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Correlation of wastewater disposal and seismicity
• Most of the building inventory in 

Oklahoma was constructed prior to 
the implementation of the Unified 
Building Code and prior to the onset 
of induced seismicity.

• We installed a multi-parameter 
building earthquake monitoring 
system on a structure in a seismic 
zone of recent elevated seismicity 
levels.

• Goal: Quantify ground motions and 
measure structural response and/or 
any permanent deformation or 
damage to buildings from local 
seismic events.

Almost all recent M ≥ 3 earthquakes in Oklahoma have occurred
where very large volumes of saltwater have been injected into the Arbuckle
group (see Fig. 2). The number of earthquakes outside the area of
high-volume injection in north-central Oklahoma is generally con-
sistent with the tectonic background activity. It suggests that the distance
over which injected fluids have affected surrounding faults is limited to
the size of the areas analyzed in Fig. 2 (≈50-km radius around a well).
Although there are a number of recent earthquakes in south-central
Oklahoma, the saltwater injection rate there has been appreciable
(20 million m3 to 30 million m3 within areas of ≈8000 km2), albeit
much less than the injection rates in north-central Oklahoma, which are
as large as 200 million m3 within areas of ≈8000 km2.

We restrict our analysis to the two areas covered by the February
and March directives (10, 11) as western (WO) and central (CO)
Oklahoma (Fig. 2). These regions have been defined by the Oklahoma
Corporation Commission on the basis of the large number of earth-
quakes that occurred in the last few years. Each region covers approx-
imately 13,000 km2. Combined, the two areas contain almost all recent
earthquakes. Figure 3 presents the combined monthly saltwater

injection and M ≥ 3 earthquake rates in WO and CO. The “spikes”
of earthquake activity are usually associated with aftershocks of rela-
tively large magnitudes, such as the Prague, Fairview, and Pawnee earth-
quakes. In the Supplementary Materials, we present earthquake and
injection rates separately for WO and CO (figs. S2 and S3).

The monthly volume of produced saltwater injected into the Arbuckle
formation steadily increased from 2001 to 2009, followed by a phase of
approximately constant injection through the end of 2011 (see Fig. 3).
Note that, before 2012, almost all saltwater was injected in CO (fig.
S2). Monthly saltwater injection rates in WO did not exceed 1 million
m3 before 2012 (fig. S3). However, in 2012, the rate of saltwater
injection markedly increased in both areas because of large-scale pro-
duction from several oil reservoirs with unusually high water/oil ratios
(4). As oil prices began to markedly decline in late 2014, saltwater
injection rates started to decrease significantly in early 2015.

It is important to note that Fig. 3 illustrates a lower threshold of
monthly injection rates below which no M ≥ 3 earthquakes were
triggered in the noted areas. Almost all earthquakes, with the excep-
tion of the Prague sequence in the southeastern corner of CO, occur

Fig. 2. Saltwater disposal and earthquakes in Oklahoma. The background color shows the cumulative volume (m3) of saltwater injected into the Arbuckle formation
between 2009 and December 2015 in different areas of Oklahoma. The saltwater injection volume has been calculated within a radius of 0.5° around a given location on the
map and is plotted at the center of the areas (≈8000 km2). Historic earthquakes (1979–2008) are shown as black circles, and recent earthquakes (2009 to September 2016) are
presented as gray circles. Areas affected by volume reductions mandated in February and March 2016 are shown as solid (WO) and dashed (CO) lines, respectively. Colored
stars show the locations of recent M ≥ 4.5 earthquakes (see main text and table S1).
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Timeline of seismicity and monitoring at OSU
• 4 earthquakes with Mw > 5 have occurred in Oklahoma 

since 2011, in a region of increased wastewater disposal 
related to oil and gas production.

