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Abstract

Traditional methods for calculating near-field seismic displacements using the recordings of strong-motion accel-
erometers require a correction procedure to remove baseline offsets, which may result from ground rotation

and tilting motions. However, the baseline correction is subjective and likely to remove low-frequency components
of the seismic signals. We employ a new method based on the tightly coupled integration of accelerometers, gyro-
scopes and GNSS, which does not require the baseline correction. To investigate how well different retrieval methods
account for the effects of the rotation and tilts on the displacements, synthetic case studies are conducted using

the accelerometer recordings obtained from actual earthquakes. Results showed that the method employed can pro-
vide a clear improvement over the traditional methods when the accelerometer recordings are affected by the rota-
tion and tilting motions of the ground. Additionally, the method effectively recovers permanent displacements,
partly because it incorporates GNSS measurements that enable direct observation of the ground displacements

and also partly because it avoids loss of information caused by the baseline correction.

Keywords Strong-motion accelerometers, Gyroscopes, GNSS, Tight coupling, Kalman filter, Tilts and torsion

Introduction

Accurate determination of near-source ground motion is
important not only in understanding earthquake source
mechanisms in seismological studies, but also improving
building responses to strong ground motions in earth-
quake engineering (Hartzell and Heaton 1983; Wald
and Heaton 1994; Kramer 1996; Takeo 1998; Symans
et al. 1999; Igel et al 2005, 2007; Blewitt et al. 2009; Lee
et al. 2009; Trifunac 2009; Ohta et al. 2012; Bernauer
et al. 2014). The traditional approach to computing
the displacements by doubly integrating accelerometer
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recordings require correction of baseline offsets in the
recordings before the numerical integration, in which
multiple steps of data processing such as detrending and
high-pass filtering should be applied to obtain realistic
displacements by removing the baseline offsets (Shakal
et al. 2004). The offsets are known to be caused by vari-
ous mechanisms including rotation and tilting motions of
the ground or the instrumentation base, sensor hysteresis
and ADC static buildup (Boore et al. 1980, 2003; Trifunac
and Todorovska 2001; Emore et al. 2007). Such baseline
correction is, however, a quite subjective process and it is
not related closely to the physical mechanisms that gen-
erate the offsets. If correction parameters do not match
well with characteristics of the baseline offsets of acceler-
ation recordings, the correction may produce artifacts in
resulting waveforms, which could be mistaken for actual
seismic signatures. Also, for baseline-corrected accel-
eration records, a certain level of loss of seismic infor-
mation is unavoidable, particularly for low-frequency
or long-period signal, and as a result it is very difficult,
if not impossible, to retrieve the permanent or residual
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displacements accurately from the recordings (Graizer
2006).

For the tilt-induced baseline offsets, it seems more
direct and physically meaningful to estimate the tilting
and torsional motions of the ground together with trans-
lational motions of the ground and thus mitigate their
effects on the ground displacements. Three-dimensional
rotational motions of the ground can be sensed by a set
of gyroscopes and like the strong-motion accelerometers,
the gyroscope is an inertial sensor and requires numeri-
cal integration of angular rate recordings to compute
rotations. Thus the sensor is subject to the same issue
of accumulating errors with time as the strong-motion
accelerometers, which results in unphysical, divergent
signatures in the integrated signals and thus requires an
analogous procedure to those used in correcting for the
baseline offsets of the strong-motion accelerometers.

Such an issue is known to be addressed more effectively
by complementing the inertial recordings by other inde-
pendent measurements such as GNSS. Several attempts
have been made to compute accurate ground displace-
ments by combining the inertial instruments and GNSS
based on complementary nature of these techniques.
For example, Bock et al. (2011) used collocated GNSS
receivers and accelerometers to compute both broad-
band (0 to tens of hertz) and precise ground displace-
ment waveforms based on Kalman filter formulation.
However, Bock et al. (2011) could not accommodate
tilts and torsion of the accelerometers effectively and as
a consequence had to heavily downweigh the accelerom-
eter data in the integration with GNSS. The accuracy of
the displacement waveforms computed by the proposed
method was reported to be in the range of 0.8—-1.0 mm
in an RMS sense. The issue of tilts and torsion on strong-
motion accelerometers was previously discussed by
Graizer based on the equations of pendulum motion, in
which the product of tilt angle and gravitational accel-
eration is shown to act as a forcing function to produce
a response of horizontal accelerometers. It is noted that
unlike the horizontal components the vertical recordings
are less sensitive to the tilts (Graizer 2006).

The above studies are mostly based on shake table
experiments to demonstrate their methods and one of
the reasons for this is that there are few seismic stations
which have collocated gyroscopes and GNSS receivers
with strong-motion accelerometers. The displacement
produced by the shake tables is generally limited to one-
dimensional motion and it is difficult to generate real-
istic tilts and torsion using the shake tables. Also, these
researchers used GNSS-derived positions for the inte-
gration instead of GNSS raw data. In the case that the
GNSS position filter does not work properly for some
reasons such as an insufficient number of available GNSS
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satellites, these integration methods fall back to produce
purely inertial solutions that need to be corrected for
baseline.

In this study we utilize GNSS raw measurements to
optimally combine with 6-DOF (degree of freedom),
i.e., three accelerometers and three gyroscopes data and
investigate the performance of different methods to com-
pute displacements when the sensors are subject to rota-
tion and tilting motions during seismic events. Using the
GNSS raw measurements for the integration has some
advantages over using GNSS-derived position and list-
ing a few, the measurement covariance can be computed
more accurately when using the raw measurements and
the integrated solution is provided even if the number of
available GNSS satellites becomes less than four, which
is the minimum required to compute position solutions
using a single GNSS constellation. Due to the lack of col-
located three-dimensional gyroscope recordings with
associated GNSS and accelerometer data, we conduct
synthetic case studies using the strong-motion acceler-
ometer recordings obtained from actual seismic events
such as El Mayor-Cucapah, Hector Mine and North-
ridge earthquakes. In principles, rotational motions can
be represented in several interchangeable ways such as
Euler angles, Direction Cosine Matrices (DCM), rotation
vectors and quaternions and we utilize DCM (or equiva-
lently rotation matrices) because it is quite intuitive and
easy to manipulate.

