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In order to guarantee an unbiased solution in accelerometer measurements, calibration parameters have 
been finally calculated without using any kind of regularization or constraint. In this paper, a better 
calibration of the GRACE accelerometers is achieved from the instantaneous GPS-based non-gravitational 
accelerations. The first derivatives of the precise-orbit velocity are computed under an a priori arc-to-
chord threshold, while the modelled time-varying forces of gravitational origin and reference-system 
rotations are computed according to current conventions (including sub-daily tide variations). After 
subtracting the modelled time-varying gravity from the GPS-based accelerations, cross-track axes of 
both GRACE satellites seem to be affected by a periodic error of unknown source. With the purpose 
of extracting the underlying information from the resulting data, the systematic error is modelled 
and subtracted successfully. According to this approach, the resulting accelerations serve as a reliable 
reference for accelerometer calibration.

© 2015 Elsevier Masson SAS. All rights reserved.
1. Introduction

Considerable progress has been achieved over the last decade in 
improving the quality of available atmospheric and gravity mod-
els (e.g. [1–3]). Since their physical parameters can be derived 
from satellite accelerometer measurements (e.g. onboard GRACE), 
the non-gravitational accelerations are a promising source of in-
formation. An important topic of non-gravitational measurements 
is related to accelerometer calibration, and several methodolo-
gies have been developed and applied to compare computed non-
gravitational accelerations with accelerometer measurements. For 
instance, the non-gravitational force models augmented with esti-
mated empirical accelerations have shown a good agreement with 
accelerometer measurements [4]. Later, the non-gravitational force 
models were replaced with the accelerometer measurements in 
the reduced-dynamic POD, using a method which unfortunately 
needed strong constraints to be implemented in the cross-track 
and radial directions [5]. In [6], the non-gravitational accelera-
tions were calculated as piece-wise constant empirical acceler-
ations via the reduced-dynamic POD approach with a standard 
Bayesian weighted least-squares estimator. The regularization was 
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applied to stabilize an ill-posed solution and only the longer wave-
lengths were recovered, at best in the along-track direction, with 
a bias in the cross-track direction. The authors concluded that no 
meaningful solution could be obtained in the radial direction.

Since accelerations can be derived from a numerical differ-
entiation along precise orbits, the acceleration approach for ac-
celerometer calibration aims on comparing the standard acceler-
ations with the accelerometer readouts added to the time-varying 
gravity model. This approach is widely applicable because accel-
erations can be obtained from several accurate sources (e.g. kine-
matic GPS, SLR or Doppler solutions). Many discussions have been 
made about the choice of numerical derivative schemes to ob-
tain standard accelerations, but none studied the repercussion of 
varying the data sampling interval in the simple three-point for-
mula (1), e.g. [7–9]. For instance, the author of [9] tested different 
combinations of numerical second derivatives but concluded with-
out arguments about the biases obtained. Nevertheless, the author 
demonstrated a successful method to de-correlate the residuals 
in accelerometer calibration using the generalized least squares 
method.

However, results of the above mentioned studies were limited 
not only by problems in the numerical differentiation, but also by 
the consequences of setting strong constraints or regularizations 
to solve correlated least-squares estimations. In this paper, a novel 
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Nomenclature

ti Instant i of time
�t Increment of time
Clm Normalized Stokes’ coefficient of degree l and order m

for cosine
Slm Normalized Stokes’ coefficient of degree l and order m

for sine
ω⊕ Rotation vector of the Earth
r Satellite position vector
ṙ Satellite velocity vector
r̈ Satellite acceleration vector
GPS Global Positioning System
POD Precise Orbit Determination
GRACE Gravity Recovery And Climate Experiment