• March 25, 2015, July 17, 2015, Feb 16, 2016, directives 
were issued for reduced injection in western OK from 
the Oklahoma Corporation Commission 

• March 7, 2016 directive for reduction in central OK from 
OCC

• Sep 3, 2016 Mw 5.8 Pawnee earthquake, Governor 
declared a state of emergency

• Cracks appeared in structures on Oklahoma State 
University Campus, where shakemap showed 0.12g to 
0.15g 

• 2016-2017 installation of 9 seismic stations near Pawnee 
(Keranen, Jaiswal, OSU, NSF Rapid grant)

• M 5.0 Nov 6, 2016 at Cushing Hub, largest commercial 
crude oil storage center in North America

Yeck et al., GRL, 2017.



3 September 2016 Mw 5.8 Pawnee earthquake

• Map of aftershock seismicity and instrumentation 
deployed by associated NSF GEO RAPID investigations 
following the 2016 Mw 5.8 Pawnee earthquake. 
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Faults near Stillwater, OK 
• Coulomb failure stress model from the 

Mw 5.8 Pawnee earthquake resolved at 
5.6 km depth (Yeck et al., 2016). 

• Target faults (Holland, 2015) have 
strike/dip/rake like right lateral slip of 
Stillwater fault (32°/90°/180°).

• Stillwater fault shows CFS change bringing 
the fault closer to failure.

• Stillwater fault as shown is 28 km long
• In theory a fault of that length could 

produce a Mw ~ 6.8 (Wells and 
Coppersmith, 1994)

• OSU campus is 8 km from Stillwater fault.
• Lake Carl Blackwell structure south of 

Stillwater (20 km long) is also of concern.



1-Year probabilistic hazard forecast

Petersen et al., SRL, 2017.



1-Year probabilistic hazard forecast

Petersen et al., SRL, 2017.

2018 Forecast



1-Year probabilistic hazard forecast

Petersen et al., SRL, 2017.

• Ten M > 4 events since project began

M 4.2 Dec 5, 2017
M 4.3 Sep 8, 2017



1-Year probabilistic hazard forecast

Petersen et al., SRL, 2017.

• Ten M > 4 events since project began



Oklahoma State Univ. Kerr-Drummond Hall

• Designed prior to the earthquake design and detailing 
provisions for reinforced concrete structures in the 1970 
version of the American Concrete Institute (ACI) design 
guidelines. 

• Reinforced Concrete (RC) columns and slabs in all stories. 
• The ground and first floors are conventional slab-beam 

construction.
• All other floors are constructed as flat slabs, with light-

weight partitioning, to maximize flexibility in floor usage.

Kerr-Drummond Hall pictured here on the campus of 
Oklahoma State University. Kerr Hall (left) has been closed 
because of aging infrastructure and Drummond Hall (right) is 
still in use for student dormitories. Constructed in the 1965, 
they are the tallest buildings on campus.



• Plan was to install a GPS antenna and accelerometer on roof <5 m apart horizontally and vertically
• 12 story RC column and slab construction
• Finite element (FE) simulation using commercial package SAP2000
• http://docs.csiamerica.com/manuals/sap2000/CSiRefer.pdf. 
• The preliminary analysis included modal analysis and response spectrum analysis
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Simulated effects on 12 story structure
• Modal analysis:
• First X-axis bending mode T = 2.2 s
• First torsional mode T = 2.1 s
• First Y-axis bending mode T = 1.8 s
• The torsional behavior of the 

building is expected due to the 
asymmetry of the floor plan

• The 2015 NEHRP Recommended Seismic Provisions for New Buildings (FEMA 2015) do not include the recent USGS seismic 
hazard data shown in Figure 6a.

• The preliminary investigation included building rotations, member internal forces, story drift, and base shear
• The earthquake analysis was conducted for several PGA values and the roof displacement was quantified. 
• Figure 6b shows the maximum roof displacement in X and Y directions resulting from earthquake loads with different PGA.