This paper is organized as follows: in Sect. "Methods",
we describe a method to synthesize the translational
and rotational motions in the Earth-Centered Earth-
Fixed (ECEF) reference frame, as well as a processing
strategy to combine inertial and GNSS measurements
based on the Extended Kalman Filter (EKF) formulation.
Sect. "Results and discussion” presents results obtained
by conducting a series of synthetic case studies where
displacement waveforms are computed in different meth-
ods and compared with each other for the effectiveness.
The methods include the traditional, double integration
of accelerometer recordings and optimal combination
of the three-sensor data using the EKF. We conclude by
summarizing the findings and making suggestions for
future research.

Methods

This section describes the method to generate three-
dimensional strong-motion accelerometer and gyro-
scope data influenced by rotational and tilting motions
of the ground as well as the basic formulation of the
integration filter to optimally combine strong-motion
accelerometer and gyroscope data with GNSS measure-
ments. The physical layout of the sensors with associ-
ated coordinate systems is shown in Fig. 1. An ECEF
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Fig. 1 A schematic showing the instrument layout and associated
coordinate systems used in the formulation of the integration filter.
The superscripts e and b denote the ECEF frame and the body frame,
respectively. The origin of the body frame is where the strong-motion
accelerometers and gyroscopes are installed and the sensitive axes
of the strong-motion accelerometers are assumed to coincide

with those of the gyroscopes

frame consisting of orthogonal XYZ axes serves as
the reference frame for the formulation of the integra-
tion filter while a body frame is the frame to which the
recordings from strong-motion accelerometers and
gyroscopes are referenced, shown as the xyz triad in
Fig. 1. The body frame is typically aligned with north,
east and vertical directions. The origin of the body
frame is denoted as r® in the ECEF frame and the posi-
tion of a GNSS antenna is given as rs in ECEF. The
difference between the two vectors is d that is usually
expressed in the body frame.

In practice, accelerometer and gyroscope data are sub-
ject to various systematic and random errors. For given
nominal values of specific force (nongravitational force
per mass) f? ; and angular rate o ; expressed in

nomina nomina
the body frame, the sensor outputs—contaminated by

Table 1 Model coefficients for the accelerometers and gyroscopes
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systematic and random errors such as biases, scaling
factors, cross-coupling, and stochastic errors—can be
modeled as follows:

£ s = I3+ Mo+ b, +w,,

meas 0
b b b
®yeqs = (13 + Mg) ®yominal + Ggfnomimll + bg + We-
1)
For the 6-DOF motions, £’ £l wZuminal’ ® s

nominal’ “meas’
are three-dimensional vectors. In Eq. (1), the subscripts

a and g denote accelerometers and gyroscopes, respec-
tively. M and G are 3 X 3 coefficient matrices which reflect
the effects of scaling factors, cross coupling and gravity-
dependence. I3 denotes a 3 X 3 identity matrix, and b and
w are 3X1 vectors representing bias and random error,
respectively. Each coefficient depends on the grades of
accelerometers and gyroscopes and we use nominal val-
ues of the error PSD for navigation-grade accelerometers
and gyroscopes and omit the bias and gravity-depend-
ent effects. This may be translated in terms of preci-
sion as approximately 10~ m/s® for the accelerometers
and 1077 rad/s for the gyroscopes. Table 1 summarizes
the model coefficients for the 3-axis accelerometers and

3-axis gyroscopes used in this study and inserting ff ominal

and wzomm . together with the coefficients into Eq. (1)
yields accelerometer and gyroscope recordings in the
body frame.

Mgy My Myz Wy
M; = | my, myy, my, |, w; = | wy | ,wherei=a,g.
Mzx Mgy Mgy Wz

In order to integrate GNSS measurements with the
accelerometer and gyroscope data, it is necessary to rep-
resent these quantities in the ECEF frame as shown in
Fig. 1. This can be accomplished by use of DCM or 3x3
orthonormal matrix R} which transforms the vectors in
the body frame to those in the ECEF frame as follows:

e _ szb
meas — meas’

3-axis accelerometers

3-axis gyroscopes

Scaling factor

(Moex, My, Myz)
Cross-coupling

(mxy/ Myz, Myx, Myz, Mzx, mzy)
Random noise intensity

(e, Wy, W)

(0.0002, — 0.0004, 0.00015)

(=0.0001, 0.00015, — 0.0005,
0.0001, - 0.00015, 0.0001)

(100.0, — 100.0, 300.0)x 10~°

(0.0001, = 0.0002, — 0.00015)

(= 0.002,0.0015, 0.0,
0.0001, 0.0, 0.0)

(3.0,—-20,50)x10~/

Note that
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— b—
R;T =RSERI"R). 2)

In Eq. (2), the superscript and subscript characters
e and b denote the ECEF frame and the body frame,
respectively. R;~ and R’ are DCMs for body-to-ECEF
transformation before and after temporal update, respec-
tively, and R%F accounts for the Earth’s rotation between
time steps. The sampling interval for the accelerome-
ter data can be used to set the time step, i.e., 0.005 s for
200 Hz sampling frequency. Rz; represents temporal
angular change of the body frame and is used to synthe-
size the effects of rotation and tilts of the ground. If rota-
tion and tilting motions are given in terms of angular rate
and the angular rate is approximately constant during
sampling interval, Rlb: can be expressed as:

RZI = exP ([@ymeas X] AL). (3)

In Eq. (3), b denotes the body frame, and @;eqs % rep-
resents the skew symmetric matrix of angular rate meas-
urement vector. Additionally, At is the sampling interval.
Equation (3) is the exponential of integrated angular rate
matrix and can be approximated using the Rodrigues’
rotation formula [Dai 2015]. Using Eqgs. (2) and (3), the
effects of rotation and tilting of accelerometers on dis-
placement waveforms can be simulated.

The accelerometer and gyroscope data can be combined
with GNSS raw measurements to generate more accurate
displacement waveform solutions, which belongs to a
broader class of problems called sensor fusion or sensor
integration (Durrant-Whyte 2016). Depending on what
kind of GNSS data are used in the integration, the types
of the integration can be divided into three: the loosely
coupled integration if GNSS-derived positions are used
as inputs for the fusion, tightly coupled integration for
using GNSS raw data, and deeply coupled integration
for using in-phase and quadrature data from the track-
ing loop of GNSS receivers (Greenspan et al. 1996; Jekeli
2000; Grewal et al. 2007; Farrell 2007). We employ the
tightly coupled integration based on EKF formulation.
The basic idea is that errors of inertially computed solu-
tions consisting of displacement, velocity and tilts and
torsion are estimated based on the differences between
inertially predicted measurements and GNSS measure-
ments and the estimated errors are fed back to correct
the inertially computed solutions, which yields integrated
solutions. For comprehensive description on the EKF for-
mulation, readers are referred to Gelb (1974), Brown and
Hwang (1997) and Tapley et al. (2004). Implementation
of the tightly coupled integration using EKF is summa-
rized as follows.