GA/GB Satellite identifier (GRACE-A/GRACE-B)
EOP Earth Orientation Parameters
MJD Modified Julian Date
UTC Coordinated Universal Time
TAI International Atomic Time
ICRS International Celestial Reference System
ITRS International Terrestrial Reference System
SBS Satellite Body System
ORS Orbit Reference System
[P ] Rotation matrix for precession
[N] Rotation matrix for nutation
[S] Rotation matrix for sidereal time
[PM] Rotation matrix for polar motion
approach is developed and applied to accurately determine the in-
stantaneous non-gravitational GPS-based accelerations. Since POD 
accelerations are not part of the available products at the Informa-
tion System and Data Center (ISDC) GeoForschungsZentrum (GFZ) 
website, precise velocities have been interpolated and numerically 
differentiated. In order to derive the accurate total accelerations 
(gravitational + non-gravitational), orbital velocities have been in-
terpolated under a priori arc-to-chord threshold defined by com-
paring accelerations calculated from different sampling interval. Fi-
nally, the instantaneous non-gravitational accelerations have been 
obtained by removing the time-varying gravity model. The advan-
tage of using instantaneous non-gravitational accelerations instead 
arcs of orbits is the capability to analyze the differences to accu-
rate accelerometer measurements. Within this context, our analysis 
has extracted a purely sinusoidal disturbing signal included in the 
POD solution to clarify the source for the correlations found by 
previous authors (e.g. [5] and [6]). Along with the benefit of using 
high accuracy and precise methodology and models, the system-
atic error has been modelled and removed from the computed 
non-gravitational accelerations, and the differences to accelerom-
eter measurements directly estimated for accurate calibration. Ad-
ditionally, the recovered amplitudes, phases and frequencies from 
the purely sinusoidal disturbing signal can be used in the future to 
study possible POD constrains.

2. Accelerometers and measurements

The GRACE is a joint partnership between the National Aero-
nautics and Space Administration (NASA) in the United States and 
the Deutsches Zentrum für Luft und Raumfahrt (DLR) in Germany, 
which has been widely used in geodesy and climate change ap-
plications (e.g. [10,2]). System development, data processing and 
archiving are shared between the Jet Propulsion Laboratory (JPL), The 
University of Texas, Center for Space Research (UTCSR) and the Geo-
ForschungsZentrum (GFZ) in Potsdam.

In this study, 10 years’ time-series (2002 to 2013) of Level 1B 
Format Record files have been downloaded from the ISDC website, 
after user registration and file request, using the Product Request 
List (PRL) format. Once the request was done, each file was down-
loaded from the ISDC ftp and processed automatically under MAT-
LAB environment. Downloaded data files were read in big endian 
byte-ordering format [11], taking in account internal byte swaps 
and several bugs found, such as emptiness of file or wrong given 
values, among others.

2.1. Non-gravitational accelerometers (ACC_1B files)

Non-gravitational accelerations are obtained by measuring the 
force needed to keep a proof mass exactly at the spacecraft’s 
centre of mass, where the gravity is exactly compensated by the 
centrifugal force. Plus and minus drive voltages are applied to elec-
trodes with respect to opposite sides of the proof mass, whose 
electrical potential is maintained at a dc biasing voltage. Unfor-
tunately, this dc level is the source of bias and bias fluctuations 
of the most electrostatic space accelerometers which are currently 
in use. The twin satellites of the GRACE mission are equipped with 
three-axis capacitive SuperSTAR accelerometers and their measure-
ments, at a second interval, are included in the ACC_1B files.

2.2. Star Camera Assembly (SCA_1B files)

The star camera mounted on each satellite provides the pre-
cise attitude references to determine satellite’s absolute orientation 
with respect to the ICRS. These measurements are given at a 5 s 
time-sampling interval, as a set of quaternion in the SCA_1B files.

2.3. POD of GRACE (GNV_1B files)

Within the process of deriving satellite accelerations from GPS 
observations, the reduced-dynamic Precise Orbit Determination 
(POD) approach is the most complete and accurate strategy. Com-
puted by the GPS Inferred Positioning System (GIPSY) software of 
JPL, the GNV_1B files provide the most precise position and veloc-
ity at 5 s interval, including formal error.

3. Methods and processing

In order to implement an acceleration approach, the satellite’s 
total acceleration is derived from the precise orbits by means of 
interpolation and subsequent numerical differentiation. Then, ac-
celerations of gravitational origin are computed and subtracted in 
the same reference system. Finally, the analysis, modelling and 
subtraction of accidental and systematic errors are conducted.

3.1. Satellite’s total acceleration

Total accelerations are obtained numerically as the first deriva-
tive of the GNV_1B velocities. When calculating total accelerations 
by a simple differentiation of velocities, the first approximations 
to numerical derivatives have been found to produce large bias 
[9]. This bias is caused by the arc-to-chord approximation derived 
from (1). To avoid this error of approximation, the interpolated 
GNV_1B velocities must be differentiated by an increment of time 
(�t) which minimizes the error committed at a given threshold. 
The three-point formula, here also written in the form of the two-
velocity formula, is given by
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Table 1
Arc-to-chord approximation error in GRACE orbit.