East North

0.12 to 0.15 g at OSU 
for Pawnee earthquake

applewebdata://70A74985-49FC-4514-914E-A9BF12427BF3/


Trimble Zephyr dual frequency 
GPS-only antenna

Kinemetrics ETNA2 
100 sps 24bit 3 comp accelerograph

Trimble NetRS 5-Hz dual frequency 
GPS-only receiver

3 day battery on-site backup KERG rooftop GPS KERR rooftop accelerometer 

KERF groundfloor accelerometer Ethernet remote connectivity



Why combine GPS and Accelerometer observations?
Example: 24 August 2014 Mw 6.1 Napa Earthquake

• 5 Hz GPS 
• ~15 cm displacement from site 

P200 18 km from epicenter • Combined GPS + 
acceleration 
provide high rate 
displacement 
which includes 
static offset or 
permanent 
deformation

• 1 Hz GPS + accelerometer 
• ~0.5 cm displacement from site 

NTAC 40 km from epicenter 

Melgar et al., 2015



M 4.6 April 7, 2018 earthquake 44 km distance
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M 4.6 April 7, 2018   GPS displacement
• PPPAR processing approach for 5 Hz data 

(Zhang and Haase, JGR, 2016) using PANDA 
(Position And Navigation Data Analyst) 
software from Wuhan University (Shi et al., 
2008) 

• 3 step solutions:
1. Solution for regional satellite clock 

corrections (Lou et al., 2014) using a 
North American reference network, CODE 
rapid orbits, and ionosphere free dual 
frequency observations. 

2. Solution for carrier wave fractional cycle 
biases (Ge et al., 2008; Geng et al., 2010).

3. Kinematic precise point positioning with 
resolution of the integer number of cycle 
ambiguities in the interferometric carrier 
phase measurements. 



M 4.6 Combined GPS + seismic acceleration

Combination preserves static offset in integrated acceleration time series for large displacements. 
In this case, displacements are too small relative to GPS random noise to add value.



Wind forcing on building
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• November 18, 2017
• 40 mph northerly wind gusts 

associated with a cold front
• 30 mph wind gusts 

associated with warm 
(southerly) and cold 
(northerly) front passage

• Diurnal temperature effects
• Similar resonances are seen 

as with earthquakes
• Wind: 0.6x10-2 m/s2 

accelerations compared to 
M4.3 EQ: 5x10-2 m/s2



Wind acceleration spectra
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ROADNet architectural design. In separate work Hansen et al. 

[13] describe the ROADNet sensor testbed in general, with 

examples of many signal domains and component sensor 

networks integrated into a common platform. 

The core needs of a real-time data-collection and processing 

network [3], [6] are shared between the seismic applications 

for which Antelope was originally designed, and the 

multidisciplinary, multi-network applications to which we 

have extended it in the ROADnet work. These needs include 

 

• Data acquisition from dataloggers 

• Reliable telemetry of data  

• Real-time processing utilities 

• Real-time graphical displays  

• Quality-control and State-of-Health monitoring 

• Archiving utilities for near-real-time buffering  

• Archiving resources for long-term storage 

• Analyst review environments 

• Toolbox for creation of new applications 

• Distribution mechanisms for end-user scientists 

(research) 

• Distribution mechanisms for public organizations 

(monitoring) 

• Operationally robust software 

 

Before the ROADNet project began, Antelope already 

addressed many of these needs for seismic-processing 

platforms.  This included, of course, extensive support for 

time-series data handling. Also present were a generic packet-

handling mechanism that included many seismic waveform 

types, log and status packets, encapsulated database rows, and 

structured packets in so-called “parameter-file” format, a 

nested key/value pair mechanism used for configuration 

information and for many data-handling tasks and 

representations. It is on this mature seismic platform that we 

have built the core of the ROADNet data acquisition systems. 

For ROADNet, many of the core data-acquisition and data-

transmission features are provided by tools in or built from the 

Antelope system. Other parts of the ROADNet 

cyberinfrastructure context are described elsewhere. For 

example, the San Diego Supercomputer Center’s Storage 

Resource Broker (SRB) [14], also a principal element of the 

ROADNet project, provides a resource virtualization 

framework on top of this low-lying system. Extensions to the 

SRB to support Antelope and the embedded Datascope 

relational database system have been described in detail in 

[15]. Web-services support is being added by the group of T. 

Fountain [16]. Extensions to three-dimensional display 

systems have been discussed in Nayak et al. [17]. Scientific 

workflow extensions are being constructed through the Kepler 

enhancements to the Ptolemy system as described in [18]. 

