& i
Wt e % ot LoRa i it 79 v 247f/p\ B 4 B30 2 L 4'%17%])1\ e
AR B G2 BEEEE AR XY Y o LoRa fRL s34k & 1.01
I 593 fyerap ERERAE v oo wp M TCP/IP 9151 & 6.75 ) » e (v & i f3
IR ol B ohifE (76
FERM AT ET T LoRa iTi ¥ BIREE BT (Tl Fu L ha
£ e e g AR F SRR T o

LR

AT R s ke R ﬁﬁﬂxéEmmmm#ﬁﬁw’ﬂmﬁ E
ra%ﬁmﬂm ; w@ gRPC 4 MQTT shftiicfi * > & & 5019 0 A 43\ 18 '« e
SAY > ERF o FAELETOTREAZ BB E T KA H D K i

111



PHBE L o b th s SV G e R;E%/ ‘«u%st.f‘:it‘ v~ PR ek AR ] 0 T ORE LK A
T PEAE o PR R E R AR P RIE AR AT N BB ooy ATk
. .

T M adRe - B W R SRS S kg >0 MQTT & gRPC fpFas
LI iar 2 FoRa AP gRPC &Kt F en— 438V 3% 57 Ff'é] ] m'é’
Fo bldo o gRPC chigif 5 L M {rp Z ek B At R A S A hife 2 @
SRR TI el —,E’ﬁ R hgiHp & —,ﬁ:é"'\ HTTP/2 mli‘i%} R A ﬂf‘-"
BT LA HNFERECEL G AR R A SR o Bt g
FhAxFRY APEF T B Unary sfe ik A > A kAP dlie- H 3
B gRPC e * » F ivx plE #E on (Bidirectional Streaming) 4r% = 448 in
(Client Streaming ) e it » 12 i BLE U 4 dofe B2 508 Tl PRt 2 2 i a2
Frk o P REFERT K1 FY BB EN{BHEF < E &i}i@ﬂiﬂ A R e
AE o AR TR BT API ER IR DX AP T AT FEF T uAS
P B iE TR o

TiTHRITE BT C FET R LT 2L S RIS R
T AT R G doim b u H RAE ? ESUR SR Eeg ) T N S
R L L RJE AR o S R Lb i %\‘ i - Earthworm =28 T ¢ PICK_EEW
B e _CF2ics: Go X% @it & Ax¥ Earthworm H # e Ak - 2
TuEfe? » AP Go EZ eslice i C EZeharray MED B FF
AR v > fi* CGO @i s3s * Earthworm P ¢h C 35 &% R

T g RAEE J SRR 8 TR AR R KT e R k- R
A E R &P F ik#g Earthworm ¥ ¢ startstop fcie k ¥ #5 & e oid m#
Ay o gt ”’Ff#ﬁ’* %*"_l,}ﬁ*mb BREEM ¥ EEK AT INF L Docker 7 F
B T @+ Kubernetes @mfgc P EF AT TR BRI G TR e
SR AL A - PICK_EEW v TCPD 25 fet Go # 3 ¢ T 218 >
# 3 & $ ¢ shared memory # 4] :x* MQTT iF 4 F 4L i ﬁhﬁ oo R
pick_eew_go 4 tcpd_go #-i & M is 1704 % g Earthworm ik 3t (72 ik ¥
startstop Zk3 ) 2T ot WHA TR FHEAETIE 4 Fr RIFE K
Sz > gt Earthworm ik SeF = 37 o

oAb FTisen ki simE @ % startstop TRB 0 FlH VA fRE H e v ik f
Earthworm - 2 & R %]F = @ § & > & i & A% tankplayer v DCSN iz B 2 ¥
Her Go #F3 €% #= o tankplayer #i-e f FH PR+ Riedr o T ER
B4 PICK EEW - #a gl e PR RZ E 85 FERFETFFL o p
% WA p A o % 4 tankplayer B3 is @i% % PICK_EEW » £ 4 PICK_EEW
TR PR B RS o T PR AP IR (AR
P AT A By 2 PICK_EEW i Fids o

A kE 2 Go F3 £ H tankplayer v DCSN fike » PV F B 2 E
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