State variables for the tightly coupled integration can be
divided into two: error states of the inertially computed
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solution and GNSS-related states. If the errors in position,
velocity and tilts and torsion of the inertial solution are
estimated, a partitioned state vector may be given as:

_ | xmu
x= |:XGNSS } @
where.
Sré

Sve Ste
xpmu = | 8¥° |and xgnss = [ }

b, Str
be
In Eq. (4), 51¢, 8v¢, 8V° represent in sequence the position

error, the velocity error, the tilts and torsion errors of the
inertial solution expressed in the ECEF frame, respectively.
b, and b, are baseline errors of the inertial instruments
induced by mechanisms other than ground tilting motions.
For the GNSS-related states, §tx and 8¢z denote the clock
and frequency offsets of the GNSS receiver, respectively.
Additional states like satellite-specific phase ambiguity can
be included as well in xgnss. Using the state-space formu-
lation, temporal evolution of the state vector is given as a
set of stochastic differential equations and the continuous,
linearized system dynamics for the tightly coupled integra-
tion in the ECEF frame can be expressed in terms of system
matrix F and zero-mean, Gaussian white noise w[Wei and
Schwarz 1990; Jekeli 2000; Rogers 2000]:

x=Fx+w, (5)
where.
0 I3 0 0 000]
—%rfl —2w,x —RfL, xRS 0 00
0 0 -w,x 0 R; 00
F= 0 0 0 0 000
0 0 0 0 000
0 0 0 0 001
0 0 0 0 000

As can be seen in Eq. (5), F is given as a function of £, .,
R} (Eq. (2)) and some other parameters such as the angu-
lar velocity vector of the Earth w, and the acceleration due
to gravity g°. To implement the EKF filter Eq. (5) needs to
be discretized and the time update of the state vector and
associated error covariance from kth epoch to k+1 th
epoch is expressed by use of state transition matrix ® and

process noise matrix Qg:

Xk+1 = <I)(tky thrl)xk + wi

(6)
Pi1 = @ (bt ) Pe®” (b b)) + Qi
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where.
i 0 IsAt 0 0 0 0 07
20¢ el
= e At s —2[w, <] At —R¢ (5, x|At REAE 0 0 0
0 0 I3 — [@,x]At 0 R(AZO O
@ (ti, tis1) = exp (FAL) ~ 1+ FAL = 0 0 0 L 0 00
0 0 0 0 Is 0O
0 0 0 0 0 1At
L 0 0 0 0 0 01 |
and.
- 7381 ) T
Q= E{Wk Wk] =/ O (ty, T)diag [ dp Qv 94 Qa Dbg dep 9ef | P (b T)dT.
173

In Eq. (6), E denotes the expectation operation and At
is time difference between f; and f;,1 and diag means
diagonal entries for a square matrix whose off-diagonal
entries are all zeroes. If Az <1 and the errors in the veloc-
ity of the inertial solution are driven by integrated ran-
dom noise of the acceleration, Q; may be approximated
as:

Quu 0 } ’ 7

R %[ 0 Qonss

where.

Quu = diag[0 qv At qaAt qpAt qpeAt ],

qcfAtg quAtz
dep Al + =5 2

Qenss = 2
qof At
7f2 qef At

In Eq. (7), qv, q4, qu, and qp, denote noise intensity
vectors of the strong-motion accelerometers, the gyro-
scopes, the accelerometer biases and the gyroscope
biases, respectively. gc, and g, represent noise intensity
of clock phase and frequency of the GNSS receiver.

For measurement update of the tightly coupled inte-
gration EKF, we use ionosphere-free pseudorange p
and Doppler measurement fp,,, and the measurement
dynamics for p and fp,, can be expressed as follows:

p = (rs —ry) +dp + cdtg,

1
foop = d/dt = - [T (v + e x15)
— (Vi + we x )] + 86 + cdir]
8)

In Eq. (8), the subscripts S and R represent the satellites
and the receiver, respectively. ® denotes ionosphere-free

carrier-phase measurements, while 4 represents the
effective wavelength of the ionosphere-free carrier-phase,
and #; refers to the unit vector aligned with the signal
path between jth satellite and the receiver, respectively.
Note that r and v} are the position and velocity vectors
of the receiver expressed in the ECEF frame and different
from r¢ and v¢ in Eq. (4), which denotes the position and
velocity vectors of the inertial instruments in the ECEF
frame.

As shown in Eq. (8), we use the time derivative of car-
rier-phase measurements instead of the carrier-phase
measurements themselves. The actual calculation of
the Doppler frequency involves time-differencing car-
rier-phase measurements divided by a sampling inter-
val (e.g., 1 s). Through this process, slowly varying and
constant terms, such as phase ambiguity, are largely
canceled out, greatly simplifying the filter formula-
tion. For readers interested in using undifferenced car-
rier-phase measurements and handling the associated
carrier-phase ambiguities, we refer them to Lee et al.
(2013, 2015).

Other GNSS errors, such as tropospheric delay and
antenna phase offsets for both the receiver and satel-
lites, are omitted in this study because these errors are
considered relatively constant given the time scale of
seismic events, which typically last only a few minutes,
and thus are largely mitigated by the time-differencing
process. A similar assumption was made in Colosimo
et al. (2011), where carrier-phase-based Doppler meas-
urements—similar to our approach—used to compute
centimeter-level coseismic deformations in real-time
mode.

In addition to systematic errors, Gaussian noise is
added to the measurements to ensure that GNSS-only
position solutions achieve a similar level of accuracy to
PPP solutions—approximately 1-3 c¢m in the horizon-
tal components and 2 cm or more in the vertical. We
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assume no relative motion between the inertial instru-
ments and the GNSS antenna during seismic events.
However, in practice, this assumption may not always
hold. We discuss scenarios where relative motion
between the GNSS and inertial sensors may occur, such
as due to ground non-rigidity.

As shown in Fig. 1, r} and v can be computed in
terms of position difference vector d expressed in the
body frame together with r® v® and other parameters
given by Eqgs. (1) and (2):

rp =1r°+Rjd

Ve = V¢ + R} (Wpeas X d) + @, x R7d. ©)

The linearized measurement dynamics for the tightly
coupled integration is obtained by taking partial deriva-
tives of the measurement dynamics hi(Eq. (8)), with
respect to the state variables, which may be expressed
as:

dhy

2 = Hpxg + v, Hy = —,

0x (10)

where.