�t (s) Error (nm/s2)

0.05 1
0.1 3
0.2 12
0.5 50
1 120
2 1500

r̈t0 = lim
�t→0

r̈′′
t0

= lim
�t→0

ṙ′
t1

− ṙ′
t−1

�t
= lim

�t→0

rt2 − 2rt0 + rt−2

(�t)2
(1)

where simple and double quotation mark denotes simple or double 
of arc to chord approximation respectively, and each ti is equis-
paced by �t . Eq. (1) itself is the definition of the instantaneous 
acceleration. In a non-linear trajectory, the instantaneous velocity 
can’t be calculated as a simple difference between two positions 
without taking into account the error associated to the non-linear 
path. Between two instantaneous velocities, the instantaneous ac-
celeration neither. Following this, a precise numerical approxima-
tion can be achieved by minimizing the increment of time up to 
a desired accuracy. Then, the threshold of accuracy can be imple-
mented by comparing the accelerations obtained in each test of 
increments. Centripetal accelerations from angular velocities and 
radius of three-point-fitted circles were also tested and provided 
unbiased results, but with several large discrepancies probably 
caused by the nature of the non-circular orbit configuration.

In order to keep the error of interpolation small enough, a 
low-degree polynomial is not sufficient, high-degree polynomials 
introduce undesired oscillations, and the FFT approach is not con-
sidered in presence of data gaps and outliers [12]. The best alter-
native, as demonstrated in [7], is to use a piece-wise interpolation, 
such as splines or Hermite polynomials. In this study, different 
algorithms were compared, interpolating odd from even original 
samples, and the committed error evaluated by a simple differ-
ence between interpolated and original data. Finally, 8-data point 
piece-wise Lagrange interpolation was chosen, which provided a 
white noise error of standard deviation of ∼10 nm/s, from evaluat-
ing the error committed at 10 s sampling (odd from even original 
samples). Similar results were obtained when testing the piece-
wise cubic Hermite interpolation. Since the derivatives given as 
an output in our tested algorithms did not provide enough ac-
curacy, the two-velocity formula (1) was used under an a priori 
arc-to-chord threshold to obtain more accurate and unbiased accel-
erations. In this way, total accelerations were calculated for several 
�t and a value of 0.05 s was chosen for �t , giving an error smaller 
than 1 nm/s2 in the arc-to-chord approximation. In other words, 
by comparing the accelerations calculated from different sampling 
interval, the arc-to-chord threshold was fixed to 0.05 s. Using a 
bigger sampling interval in the two-velocity formula (1), the bi-
ases obtained in each test were bigger than the required accuracy 
(∼1 nm/s2). GRACE values for the biases accumulated with respect 
to the threshold are shown in Table 1.

3.2. Gravitational accelerations

The conventional gravity model based on the EGM2008 [13], 
describes with Stokes’ coefficients the static part of the gravita-
tional field and the underlying background for the secular vari-
ations of its C20, C21, S21, C30 and C40 coefficients. In addition, 
when computing the gravitational forces acting on the user’s satel-
lite, other time-varying effects must be also taken into account. 
These include the third body tide caused by the Moon and Sun 
[14], the solid Earth tides [13], the ocean tides [15], the solid 
Earth pole tide [13], the ocean pole tide [16] and the relativistic 
terms [13].
Time-varying Stokes’ coefficients up to a degree and order of 
120 were computed (including sub-daily variations) under an in-
crement of time small enough to desensitize from discontinuities 
(∼3600 s). Then, the gravity was calculated, for every satellite po-
sition, using the first derivative of the gravitational potential in 
Cartesian coordinates [17].