II.  ANTELOPE FEATURES IN ROADNET 

Though the Antelope system has been in extensive 

worldwide use for a decade, it has not been covered in the 

sensor-network literature, thus we hope in this work to provide 

an introductory overview of key ideas since they are crucial to 

explain the foundation of ROADNet work. 

The capabilities of Antelope on which we have built 

ROADNet include datalogger acquisition, reliable packet 

transport, an intelligent packet-processing layer with 

generalized compiler and standard Application Programmer 

Interfaces (API) for internal representation of data types, a 

fully general embedded relational database system [19], 

extensive specialized support for time-series data acquisition, 

processing and archival, and a fully developed toolkit for the 

development of additional applications. These structural 

components fall into the following categories: 

 

• The Orbserver, orb transport layer and orb2orb 

• Datalogger acquisition utilities (X2orb) 

• Generalized Packet layer, packet compiler 

• Integrated, lightweight relational database system 

• Applications: 

o Databasing utilities 

o Automatic processing utilities 

o Display utilities 

• Toolkits for creation of additional components [20] 

A. Grid architecture for real-time processing systems 

Antelope above all else is a toolbox which allows the 

construction of high-performance network-based ‘engines’ 

that use the raw internet capabilities to distribute real-time 

data processing across many hosts. Each host runs a real-time 

executive process, called rtexec, responsible for starting and 

maintaining all continuously-running and periodic processes 

on that host. A conceptual overview of this distributed 

processing system is shown in Figure 1. 

 
Figure 1. Network Transparency of the distributed grid data-acquisition and 

processing system 

 

 

2 

ROADNet architectural design. In separate work Hansen et al. 

[13] describe the ROADNet sensor testbed in general, with 

examples of many signal domains and component sensor 

networks integrated into a common platform. 

The core needs of a real-time data-collection and processing 

network [3], [6] are shared between the seismic applications 

for which Antelope was originally designed, and the 

multidisciplinary, multi-network applications to which we 

have extended it in the ROADnet work. These needs include 

 

• Data acquisition from dataloggers 

• Reliable telemetry of data  

• Real-time processing utilities 

• Real-time graphical displays  

• Quality-control and State-of-Health monitoring 

• Archiving utilities for near-real-time buffering  

• Archiving resources for long-term storage 

• Analyst review environments 

• Toolbox for creation of new applications 

• Distribution mechanisms for end-user scientists 

(research) 

• Distribution mechanisms for public organizations 

(monitoring) 

• Operationally robust software 

 

Before the ROADNet project began, Antelope already 

addressed many of these needs for seismic-processing 

platforms.  This included, of course, extensive support for 

time-series data handling. Also present were a generic packet-

handling mechanism that included many seismic waveform 

types, log and status packets, encapsulated database rows, and 

structured packets in so-called “parameter-file” format, a 

nested key/value pair mechanism used for configuration 

information and for many data-handling tasks and 

representations. It is on this mature seismic platform that we 

have built the core of the ROADNet data acquisition systems. 

For ROADNet, many of the core data-acquisition and data-

transmission features are provided by tools in or built from the 

Antelope system. Other parts of the ROADNet 

cyberinfrastructure context are described elsewhere. For 

example, the San Diego Supercomputer Center’s Storage 

Resource Broker (SRB) [14], also a principal element of the 

ROADNet project, provides a resource virtualization 

framework on top of this low-lying system. Extensions to the 

SRB to support Antelope and the embedded Datascope 

relational database system have been described in detail in 

[15]. Web-services support is being added by the group of T. 

Fountain [16]. Extensions to three-dimensional display 

systems have been discussed in Nayak et al. [17]. Scientific 

workflow extensions are being constructed through the Kepler 

enhancements to the Ptolemy system as described in [18]. 

II.  ANTELOPE FEATURES IN ROADNET 

Though the Antelope system has been in extensive 

worldwide use for a decade, it has not been covered in the 

sensor-network literature, thus we hope in this work to provide 

an introductory overview of key ideas since they are crucial to 

explain the foundation of ROADNet work. 

