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Abstract

The atmospheric transmittance in mid-wavelength infrared (MWIR) band reflects the characteristics of atmospheric particles,
which is typically used in MWIR imaging system correction and data extraction. MWIR imager is wide spectral band
instrument and its measuring output is usually affected by broadband atmospheric transmittance which is usually considered
as average influence, therefore it is exactly of great importance to study the measurement of MWIR average atmospheric
transmittance, which is valuable for MWIR images correction and application. A measurement error model of MWIR
atmospheric transmittance was proposed according to the measuring method of the broadband average atmospheric
transmittance. Because the transmittance measurement principle mentioned in this paper is indirect measurement, some direct
input data are needed to be acquired through infrared imager, blackbody, etc. Finally, combining the measurement error
theory with data of the experiments, the MWIR atmospheric transmittance and its measurement error are extracted. The
results show that the MWIR atmospheric transmittance measured value is reasonable according to the empirical value in
sunny day. And the measurement error objectively reflects most aspects of the test, exactly proving the validity of the

measurement experiment.
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1. Introduction

MWIR average atmospheric transmittance refer to the effects
caused by atmospheric molecular and aerosol particles on the
radiation transfer of the ground objects, which is an important
research content in the field of infrared imaging, road
monitoring and city security etc. MWIR broadband average
atmospheric transmittance is generally used for correcting the
radiation or temperature measurement of infrared scene [1], [2],
so that the ground can be observed even in the smog-weary
city. Besides, they could be used for infrared imaging
generation, simulation [3] and so on, which are of significant
value in infrared developments and applications.

There are many measurement methods to get the
atmospheric transmission characteristic in the whole world.
For instance, Jun Zhu [4], Heli Wei [5] from China presented
the measurement methods by using interferometric infrared
spectral radiometer to obtain the atmospheric spectral
transmittance data. And D. Sadot [6] from Israel suggested
using CO, laser system to measure 10.6um wavelength
atmospheric transmission. Moreover, Michael Engel [7]
presented a remote measurement by using a thermal imager to
study the transmittance in the interested spectral band.

Compared with the spectral transmittance measurement
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mentioned above, the research of MWIR wavelength,
generally considered as 3~5um, average atmospheric
transmittance has rarely been reported. However, the MWIR
average atmospheric transmittance plays an important role in
infrared field for they could be used as correction data for
MWIR infrared imager, which makes them attractive to the
researchers gradually. Ciyin Yang once did some research on
the MWIR atmospheric transmittance measure [8], while the
measurement error was understated which needed to be paid
enough attention in fact to ensure the validity of measurement
method and results. Moreover, the affection of spectral
response did not been taken into account for the measurement
as well as the error source of uncertainty of spectral
responsivity, etc.

This paper aims at developing a thorough measurement
error theory for the MWIR average atmospheric transmittance.
A measurement error model of average transmittance is
presented based on the error analysis theory [9]. The error
sources from most measure aspects are considered in detail,
which are usually neglected by the predecessors. Finally, the
MWIR average atmospheric transmittance measurement
method and the error are analyzed through the experiment in
sunny day, so that the correctness of the measurement method
and error evaluation theory is tested according to the
experimental data.
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2. MWIR
Measurement

average atmospheric transmittance

The transmittance should be carried out under a proper method
with a special system. Through the error theory, the error can
be obtained to prove the validity of the measurement.

2.1 MWIR average
measurement system
For getting the MWIR average atmospheric transmittance, a
measure system is needed. The measurement system includes
three parts: the MWIR imaging system, big area blackbody
source and a portable computer. MWIR imaging system is an
important device for studying the infrared field, which
objectively reflects the infrared material (including solids and
gases, etc.) characteristics. In this paper, the infrared camera,
with the wide spectral of 3~5 pm, is selected as measurement
instrument. Besides, blackbody source is another significant
component tool for measuring the MWIR average atmospheric
transmission characteristic. The atmospheric transmittance is
measured by adjusting the temperature of the standard
blackbody. And the wearable computer is used for record the
measured data.

And the schematic diagram of the system test scenario is
listed in Fig. 1, which illustrates the measure instrument and
their setting position when the system works.

atmospheric  transmittance

Blackbody

Computer

MWIR imaging system
Fig. 1. Atmospheric transmittance measurement scene

The MWIR average atmospheric transmittance of the
transmission path between the blackbody target and the
infrared imager, indicated by the dashed line, can be measured
by the system. Then the experimental output would be stored
by the computer.