3.3. Reference systems

In order to compute the differences between the GPS-based 
non-gravitational accelerations and the accelerometer measure-
ments, several transformations between reference systems are re-
quired (POD solutions are usually given in the ITRS and accelerom-
eter measurements in the SBS). The rotation from ICRS to SBS [17]
was derived from the star-camera quaternion, while the rotation 
from ITRS to ICRS [13] was realized according to the well-known 
expressions

rICRS = [P ][N][S][PM]rITRS (2)

ṙICRS = [P ][N][S]{[PM]ṙITRS + ω⊕ × [PM]rITRS
}

(3)

Time conversion between the given time in Level 1B files and 
the UTC can be found in the GRACE Level 1B Data Product User 
Handbook [11]. Therefore, EOP were computed at the GNV_1B 
sampling for further processing. Since the sub-daily polar motion 
(px , p y), Universal Time (UT1) and Length of Day (LOD) variations 
[13] are not a part of the EOP 08 C04 values reported at the IERS 
website [18], they were added only after interpolation. Diurnal and 
semi-diurnal ocean tides and nutation contributions were com-
puted and added to the interpolated EOP [13].

Furthermore, the GNV_1B positions and velocities were ro-
tated to the ICRS [(2) and (3)] by using the computed sub-daily 
EOP. Then, the GPS-based accelerations were computed on the 
ICRS as previously has been detailed and the direct tides calcu-
lated from the Sun and Moon ICRS coordinates. Sun and Moon 
coordinates were also rotated to the ITRS (2) to compute the 
frequency-independent solid tides [13]. Then, gravitational accel-
erations were rotated to the ICRS by using (2) (as they were posi-
tions) and the differences to GPS-based accelerations were rotated 
to the SBS.

3.4. Modelling a systematic error in YSBS axes

The advantage of using instantaneous non-gravitational accel-
erations instead arc of orbits is the capability to analyze the dif-
ferences to accurate accelerometer measurements. For instance, in 
Fig. 3 the XSBS axes in grey line shows a white noise of ∼10 nm/s2

with respect to the accelerometer measurements (black, cyan and 
magenta lines are the same measurements but biased by different 
author’s parameters). Concerning the YSBS axes, an unknown pe-
riodic error of amplitude maxima of ∼3 μm/s2 was identified for 
both GRACE satellites (e.g. Fig. 1). ZSBS axes also revealed a slightly 
systematic behaviour, but two orders of magnitude smaller (e.g. 
Fig. 1). After a strong review seeking for the provenance of this 
error and seeing that only the YSBS axis of both satellites were 
affected, it was decided to remove it, especially when the same 
pattern was seen in other author’s figures [9, Fig. 7].

A periodic behaviour of its varying amplitude suggested the 
fitting by sinusoidal functions based on applying a robust least-
squares regression analysis. The robust linear fitting M-estimator 
method Tukey’s biweight (also known as bisquare) was applied to 
avoid outlines. The main idea was to recover the underlying sig-
nal by subtracting a sinusoidal function fitted on the envelope of 
the modulated amplitude. A first function would regularize the 
envelope of the modulated amplitude of which shape was ap-
proximated by an elaborated smoothing computed over the 5 s 
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Fig. 1. Residuals from removing the systematic error on axis YSBS and smoothing the solution. The periodic behaviour of varying amplitude of YSBS can also be seen in [9, 
Fig. 7]. Results for both satellites are similar. Plots are not equally scaled.

Fig. 2. Fitted parameters – dashed line for GA and solid line for GB – of the sinusoidal function f H , which removes the systematic error on YSBS axes. Parameters of function 
f L are not plotted because they are similar but with amplitude of ∼0.65 μm/s2. Here, f i = a · sin(bx + c), for i = H, L and x = (x′ − mean(x′))/std(x′) is the normalization by 
mean and standard deviation of x′ = JD(UTC) − 2.455E6.
sampling solution. The second function, an envelope of modulated 
amplitude, was approximated by subtracting the smoothed GPS-
based non-gravitational accelerations from non-smoothed ones. 
The modulating envelope was approximated from absolute values 
multiplied by a ±1 binary function, computed from positive or 
negative values of the first function.

Two daily functions f i = a · sin(bx + c), for i = H, L, were fitted 
to the approximated results. Fig. 2 shows the temporal behaviour
of the fitted parameters. To apply the corrections, the first function 
( f L ) was directly subtracted from the GPS-based non-gravitational 
accelerations and converted into binary (±1) function for the next 
step. Absolute values of the resulting data were then multiplied by 
this binary function, while the second function ( f H ) was removed. 
Results for two different days are shown in Fig. 3. Since only sinu-
soidal functions have been removed, the resulting solution remains 
unchanged from mean values and, consequently, the YSBS bias es-
timation.