Pmeas,1 — Ppred,1

Pmeas,M — Ppred,M

7, =
k fmeas,l _fpred,l

L fmeas,M _fpred,M 1

W 0 0001 0

u, 0 0001 0
0 u{/200001/2

| 0 u$,/7200001/7]

arctan2 ]3,, fz

v arctan( j;/,/nyer )
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vi =N(0,Cy), Cx =diag 63'1 aiM aﬁ] aﬁM .

In Eq. (10), M is the number of satellites available
at kth epoch and z; is the residual vector that is com-
puted by subtracting predicted GNSS measurements
using the inertial solutions from observed GNSS meas-
urements. v, represents zero-mean, Gaussian distrib-
uted measurement noise vector at kth epoch, whose
covariance is a diagonal matrix Cj. The diagonal
entries of Cy are noise variances of the GNSS measure-
ments. Using Egs. (4) — (10), Eq. (11) implements the
tightly coupled integration between strong-motion
accelerometers, gyroscopes and GNSS based on the
EKF formulation (Gelb 1974; Brown and Hwang 1997;
Tapley et al. 2004):

X = @ (ti, 1) Xe—1

Py = q)(tk»tk—l)f)k—lq)T(tk: 1) + Qi
Ki = BeHT (R0 [H&ROBHT &) + G|
X = X + Ki[ze — hie(Xp)]

P = [1 - KeHy (%)]1Px

As can be seen in Eq. (4), the integration filter is based
on the error states of the inertial solutions and total states
of the GNSS measurements and the error states esti-
mated by the filter are fed back to form the total state of
the integrated solutions and the error state is reinitialized
to zero. Because of the return to zero of the error states
after the measurement update phase of the EKF, the time
update of the EKF is applied mainly to state error covari-
ance, which simplifies the implementation.

In order to facilitate the convergence of the EKEF,
initial values of the tilts and torsion can be given by
leveling and gyrocompassing during pre-event period,
taking advantage of the fact that the only signal
observed by stationary accelerometers is the reaction
to Earth’s gravity and by the similar reasoning, Earth’s
rotation by stationary gyroscopes (Rogers 2000; Titter-
ton and Weston 2004). Accordingly initial estimates of
eastward tilt ¢, northward tilt 6 and torsion ¥ can be
given in terms of the specific force and angular veloc-
ity measurements from the accelerometers and gyro-
scopes as follows:

(12)

arctan 2 (—a)y COS @ + w; Sin @, wy cos 6 + wy sin @ sin 6 + w, cos ¢ sin 0)
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Fig. 2 Results obtained by processing the recordings of the El Mayor-Cucapah earthquake where sinusoidal rotation and tilts motions are applied
to north (black), east (blue) and vertical (red) axes with no initial orientation errors (M1). Truth displacement and velocity waveforms are plotted

as dashed lines with the same color as the corresponding solutions from the individual methods. The displacement and velocity differences
between the solutions and truth waveforms are plotted as dash-dot lines and shifted downward by 30 cm for displacement and 30 cm/s

for velocity to improve clarity. ACC denotes the solution computed from the strong-motion accelerometers only, ACC+GYRO denotes the solution
from the inertial instruments (i.e., strong-motion accelerometers and gyroscopes) and INTEG denotes the solution obtained by tightly integrating
GNSS with the inertial instruments. The subscripts N, E, and D represent north, east and vertical directions, respectively. a, b, c and d show
displacements, velocities, PSD of position errors, and displacement response functions obtained by the ACC method, respectively. The definition
of the response function is provided in the manuscript. Similarly, e, f, g, h for ACC+GYRO and i, j, k, I for INTEG. The INTEG method provides more
accurate displacement and velocity waveforms than ACC and ACC+GYRO at least by 40%, particularly for horizontal components in displacement
iand velocity (j). In k the PSD values of INTEG show a lower level of errors in the frequency band from 0.01 to 0.4 Hz compared to those of ACC
and ACC+ GYRO while the PSD is higher than those of the two in the frequency band above. Compared to the response functions of ACC d

and ACC+GYRO h, the INTEG response function | spans broader frequency band, while showing greater values for the frequency band from 1 Hz
and beyond. The noisier characteristic in the upper band seems to be the side effects of GNSS aiding

It is noted that the initial values of tilting angles can be
determined reasonably accurately by the leveling from
strong-motion accelerometer data only while for torsion,
Earth’s rotation is a weak signal and the values of tor-
sion obtained from gyrocompassing are time-averaged to
reduce noise.

Results and discussion

We conducted synthetic case studies by applying simu-
lated rotation and tilting motions to actual accelerometer
recordings. Three real earthquake events were analyzed:
the 2010 Mw 7.2 El Mayor-Cucapah earthquake, the 1999

Mw 7.1 Hector Mine earthquake, and the 1994 Mw 6.7
Northridge earthquake.

For each event, we selected a station that provided
uncalibrated accelerometer recordings initially aligned
with the north, east, and up directions and remained
stable throughout the event. Additionally, we prioritized
stations where the maximum horizontal velocity was
sufficiently high (e.g., at least 0.1 m/s) to generate veloc-
ity-dependent tilt errors detectable by gyroscope meas-
urements. Beyond these criteria, no further restrictions
were imposed on station selection. The selected stations
are as follows:
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— El Centro—Meloland Geotechnical Station for the El
Mayor-Cucapah earthquake.

— San Bernardino—Fire Station #10 for the Hector
Mine earthquake.

— Jensen Filter Plant Generator Building for the North-
ridge earthquake.

Firstly, three-dimensional accelerometer recordings
from the El Centro—Meloland Geotechnic site for the
2010 Mw 7.2 El Mayor-Cucapah earthquake are pro-
cessed, which span approximately 280 s and are sampled
at the frequency of 200 Hz. Two different error models of
tilts and torsion are used in the study, as follows:

— M1: No initial orientation errors and 1-s long, sinu-
soidal tilts and torsion applied at the time when peak
velocities of the individual components occur. The
amplitudes of the sinusoids are scaled to be 0.5, 0.3
and 0.1 degrees for eastward and northward tilts and
torsion, respectively.

— M2: Initial misorientation of 0.7, 0.5 and 0.3 degrees
for eastward and northward tilts and torsion applied,
respectively, and time series of tilts and torsion
applied, which are proportional to the velocity wave-
forms that correspond to each rotational axis and are
scaled to have peak rotational displacements of 0.5,
0.3 and 0.1 degrees for eastward and northward tilts
and torsion, respectively.