The capabilities of Antelope on which we have built 

ROADNet include datalogger acquisition, reliable packet 

transport, an intelligent packet-processing layer with 

generalized compiler and standard Application Programmer 

Interfaces (API) for internal representation of data types, a 

fully general embedded relational database system [19], 

extensive specialized support for time-series data acquisition, 

processing and archival, and a fully developed toolkit for the 

development of additional applications. These structural 

components fall into the following categories: 

 

• The Orbserver, orb transport layer and orb2orb 

• Datalogger acquisition utilities (X2orb) 

• Generalized Packet layer, packet compiler 

• Integrated, lightweight relational database system 

• Applications: 

o Databasing utilities 

o Automatic processing utilities 

o Display utilities 

• Toolkits for creation of additional components [20] 

A. Grid architecture for real-time processing systems 

Antelope above all else is a toolbox which allows the 

construction of high-performance network-based ‘engines’ 

that use the raw internet capabilities to distribute real-time 

data processing across many hosts. Each host runs a real-time 

executive process, called rtexec, responsible for starting and 

maintaining all continuously-running and periodic processes 

on that host. A conceptual overview of this distributed 

processing system is shown in Figure 1. 

 
Figure 1. Network Transparency of the distributed grid data-acquisition and 

processing system 

 

 

2 

ROADNet architectural design. In separate work Hansen et al. 

[13] describe the ROADNet sensor testbed in general, with 

examples of many signal domains and component sensor 

networks integrated into a common platform. 

The core needs of a real-time data-collection and processing 

network [3], [6] are shared between the seismic applications 

for which Antelope was originally designed, and the 

multidisciplinary, multi-network applications to which we 

have extended it in the ROADnet work. These needs include 

 

• Data acquisition from dataloggers 

• Reliable telemetry of data  

• Real-time processing utilities 

• Real-time graphical displays  

• Quality-control and State-of-Health monitoring 

• Archiving utilities for near-real-time buffering  

• Archiving resources for long-term storage 

• Analyst review environments 

• Toolbox for creation of new applications 

• Distribution mechanisms for end-user scientists 

(research) 

• Distribution mechanisms for public organizations 

(monitoring) 

• Operationally robust software 

 

Before the ROADNet project began, Antelope already 

addressed many of these needs for seismic-processing 

platforms.  This included, of course, extensive support for 

time-series data handling. Also present were a generic packet-

handling mechanism that included many seismic waveform 

types, log and status packets, encapsulated database rows, and 

structured packets in so-called “parameter-file” format, a 

nested key/value pair mechanism used for configuration 

information and for many data-handling tasks and 

representations. It is on this mature seismic platform that we 

have built the core of the ROADNet data acquisition systems. 

For ROADNet, many of the core data-acquisition and data-

transmission features are provided by tools in or built from the 

Antelope system. Other parts of the ROADNet 

cyberinfrastructure context are described elsewhere. For 

example, the San Diego Supercomputer Center’s Storage 

Resource Broker (SRB) [14], also a principal element of the 

ROADNet project, provides a resource virtualization 

framework on top of this low-lying system. Extensions to the 

SRB to support Antelope and the embedded Datascope 

relational database system have been described in detail in 

[15]. Web-services support is being added by the group of T. 

Fountain [16]. Extensions to three-dimensional display 

systems have been discussed in Nayak et al. [17]. Scientific 

workflow extensions are being constructed through the Kepler 

enhancements to the Ptolemy system as described in [18]. 

II.  ANTELOPE FEATURES IN ROADNET 

Though the Antelope system has been in extensive 

worldwide use for a decade, it has not been covered in the 

sensor-network literature, thus we hope in this work to provide 

an introductory overview of key ideas since they are crucial to 

explain the foundation of ROADNet work. 