4. Results and discussion

In this paper, the acceleration approach for accelerometer cal-
ibration has been conducted by comparing numerically differen-
tiated orbital velocities with the accelerometer readouts added 
to the time-varying gravity model. Instantaneous non-gravitational 
accelerations were calculated for the 10-year time series (2003 to 
2013) and their biases to accelerometer outputs simply differenced 
from their daily-median-averaged values (scale seems not to be af-
fected). In Table 2, the fitted biases by polynomial functions are 
summarized for four separate data spans.

Calibration parameters from [19] and [9] were also included 
and all plotted in Fig. 4 with respect to the a priori parameters 
as recommended by [20]. For these authors, pre-processing was 
needed to synchronize dates, remove outlines and interpolate data 
gaps. In Fig. 4, it can be seen a good agreement with the XSBS
bias from [19], these solutions are smoother than [9]. On the other 
hand, YSBS and ZSBS biases better follow solutions of [9]. Since the 
nature of circular orbits implies a constant behaviour of the arc-
to-chord error, the real magnitude (bigger) of radial accelerations 
(ZSBS axes) seems to cause a constant difference (∼20 nm) to the 
solutions of [9] and [20]. In general terms, the results show that 
[19] and [20] are worse in calibrating YSBS and XSBS respectively. 
The difference with respect to the solutions of [19] for ZSBS axes is 
still under analysis. In Fig. 4, it is interesting to see that since elec-
trostatic accelerometers are sensible to temperature changes, the 
correlation between YSBS biases and the β ′ angle (angle between 
the Earth–Sun line and the orbit plane) is clearly recognized. Note 
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Fig. 3. Measured non-gravitational accelerations calibrated by [20] in black, by [19] in cyan and by [9] in magenta and the GPS-based non-gravitational accelerations from 
this study in blue. Gray line shows the data of previous systematic error removal (in YSBS axes it is obviously too big) and smoothing. GA on July 15th, 2006 is shown in the 
upper part and GB on January 15th, 2003 in the lower part. Plots are not equally scaled. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

Table 2
Fitted parameters for bias calibration of GRACE accelerometers.

Axis Time span in MJD(UTC)

52 720–53 720 53 720–55 390 55 390–55 670 55 670–56 276

XSBS GA a 1.8661E−10 7.6744E−11 2.6610E−09 −2.1745E−09
b 3.7589E−09 −1.2267E−09 3.4110E−09 2.0266E−08
c −1.2067E−06 −1.2572E−06 −1.2949E−06 −1.3772E−06

XSBS GB a 1.3180E−10 −3.6244E−12 −3.1007E−10 7.3652E−10
b 3.1492E−09 −1.5015E−09 −1.0071E−09 −7.1242E−09
c −5.9029E−07 −6.3587E−07 −6.5277E−07 −6.6374E−07

YSBS GA a −7.3899E−09 −8.6972E−10 −3.6298E−08 2.1178E−08
b −2.3187E−07 4.1156E−09 −6.5976E−08 −2.1715E−07
c 2.7577E−05 2.9751E−05 3.0619E−05 3.2154E−05

YSBS GB a −1.2166E−08 −1.9175E−09 2.4402E−08 2.7737E−08
b −3.9671E−07 2.0905E−08 4.5169E−08 −2.3808E−07
c 7.4314E−06 1.1700E−05 1.2362E−05 1.3520E−05

Axis Time span in MJD(UTC)

52 720–53 005 53 005–55 166 55 166–55 562 55 562–56 276

ZSBS GA a 2.5641E−09 4.1747E−11 6.9776E−10 −7.2715E−12
b 1.3726E−07 7.7995E−10 1.1175E−09 −1.3730E−09
c 1.2378E−06 −5.6749E−07 −5.7292E−07 −6.0213E−07

Axis Time span in MJD(UTC)

52 720–53 005 53 005–55 287 55 287–55 562 55 562–56 276

ZSBS GB a 3.9394E−09 −5.8487E−11 −1.9218E−09 7.5564E−10
b 2.1614E−07 3.0758E−09 1.3300E−09 −4.9383E−09
c 2.0507E−06 −7.3738E−07 −7.5710E−07 −7.7023E−07