In the above models the angular errors may be divided
into initial (or static) and coseismic (or dynamic) parts.
For the initial angular errors, the accelerometers and
gyroscopes are assumed to be perfectly aligned with local
North-East-Down (NED) frame in M1 while in M2 the
accelerometers are misaligned with the NED frame at the
beginning. For the coseismic angular errors, the tilts and
torsion errors have a single frequency component and
last for 1 s in M1 while in M2 the errors occupy a band
of frequency spectrum which has the same bandwidth
as that of velocity signals. This is based on the previous
works where the tilts and torsion were reported to be
correlated with velocity profiles (Bouchon and Aki 1982;
Trifunac 1982; Trifunac and Todorovska 2001).

The data generated with each model are processed
separately by three different processing methods so as to
examine their relative performance. The first one is the
traditional method of numerically integrating acceler-
ometer recordings twice and denoted hereafter by ACC.
The second is the numerical integration of both acceler-
ometer and gyroscope recordings (Nigbor 1994) and is
denoted by ACC+ GYRO. The third is to use the EKF-
based tightly coupled integration technique described
in the previous section and denoted by INTEG. Baseline
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corrections are applied to the results obtained with ACC
and ACC+GYRO, where the velocity waveforms are
detrended, highpass-filtered and integrated to generate
corresponding displacement waveforms. Otherwise the
integrated waveforms would produce unphysical drift in
displacement, which results in significant displacement
error. The detrending is conducted by fitting 14th-order
polynomial to the velocity waveforms and the corner fre-
quency of the high-pass filter is set to 0.05 Hz.

Figure 2 shows the results obtained by processing the
M1 data with the three methods. Note that the truth dis-
placement and velocity waveforms are plotted together
with the individual solutions, which have the same color
with the solutions but different line styles (dashed lines
for truth and solid lines for solutions). In Figs. 2 and 3,
the solution and truth waveforms may appear indistin-
guishable due to their close spacing. To enhance clarity,
the difference waveforms between them are additionally
plotted using a dash-dot line style and are shifted down-
ward by 30 cm for displacement and 30 cm/s for veloc-
ity. Reviewing the truth velocity profiles indicates that the
peak velocity occurs at the time of 52.5, 50.4 and 49.8 s
for north, east and vertical components, respectively, and
1-Hz sinusoids of tilts and rotation are applied at those
times. Displacement and velocity errors are obtained by
computing the difference from the truth waveforms and
comparing ACC and ACC+ GYRO results, the velocities
obtained with ACC+ GYRO are found to be at least 20%
more accurate than those with ACC while for displace-
ments the differences in accuracy between ACC+GYRO
and ACC are somewhat reduced compared to the veloci-
ties. Results obtained with INTEG show clear improve-
ment over those of ACC and ACC+ GYRO, particularly
for horizontal components in displacement and velocity
and quantitatively, the improvement in accuracy over
those of ACC and ACC+GYRO is more than 40% in
both displacement and velocity.

For the PSD of the ACC position differences, there exist
prominent bulges in horizontal components spanning
approximately from 0.15 Hz to 2 Hz. This seems to be the
signature of the 1-Hz sinusoidal tilting motions smeared
by the baseline correction process. This signature is not
observed in the PSD plot of ACC + GYRO, which implies
that the gyroscopes effectively account for the sinusoidal
tilting motions. Also the vertical component of the PSD
of the ACC solutions does not show such signature. The
PSD values of INTEG show a lower level of errors in the
frequency band from 0.01 to 0.4 Hz compared to that of
ACC+ GYRO while the PSD is higher in the frequency
band above. The magnitude of displacement errors in the
upper band is less than approximately 3.1x 10~ ¢cm in all
three components. Figure 2d, h, and | shows the ampli-
tude spectra of the response functions for the individual
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Fig. 3 Results obtained by processing the recordings of the El Mayor-Cucapah earthquake where profiles of rotation and tilts motions are applied
with initial misorientation (M2). Readers are referred to Fig. 2 for the acronyms and symbols. Panels a, b, c and d show displacements, velocities,
PSD of position errors, and displacement response functions obtained by the ACC method, respectively. Similarly, panels e, f, g, h correspond

to the ACC + GYRO method, and panels i, j, k, I to the INTEG method. In

a there are a few artifacts, including a prominent peak in north (black)

displacement located at the time of approximately 55 s, which might be misinterpreted as real seismic signature. These artifacts may be attributed
to the extension of the ACC response function and the amplification of the signal in frequencies below 0.1 Hz, as shown in d. For the ACC + GYRO

solution, the displacement errors of horizontal and vertical components
errors of velocity are increased in all three components. In i the INTEG di

are approximately at the same level as the previous case while the RMS
splacements are shown to be more accurate than those of ACC and ACC

+ GYRO at least by 20%. In k the error PSD of vertical displacement of INTEG is somewhat increased in the frequency range near and above 1 Hz
compared to the counterpart in Fig. 2. Similar to Fig. 21, the INTEG response functions extend into the low frequency band, showing attenuation
between 0.1 Hz and 1 Hz frequency band and amplification for high-frequency signals

displacement solutions. Here, the response function is
defined as the ratio of the Fourier transform of the solu-
tion displacement to the Fourier transform of the truth
displacement. This metric helps assess the fidelity of the
solutions across different frequencies. Comparing the
response functions in Fig. 2d, h and |, it can be observed
that the frequency band occupied by the INTEG method
extends into very low frequency band (i.e,<0.1 Hz)
while the bands of ACC and ACC+ GYRO stop around
0.1 Hz. For the frequencies above 1 Hz, the magnitude of
the INTEG response function is somewhat greater than
1, which indicates that the high-frequency noise could
be amplified. The noisier characteristic in the upper
band is likely due to the effects of GNSS corrections to

the displacement waveforms. For the frequency band
between 0.1 Hz to 1 Hz, the INTEG response function
is somewhat lower than those of ACC and ACC+GYRO.