The capabilities of Antelope on which we have built 

ROADNet include datalogger acquisition, reliable packet 

transport, an intelligent packet-processing layer with 

generalized compiler and standard Application Programmer 

Interfaces (API) for internal representation of data types, a 

fully general embedded relational database system [19], 

extensive specialized support for time-series data acquisition, 

processing and archival, and a fully developed toolkit for the 

development of additional applications. These structural 

components fall into the following categories: 

 

• The Orbserver, orb transport layer and orb2orb 

• Datalogger acquisition utilities (X2orb) 

• Generalized Packet layer, packet compiler 

• Integrated, lightweight relational database system 

• Applications: 

o Databasing utilities 

o Automatic processing utilities 

o Display utilities 

• Toolkits for creation of additional components [20] 

A. Grid architecture for real-time processing systems 

Antelope above all else is a toolbox which allows the 

construction of high-performance network-based ‘engines’ 

that use the raw internet capabilities to distribute real-time 

data processing across many hosts. Each host runs a real-time 

executive process, called rtexec, responsible for starting and 

maintaining all continuously-running and periodic processes 

on that host. A conceptual overview of this distributed 

processing system is shown in Figure 1. 

 
Figure 1. Network Transparency of the distributed grid data-acquisition and 

processing system 

UNAVCO Facility

SIO USARRAY 
Network 

Facility

SIO broadband networks

 

 

2 

ROADNet architectural design. In separate work Hansen et al. 

[13] describe the ROADNet sensor testbed in general, with 

examples of many signal domains and component sensor 

networks integrated into a common platform. 

The core needs of a real-time data-collection and processing 

network [3], [6] are shared between the seismic applications 

for which Antelope was originally designed, and the 

multidisciplinary, multi-network applications to which we 

have extended it in the ROADnet work. These needs include 

 

• Data acquisition from dataloggers 

• Reliable telemetry of data  

• Real-time processing utilities 

• Real-time graphical displays  

• Quality-control and State-of-Health monitoring 

• Archiving utilities for near-real-time buffering  

• Archiving resources for long-term storage 

• Analyst review environments 

• Toolbox for creation of new applications 

• Distribution mechanisms for end-user scientists 

(research) 

• Distribution mechanisms for public organizations 

(monitoring) 

• Operationally robust software 

 

Before the ROADNet project began, Antelope already 

addressed many of these needs for seismic-processing 

platforms.  This included, of course, extensive support for 

time-series data handling. Also present were a generic packet-

handling mechanism that included many seismic waveform 

types, log and status packets, encapsulated database rows, and 

structured packets in so-called “parameter-file” format, a 

nested key/value pair mechanism used for configuration 

information and for many data-handling tasks and 

representations. It is on this mature seismic platform that we 

have built the core of the ROADNet data acquisition systems. 

For ROADNet, many of the core data-acquisition and data-

transmission features are provided by tools in or built from the 

Antelope system. Other parts of the ROADNet 

cyberinfrastructure context are described elsewhere. For 

example, the San Diego Supercomputer Center’s Storage 

Resource Broker (SRB) [14], also a principal element of the 

ROADNet project, provides a resource virtualization 

framework on top of this low-lying system. Extensions to the 

SRB to support Antelope and the embedded Datascope 

relational database system have been described in detail in 

[15]. Web-services support is being added by the group of T. 

Fountain [16]. Extensions to three-dimensional display 

systems have been discussed in Nayak et al. [17]. Scientific 

workflow extensions are being constructed through the Kepler 

enhancements to the Ptolemy system as described in [18]. 

II.  ANTELOPE FEATURES IN ROADNET 

Though the Antelope system has been in extensive 

worldwide use for a decade, it has not been covered in the 

sensor-network literature, thus we hope in this work to provide 

an introductory overview of key ideas since they are crucial to 

explain the foundation of ROADNet work. 