Equation: bias = ax2 + bx + c, where x = (MJD(UTC) − 55 555)/100.
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Fig. 4. Differences with respect to [20]: results from [19] are shown in cyan, from [9] in magenta and this study in blue. Dotted blue line shows the standard deviation 
for the daily residuals of the GPS-based non-gravitational accelerations after calibration has been done to accelerometer measurements. Plots are not equally scaled. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
here that the β ′ angle is defined such that it is zero when the 
Sun is within the orbit plane and, consequently, the perturbation 
of YSBS biases is minimized. The opposite situation happens maxi-
mum β ′ angle, in which the solar radiation has the same direction 
as the YSBS axes and maximizes its bias perturbation. These vari-
ations are disregarded in the polynomial fitting given in Table 2, 
being this solution a more close approximation to values of β ′ an-
gle zero than the real β ′ angle value. The evolution of β ′ angle 
values can be seen at the website of the University of Texas, Center 
for Space Research (UTCSR).

When analyzing the solution for XSBS axes, aside the excel-
lent agreement with the precision of the accelerometer, several 
local discrepancies can be identified. These differences can proba-
bly be attributed to the omitted atmospheric tides, non-modelled 
local time-varying gravity (such as post glacial rebound, hydrologic 
cycle, etc.), lack of accuracy of ocean tides models or possible ex-
ternal sources to the Earth’s gravity, e.g. Fig. 3 (upper panel) at 
19:30 h.

Biases can be differenced in four separate data spans, as shown 
in Table 2. For XSBS and YSBS axes of both GRACE satellites, the 
changes of bias are clearly defined when satellite positions were 
swapped in December 2005 and from possible manoeuvres at the 
end of mission, in July 2010 and April 2011. As seen, both satellite 
ZSBS axes were not affected from swapping positions but, instead, 
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there is a change at common dates in January of 2004 and 2011. 
During a middle–end mission, ZSBS biases changed in December 
2009 for GA and April 2010 for GB. All these approximate dates 
are seen in the MJD format in Table 2.

Concerning the results from the systematic error found on the 
YSBS axes, note that there is a high correlation between its fre-
quency, amplitude and phase (e.g. Fig. 2) and the magnitude of the 
orbital semi-major axis, inclination and inflexion points of eccen-
tricity satellite orbit respectively. Note that the evolution of GRACE 
mean orbits can be found at the UTCSR website.

5. Conclusions

With the development of space accelerometers, the calibration 
of current bias-rejection devices is not anymore required. Never-
theless, it has been demonstrated that the non-gravitational ac-
celerations can be determined accurately from the precise orbit 
ephemeris and, so far, it is, among others, a precious source of 
information for atmospheric studies. In order to guarantee an un-
biased solution in accelerometer measurements, calibration param-
eters have been calculated without using any kind of regularization 
or constraint, by using the GPS-based POD solution as a reference. 
Since POD accelerations are not usually given as a part of the POD 
products, here is given a feasible methodology with the use of 
the arc-to-chord threshold for data differentiation. This approach 
is widely applicable because accelerations can be obtained from 
several accurate sources (e.g. kinematic GPS, SLR or Doppler so-
lutions). After subtracting the modelled time-varying gravity from 
the GPS-based accelerations, cross-track axes of both GRACE satel-
lites are affected by a periodic error of unknown source. With 
the finality of extracting the underlying information, the disturbing 
signal has been modelled and subtracted successfully by applying 
the sinusoidal robust fitting. The results show excellent agreement 
with the accelerometer measurements and demonstrate that this 
new approach is a good reference for accelerometer calibration. 
Concerning the systematic error found, it is clear that a purely si-
nusoidal disturbing signal should have been already removed from 
the ISDC products and it should have further considerations in fu-
ture POD software development.

Since recent advances in the-state-of-the-art of time-varying 
gravity field models and GPS-derived accelerations seem to provide 
wide expectations on many branches of research, future investiga-
tions could address, but are not restricted to, the studies of (i) tests 
with kinematic data, (ii) differences to GIPSY–OASIS accelerations, 
(iii) POD constrains for the purely sinusoidal disturbing signal or 
(iv) validation of the time-varying gravity model with accelerome-
ter measurements, among others.
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