Similar to Fig. 2, results obtained with M2 are shown
in Fig. 3. Compared with the previous results, the RMS
errors of the ACC displacements are increased signifi-
cantly in the horizontal components while the vertical
RMS error is approximately the same. It can be observed
in Fig. 3a that there are a few artifacts in ACC displace-
ment waveforms, including the sinusoidal variations in
north (black) and east (blue) displacements for the first
tens of seconds, and a prominent peak in north displace-
ment located at the time of approximately 55 s, which
result in the increment of the RMS error of the ACC
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Fig. 4 Tilts and torsion profiles obtained by processing the recordings of the El Mayor-Cucapah earthquake without initial misorientation (M1,
shown in upper panel) and with initial misorientation (M2, lower panel). Readers are referred to Fig. 2 for the acronyms and symbols. Panels a, b,

c and d show displacements, velocities, PSD of position errors, and displacement response functions obtained by the ACC method, respectively.
Similarly, panels e, f, g, h correspond to the ACC + GYRO method, and panelsi, j, k, 1 to the INTEG method. The subscripts ET, NT, and TR denote
eastward tilt, northward tilt and torsion, respectively. a and b show the tilts profiles of the ACC solutions for the M1 and M2 cases, respectively. These
profiles are computed using Eqg. (11), where the tilts are averaged for 5 s and held fixed afterward. Torsion profiles (red) are not available in the ACC
solution. c and d show the tilts and torsion profiles of the ACC + GYRO solutions and e and f for the INTEG solutions. In ¢ and e zoomed-in views

of the tilts and torsion profiles are provided, which show that sinusoidal signatures of the M1 tilts and torsion are recovered in both solutions. d

and f show the tilts and torsion profiles of the ACC + GYRO and INTEG solutions obtained with M2

solution. Contrary to the ACC results, the ACC+GYRO
solution does not seem to be much affected by the initial
misorientation and the displacement errors of horizontal
and vertical components are approximately of the same
level as the M1 case in terms of displacement, while for
velocity the RMS errors of ACC+ GYRO are increased by
more than 50%. To process the M2 data with the INTEG
method, leveling and gyrocompassing are conducted first
to obtain initial values of the state variables for tilts and
torsion as discussed in Sect. "Methods". The horizontal
accuracy of the INTEG displacements becomes worse
by approximately 34% than its counterpart in Fig. 2 while
the vertical accuracy of INTEG is unexpectedly improved
by 78%. In comparison, the horizontal accuracy of ACC
is severely degraded by 506% and for ACC+ GYRO the
accuracy is slightly decreased by 0.3%. The error PSD of
vertical displacement of ACC+GYRO becomes some-
what noisier in the frequency range near and above 1 Hz
and the error PSD of vertical displacement of INTEG is

also increased in the upper frequency band. Unlike the
previous results, the ACC response functions in Fig. 3d
extend into the very low frequency band, e.g., below
0.1 Hz, particularly for the horizontal components, while
the ACC+GYRO response functions seem comparable
to the previous results. This difference may be due to the
artifacts observed in the displacement waveforms.

In order to examine the accuracy of estimated tilts
and torsion from the individual methods, each tilts and
torsion solution is plotted and analyzed as shown in
Fig. 4. The upper panel of Fig. 4 shows the tilts and tor-
sion obtained from M1 and those obtained from M2
are shown in the lower panel of Fig. 4. As described in
Eq. (11), torsion cannot be measured by strong-motion
accelerometers alone and thus torsion estimates are pro-
vided only for the ACC+GYRO and INTEG solutions.
The tilts of the ACC solution are estimated using the data
in the first 5-s period with Eq. (11) and held fixed to the
values afterwards. It can be observed in Fig. 4a that the
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Fig. 5 Displacement profiles obtained by processing the recordings of the El Mayor-Cucapah earthquake with the M1 model (shown

in upper panel) and the M2 model (lower panel). Refer to Fig. 2 for the acronyms and symbols. a and b show 1-Hz, GNSS-derived displacement
solutions for the M1 and M2 cases, respectively. ¢ and d show the displacement waveforms of the 200-Hz, INTEG solutions for the M1 and M2
when the number of tracking satellites is set to four, and similarly e and f show the INTEG displacement solutions with the number of satellites

changed to three

RMS errors of the tilts and torsion estimates of ACC are
at the level of 0.01-0.02 degrees, which is mainly attrib-
uted to the fact that the ACC solution does not retrieve
the sinusoidal tilts of M1. As can be seen in Fig. 4c and
e, the ACC+GYRO and INTEG solutions recover the
sinusoidal signatures and the RMS error of the tor-
sion profiles of INTEG is somewhat higher than that of
the ACC+ GYRO solution. This seems to be due to the
existence of the residual errors in the torsion profile of
INTEG. Recalling Egs. (5) and (8), the integration filter
observes the torsion not directly but indirectly, by expe-
riencing the effects of the torsion, that is, the growth of
the velocity errors. Obviously, such growth can be caused
by other sources as well. Thus a certain level of horizon-
tal motion and rotation is needed for the integration filter
to better observe the effect of the torsion and separate it
from those generated by the other sources. This require-
ment may be rather difficult to be met sufficiently for
the strong-motion accelerometers, which are installed
on a static instrumentation base. Note that the RMS
tilts errors of INTEG are less than that of the torsion at
least by an order of magnitude. For the results obtained

with M2, the RMS errors of the tilts profiles of the ACC
solution are almost the same as the initial misorientation
applied (i.e., 0.7 and 0.5 degrees) as seen in (b). The RMS
tilts and torsion errors of ACC+ GYRO are increased sig-
nificantly compared to the corresponding M1 results and
the RMS value of the torsion profile of ACC+GYRO is
somewhat greater than that of the INTEG counterpart.
This seems to be due to increased error in determining
torsional angle using the gyrocompassing technique.
Note that the RMS tilts errors of ACC+GYRO are
greater than those of INTEG as well.