The capabilities of Antelope on which we have built 

ROADNet include datalogger acquisition, reliable packet 

transport, an intelligent packet-processing layer with 

generalized compiler and standard Application Programmer 

Interfaces (API) for internal representation of data types, a 

fully general embedded relational database system [19], 

extensive specialized support for time-series data acquisition, 

processing and archival, and a fully developed toolkit for the 

development of additional applications. These structural 

components fall into the following categories: 

 

• The Orbserver, orb transport layer and orb2orb 

• Datalogger acquisition utilities (X2orb) 

• Generalized Packet layer, packet compiler 

• Integrated, lightweight relational database system 

• Applications: 

o Databasing utilities 

o Automatic processing utilities 

o Display utilities 

• Toolkits for creation of additional components [20] 

A. Grid architecture for real-time processing systems 

Antelope above all else is a toolbox which allows the 

construction of high-performance network-based ‘engines’ 

that use the raw internet capabilities to distribute real-time 

data processing across many hosts. Each host runs a real-time 

executive process, called rtexec, responsible for starting and 

maintaining all continuously-running and periodic processes 

on that host. A conceptual overview of this distributed 

processing system is shown in Figure 1. 

 
Figure 1. Network Transparency of the distributed grid data-acquisition and 

processing system 

IRIS Facility

OSU

SIO

MARMOTStructural
Monitoring

Site

any RT

 

 

2 

ROADNet architectural design. In separate work Hansen et al. 

[13] describe the ROADNet sensor testbed in general, with 

examples of many signal domains and component sensor 

networks integrated into a common platform. 

The core needs of a real-time data-collection and processing 

network [3], [6] are shared between the seismic applications 

for which Antelope was originally designed, and the 

multidisciplinary, multi-network applications to which we 

have extended it in the ROADnet work. These needs include 

 

• Data acquisition from dataloggers 

• Reliable telemetry of data  

• Real-time processing utilities 

• Real-time graphical displays  

• Quality-control and State-of-Health monitoring 

• Archiving utilities for near-real-time buffering  

• Archiving resources for long-term storage 

• Analyst review environments 

• Toolbox for creation of new applications 

• Distribution mechanisms for end-user scientists 

(research) 

• Distribution mechanisms for public organizations 

(monitoring) 

• Operationally robust software 

 

Before the ROADNet project began, Antelope already 

addressed many of these needs for seismic-processing 

platforms.  This included, of course, extensive support for 

time-series data handling. Also present were a generic packet-

handling mechanism that included many seismic waveform 

types, log and status packets, encapsulated database rows, and 

structured packets in so-called “parameter-file” format, a 

nested key/value pair mechanism used for configuration 

information and for many data-handling tasks and 

representations. It is on this mature seismic platform that we 

have built the core of the ROADNet data acquisition systems. 

For ROADNet, many of the core data-acquisition and data-

transmission features are provided by tools in or built from the 

Antelope system. Other parts of the ROADNet 

cyberinfrastructure context are described elsewhere. For 

example, the San Diego Supercomputer Center’s Storage 

Resource Broker (SRB) [14], also a principal element of the 

ROADNet project, provides a resource virtualization 

framework on top of this low-lying system. Extensions to the 

SRB to support Antelope and the embedded Datascope 

relational database system have been described in detail in 

[15]. Web-services support is being added by the group of T. 

Fountain [16]. Extensions to three-dimensional display 

systems have been discussed in Nayak et al. [17]. Scientific 

workflow extensions are being constructed through the Kepler 

enhancements to the Ptolemy system as described in [18]. 

II.  ANTELOPE FEATURES IN ROADNET 

Though the Antelope system has been in extensive 

worldwide use for a decade, it has not been covered in the 

sensor-network literature, thus we hope in this work to provide 

an introductory overview of key ideas since they are crucial to 

explain the foundation of ROADNet work. 

The capabilities of Antelope on which we have built 

ROADNet include datalogger acquisition, reliable packet 

transport, an intelligent packet-processing layer with 

generalized compiler and standard Application Programmer 

Interfaces (API) for internal representation of data types, a 

fully general embedded relational database system [19], 

extensive specialized support for time-series data acquisition, 

processing and archival, and a fully developed toolkit for the 

development of additional applications. These structural 

components fall into the following categories: 

 

• The Orbserver, orb transport layer and orb2orb 

• Datalogger acquisition utilities (X2orb) 

• Generalized Packet layer, packet compiler 

• Integrated, lightweight relational database system 

• Applications: 

o Databasing utilities 

o Automatic processing utilities 

o Display utilities 

• Toolkits for creation of additional components [20] 

A. Grid architecture for real-time processing systems 

Antelope above all else is a toolbox which allows the 

construction of high-performance network-based ‘engines’ 

that use the raw internet capabilities to distribute real-time 

data processing across many hosts. Each host runs a real-time 

executive process, called rtexec, responsible for starting and 

maintaining all continuously-running and periodic processes 

on that host. A conceptual overview of this distributed 

processing system is shown in Figure 1. 