Focusing on the characteristics of the INTEG solu-
tions, Fig. 5 shows the displacement waveforms of GNSS-
only solutions as well as those of the integrated solutions
obtained by changing the number of tracking GNSS
satellites. (a) and (b) show the 1-Hz, GNSS-derived dis-
placement solutions obtained from processing the M1
and M2 data. Note that the M2 data used here contain
not the initial misorientation but the velocity-depend-
ent tilts and torsion profiles only. (c) and (d) show 200-
Hz, INTEG displacement waveforms obtained with M1
where the number of satellites is changed to four and
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Fig. 6 Results obtained by processing the recordings of the Hector Mine earthquake where the velocity profiles are modified to generate
permanent displacements together with tilts and torsion profiles that are proportional to velocity profiles and no initial orientation errors applied.
Refer to Fig. 2 for the acronyms and symbols. Panels a, b, c and d show displacements, velocities, PSD of position errors, and displacement
response functions obtained by the ACC method, respectively. Similarly, panels e, f, g, h correspond to the ACC + GYRO method, and panelsi, j, k, |
to the INTEG method. As can be seen in a and e, the RMS errors of both ACC and ACC +GYRO are increased significantly compared to the previous
cases, which is due to failure of both methods to recover the permanent ground deformation. In contrast, the INTEG solution in i successfully
recovers the permanent displacements successfully in all three components. In k the error PSD of the INTEG shows a higher level of variations

in a frequency band greater than 1 Hz compared to the EI Mayor-Cucapah case. The response functions of all three methods show amplification

in vertical displacement (red) for frequencies around or below 0.1 Hz

three, respectively, and similarly (e) and (f) for the M2
counterparts with the same output rate and the numbers
of the satellites. As shown in (a) and (b) the RMS errors
of the GNSS-only displacement solutions are at the level
of 3—4 cm for both M1 and M2, which is comparable to
that of nominal PPP solutions and not overly optimistic.
Comparing (c) and (e) with Fig. 2i, the RMS errors of the
INTEG displacement solutions for M1 are increased with
the decrement of the number of satellites, as expected. It
is noted that the standard GNSS positioning is not pos-
sible when the number of tracking satellites is less than
four. The degradation in accuracy is more pronounced in
vertical displacement and this seems to be due to poor

observational geometry caused by insufficient num-
ber of data, leading to the increment of postseismic or
residual errors of INTEG vertical displacements. Unlike
the M1 case, horizontal displacements of INTEG does
not degrade for the M2 case when the number of satel-
lites is set to four while for vertical INTEG displacement
solution the RMS error is severely increased compared
to Fig. 3i. By changing the number of tracking satellites
to three for the M2 case, all three components of the
INTEG displacement solutions become worse, at least by
118%. Again the greatest RMS error is with the vertical
component and it can be observed from Fig. 5f that the
residual errors in vertical displacement persist through
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the time span, spanning approximately from 85 s to the
end of the data.

In order to further validate the integration strategy
using different sets of seismic data, the recordings of two
more actual earthquake events are processed and ana-
lyzed, which are those of the Hector Mine and the North-
ridge earthquakes.

Figure 6 shows the results obtained by processing the
accelerometer recording from the San Bernardino—Fire
Station #10 station during the 1999 Mw 7.1 Hector Mine
earthquake with the same three methods. Using the M2
model in the El Mayor-Cucapah case, the torsion and tilts
are given in terms of velocity profiles. However, the ini-
tial orientation errors are not imposed and the velocity
profiles are further modified in such a way that perma-
nent ground deformation occurs in three components
when the individual velocity components reach their
peaks, which results in non-zero postseismic displace-
ments. This case is representative of the situation where
baseline offsets are caused by two mechanisms, e.g.,
one by tilts and torsion and the other by velocity pulses
(Spencer et al. 2000; Emore et al. 2007). For the baseline
offsets caused by mechanisms other than local ground
rotations, gyroscopes do not directly sense the effects of
the offsets. The recordings span for 50 s at sampling fre-
quency of 200 Hz and peak velocities occur at the time
of 34.5, 28.8 and 37.9 s for north, east and vertical direc-
tions, respectively. The magnitudes of the north, east
and vertical permanent displacements are 7.9, 4.7 and
1.6 cm, respectively, and the parameters of the baseline
correction for the ACC and ACC+ GYRO solutions were
newly searched. Consequently, the order of the detrend-
ing polynomial was changed to unity and the corner fre-
quency of the high-pass filter was set to 0.001 Hz. For the
INTEG solution, on the contrary, the parameters used in
the previous experiments were kept the same, maintain-
ing objectivity in data processing.

As shown in Fig. 6, the RMS errors of both ACC and
ACC+GYRO are increased significantly compared to
the El Mayor-Cucapah case. Differences in position error
between the two are minimal, although the horizontal
errors of ACC+GYRO are slightly better than those of
ACC. This is most likely due to failure of both methods
to retrieve the permanent ground deformation accurately
as both solutions converge to zero at the end of time span
as shown in Fig. 6a and e, which results in the greater
RMS errors in all three components. It can be observed
in Fig. 6a and e that the horizontal component of the
ACC and ACC+GYRO solutions are deviated from the
truth waveforms soon after the initial epoch of the data.
This is due to the tilt errors which is a scaled version of
the velocity forms, are applied from the moment the
shaking starts. It may be possible to further reduce the
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RMS errors using different baseline correction meth-
ods (Trifunac 1971; Graizer 1979; Boore et al. 2005),
although there is no guarantee that optimal baseline cor-
rection parameters selected for one data set would work
for another set as well. As shown in the last few seconds
of the time span in Fig. 6i, the INTEG solution recovers
the permanent displacements in all three components.
For PSD of the position errors, frequency spectra of the
INTEG position errors show a higher level of fluctua-
tions in a frequency band greater than 1 Hz, particularly
at integer multiples of 1 Hz while the PSD plots of ACC
and ACC+GYRO do not show much difference between
each other as expected from the displacement results.
Regarding the response functions of the three methods,
all three extends into the low-frequency band below
0.1 Hz. For vertical displacement, the response functions
of the three methods show amplification in frequencies
below 0.1 Hz. The amplification is more pronounced for
the ACC and ACC+GYRO methods and less so for the
INTEG method, as shown in Fig. 6d, h and 1.

Finally, Fig. 7 shows results obtained by processing
the accelerometer recordings of the Jensen Filter Plant
Generator Building station during the 1994 Mw 6.7
Northridge earthquake. Similar to the Hector Mine case,
velocity profiles are modified to yield permanent dis-
placements with tilts and torsion proportional to veloc-
ity profiles with no initial orientation errors applied. The
recordings span for about 29 s and peak velocities occur
at the time of 3.2, 6.5 and 3.9 s, respectively, which are
relatively earlier compared to those of the Hector Mine
case. This leads to increased portion of coseismic perma-
nent displacements occupied in the entire time span. The
order of the detrending polynomial for baseline correc-
tion was changed to three, which was selected from a one
parameter search on the optimal order of the detrending
polynomial by fixing the corner frequency. The magni-
tudes of the permanent displacements in north, east and
vertical components are 8.0, 5.0 and 1.9 cm, respectively.

As can be observed in Fig. 7a and e, the RMS posi-
tion errors of the ACC and ACC+ GYRO solutions are
greatly increased compared to the Hector Mine case,
which is most likely due to the extended period of per-
manent displacements in time span. There is no substan-
tial difference between ACC and ACC+ GYRO solutions.
The RMS errors of both solutions induced by failure to
recover the permanent displacements seem to over-
shadow the other errors and thus obscure the difference
between the ACC and ACC+GYRO solutions, which
results in almost the same level of RMS errors between
the two solutions. As shown in Fig. 7i, the INTEG solu-
tion maintains the similar level of position accuracy in all
three components as those from the El Mayor-Cucapah
case, although the RMS values are somewhat increased
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Fig. 7 Results obtained by processing the recordings of the Northridge Earthquake where tilts and torsion proportional to velocity profiles are
applied with no initial orientation errors. The velocity profiles are modified in the same way as in Hector Mine case, but the duration of permanent
displacements is extended by 50% in an average sense. See Fig. 2 for the acronyms and symbols. Panels a, b, ¢ and d show displacements, velocities,
PSD of position errors, and displacement response functions obtained by the ACC method, respectively. Similarly, panels e, f, g, h correspond

to the ACC + GYRO method, and panels i, j, k, 1 to the INTEG method. a and e show that the RMS errors of the displacement waveforms of ACC
and ACC + GYRO are almost the same while i shows that the INTEG solution is more accurate than those from ACC and ACC + GYRO by at least

an order of magnitude. Similar to the Hector Mine case permanent deformation is recovered by the INTEG method as shown ini. In k the INTEG
displacement solution shows a better performance in the frequency range from 0.01 to 0.7 Hz, but in the upper band the INTEG solution becomes
noisier than those from ACC + GYRO. The INTEG method’s response function extends further into the low-frequency band below 0.1 Hz compared
to those of ACC and ACC + GYRO. This extension is linked to the INTEG method's ability to capture permanent displacements, which are associated
with very low frequencies.

compared to the Hector Mine case. For the PSD plot of
position errors, the PSD of the ACC and ACC+GYRO
solutions decreases almost linearly in the frequency
band above 0.05 Hz. The INTEG solution shows bet-
ter performance in the frequency range from 0.01 to
0.7 Hz than the two solutions, but in the upper band the
INTEG solution becomes noisier, which is likely due to
the 1-Hz update of the states from the EKF integration
filter. The response functions for ACC and ACC+ GYRO
show a cutoff around 0.1 Hz, indicating that they do not
extend into lower frequencies in this case. In contrast,

the INTEG method’s response function extends down to
0.03 Hz, capturing a broader frequency range, particu-
larly in the very low-frequency band. This is linked to the
capture of permanent displacements associated with very
low frequencies.

Conclusions

We investigate the potential benefits of tightly integrating
gyroscopes and GNSS with strong-motion accelerome-
ters by comparing with the traditional methods when the
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sensors are affected by rotation and tilting motions of the
ground.

Based on the comparisons between the ACC and
ACC+GYRO solutions, the added value of gyroscopes
alone lies mainly in the improvement of the horizontal
accuracy of the displacement profiles for baseline offsets
induced by the tilts and torsion. This suggests that the
gyroscopes are more useful for mitigating tilting motions
of the ground than torsion and if only two gyroscopes
should be installed in a seismic station, for instance for
cost reduction, they would be better used on the north
and east axes and if any, a cheaper, lower-grade gyro-
scope could be used for the vertical axis. However, for
the baseline offsets induced by a mechanism other than
tilts of the ground, the addition of gyroscopes does not
appear to provide any meaningful improvement com-
pared to accelerometer-only instrumentation.

Based on the results obtained from the El Mayor-
Cucapah case, the Hector Mine and the Northridge
cases, we conclude that integrating GNSS with the
strong-motion accelerometers and gyroscopes improve
the accuracy of resulting displacement waveforms in all
three components, compared to the traditional methods
based on accelerometers-only and inertial (accelerom-
eters and gyroscopes) instruments at least by 50% and
in some cases by one or two orders of magnitude more,
especially for the recordings with permanent ground
deformation.

To obtain realistic displacement waveforms using
the ACC and ACC+ GYRO methods, baseline correc-
tions must be applied to remove low-frequency or long-
period components of the velocity waveforms. Since
low-frequency components include those associated
with permanent displacements, recovering permanent
displacements using these methods becomes challeng-
ing, which results in a significant increase in the RMS
errors in the Hector Mine and Northridge cases. In con-
trast, the INTEG method has proven particularly effec-
tive in recovering permanent displacements, with the
integration filter settings remaining consistent across
all cases. This ability can be attributed partly to the fact
that the INTEG method does not suffer the loss of low-
frequency components caused by baseline correction and
also partly to its incorporation of GNSS measurements,
which directly sense permanent displacements.

Specifically, the INTEG method demonstrates a signifi-
cant advantage in capturing very low-frequency signals,
particularly those below 0.1 Hz, which are essential for
accurately estimating permanent displacements in seis-
mic events. Unlike the ACC and ACC+GYRO meth-
ods, which often have limitations in the low-frequency
range, the INTEG method consistently extends further

Page 150f 16

into this band, offering a more comprehensive view of
seismic motion. This enhanced capability is critical for
modeling and analyzing long-duration seismic events,
where low-frequency components are often the primary
contributors to permanent displacements. Consequently,
the INTEG method serves as a valuable tool for improv-
ing the precision of seismic displacement measurements,
particularly in scenarios where capturing low-frequency
signals is particularly critical.

In the synthetic case studies, we assumed that the dis-
tance between inertial instruments and GNSS antenna
remains fixed during shaking events and the distance was
utilized to translate the position and velocity vectors of
the origin of the body frame, i.e., the inertial instruments,
to the phase center of the GNSS antenna. This may not
be the case in reality. If the magnitude of the distance
varies during seismic events or if earthquake-induced rel-
ative motion occurs between the inertial instruments and
the GNSS antenna—such as when GNSS antennas are
mounted on relatively flexible structures while inertial
sensors are installed on rigid foundations—the distance
should be estimated within the integration filter. This
is equivalent to treating the distance vector as an addi-
tional state variable. As described in Eq. (9), the trans-
lation of the position and velocity vectors between the
strong-motion accelerometers and the GNSS antenna is
expressed in terms of the distance vector and the Direc-
tion Cosine Matrix (DCM) for the body-to-ECEF trans-
formation, which is used to compute the corresponding
measurement partials. Modifying the integration filter
primarily involves augmenting the filter state vector to
include the distance vector and updating the measure-
ment dynamics and the time update of the EKF to esti-
mate the distance vector.
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