 
Figure 1. Network Transparency of the distributed grid data-acquisition and 

processing system 
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• Web Site

• Display will be modeled after:

• Central & Eastern US Network

• (Array Network Facility @ ucsd.edu )

• Open to the public

– Earthquakes (most recent week)
– Stations 

– Special events (archive)

– Realtime Data

– State-of-health (as needed)

http://ceusn.ucsd.edu

http://ceusn.ucsd.edu/


• What is the recent activity?

• Earthquakes
• Most recent week
• Automatic (unreviewed locations)
• Based on ~10 IRIS realtime stations

http://ceusn.ucsd.edu/events/

http://ceusn.ucsd.edu/events/


• Which local stations recorded it?

• Deployment
• Includes real time sites
• Sites in national database
• Sites locally operated
• Sites on ground and on structure
• Will include GPS displacements

http://ceusn.ucsd.edu/deployment/

http://ceusn.ucsd.edu/events/


• How large were the motions from 
this recent event?

• Stations => Waveforms
• Preview of ground motions 
• Initial estimates of acceleration http://ceusn.ucsd.edu/stations

• For each station, what information is 
available from the monitoring site?

• Stations
• Coordinates
• Latency
• Waveforms
• Noise characteristics

http://ceusn.ucsd.edu/stations


• Is background noise interfering with 
detecting the event?

• Power Spectral Density Plots
• Background noise with microseism peak
• Low and high noise reference levels

http://ceusn.ucsd.edu/stations

http://ceusn.ucsd.edu/stations


• What are the major events affecting 
the region?

• Special Events
• Rolling archive of events of interest
• Summary of earthquake facts
• Links to associated earthquake information 

from the USGS

http://ceusn.ucsd.edu/archive

http://ceusn.ucsd.edu/archive


• How did this earthquake affect the 
surrounding region?

• Special events
• Distance to population centers
• Waveforms from nearby stations
• Waveforms from the monitored structure
• Links to USGS event information

http://ceusn.ucsd.edu/archive

http://ceusn.ucsd.edu/archive


• How did this earthquake affect the 
surrounding region?

• Special events
• Distance to population centers
• Waveforms from nearby stations
• Waveforms from the monitored structure
• Links to USGS event information

http://ceusn.ucsd.edu/archive

http://ceusn.ucsd.edu/archive


Real-time display planned for node at OSU
2 Hour activity       24 hour activity Earthquakes                       Stations

Planned display of 10 closest real-time seismic sites from IRIS database and 3+ sites 
from OSU
• Kiosk console for display
• Real-time analysis node for rapid response
• Scientific analysis node synchronized to external databases



Conclusions
• The OKSSEN Oklahoma Structural and Site Effect Network has been installed 

for monitoring a 12 story RC structure using ETNA2 24 bit accelerometers 
and 5 Hz GPS 

• Finite element structural modeling provided a reference for expected 
bending and torsional modes and expected rooftop displacements of 4-6 cm 
for 0.12-0.15 g

• 2017-12-05 M4.3 eq and 2018-04-07 M4.6 eq showed strong resonances at 
1.3 Hz, 2.0 Hz, and 2.3 Hz and a factor of 1.4 amplification at the roof

• 5 Hz GPS displacement solutions and seismogeodetic combination have been 
developed which should be useful for larger ground motions, greater than 
std of 0.9 cm horizontal and 1.4 cm vertical.

• Wind events also excite similar resonances, but with simpler peaks, and 
provide an interesting supplemental dataset for monitoring structural 
changes.
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