2.2 MWIR average
measurement principle
According to theory of the infrared imaging link, the high
temperature and low temperature blackbody gray values are
expressed by the following formulas:

atmospheric transmittance

g, =K@ L,+L )+B (1)

g =KL +L,)+B 2)
MWIR average atmospheric transmittance can be

obtained by simultaneous equations (1) and (2).

roSus8 ©)
K(L,-L,)

where 7 is the MWIR average atmospheric transmittance,
gy is high temperature blackbody gray value, g; is cryogenic
blackbody gray value, Ly is infrared camera pupil radiance in
zero distance range from the high temperature blackbody, L; is
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the pupil radiance from the low temperature blackbody and K
is the thermal imager radiometric calibration coefficient. Ly
and L; can be derived from the blackbody parameters and
infrared camera’s characteristics. According to infrared
response rule [10], the following formula can be derived.

L, = jj “e(2)- R(A)L,, (A)dA @)
where 1 spectral wavelength, 4,=3um. 2,=5um. &(1) is
emissivity of blackbody, R(1) is spectral responsivity of
infrared camera and Lpy(4) is the spectral radiance of ideal
high temperature blackbody, which can be expressed by the
following formula according to Planck’s blackbody law [11].

C
LBH(/I) =1

<

- A e -1

®)

where ¢; and ¢, are the radiation constants, ¢;=3.7418x 10*
W'cm'z'um4, c=1 4388x10* umK. Ty is the surface
temperature of the high temperature blackbody. 7 is constant.
Similar to Ly, L; can be calculated by the following formula.

A

L =

L

1 f ¢ e(A)RA)

<

JT

(6)

AT,
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Combining Egs.(1)~(5) and considering the spectral
characteristics of responsivity and radiation, the broadband
average transmittance 7 can be represented by the equation
listed below.

gy~ &,
T=
1 sc-e(A)-RA) . 1 vc-e(A)RA)
K[ - -2,
L i s G

Aet -1 Ale™ -1

where the parameters are exactly of the same meaning to
the nomenclature appear before.

23 MWIR  average transmittance
measurement error

From the measurement principle, atmospheric transmittance is
an indirect measure value, i.e. the value is a function of some
direct measurements. Therefore, the atmospheric transmittance
error is a function of each directly measurements error.

The relative standard deviation may well reflect the
impact of the error. In this paper, the relative standard
deviation is unified to represent the synthesis of systematic
errors and random errors. After the system errors are corrected,
the measurement process can be considered as only random
errors left: 0,(x;), o,(x;), ... , 0,(x;). And then the system error
o,(y) is derived, shown as follows:

atmospheric

®)
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The atmospheric transmittance measurement principle
shows that the error sources from most of the measuring link:
the infrared image value acquisition, the blackbody
temperature and infrared imager calibration, et al. According
to measurement error synthesis theoretic Eq.(8), atmospheric
transmittance measurement error o,(tr) can be deduced to the
mathematical Eq. (9).

JT ' ) ik ' s
o (g)+t|—| 0 '(g)+
ag,) ag,)
0,(1)= +(i) ~af<r,,>+(a—’) q,2<z>+(i)“-af(R> ©)
aT,) aT,) a(R)

ot \ )
=0 (e)
e

where o,(gr), 0/g.), 0(Tw), 0(T}1), 6(K),0(R) and o,(¢)
are respectively the relative standard deviation of gy, g;, Ty, T,
K, R and ¢.

Substituting the Eq.(7), the formula for calculating the
MWIR average atmospheric transmittance, to the Greek letter z
referred by Eq.(9), the average atmospheric transmittance error
model can be obtained as the Eq.(10).

ik i )
— 0, (K)
3(K))

xal(g,) oo (T)g,-g)M,
M ¢ KR -& (T, +273.15)" M,
0lMe) ,, a0 (), ~g)M,
M KR ENT 27315 - M!
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2 2 2 2 2 2
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¢ K-e-M,

where M, My, M>, My, M; M, is represented by the

following integral formulas:
2
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where all of symbols have the same meaning to that
mentioned before.

The deduced Eq.(10) is exactly the average atmospheric
transmittance measurement error model. From formula (10), it
can be known that, in order to obtain atmospheric
transmittance measurement error, gy, g1, 06gxn), 0/g.), Ty, 11,
o/(Ty), o(T}), K, 0(K), R, 6(R), ¢ and o0,(¢) are needed to be
acquired, which are named as input data for getting the
measurement value and error of MWIR average atmospheric
transmittance.

The acquiring method of these input parameters and their
corresponding errors, requires specific measurement trials to
support the analysis and calculation. The method, gaining the
average atmospheric transmittance by actual measurement
with proper measure error, objectively reflects the atmospheric
transmittance characteristic of the mid-infrared band, with
important value of research and application.

3. Input data acquisition

To measure the atmospheric transmittance in terms of Eq.(7),
some input parameters, including blackbody temperature,
infrared imager gray value and the calibration coefficient, need
to be known. This section will introduce the ways of acquiring
these input data and the consideration of relative standard
deviation.

3.1 Blackbody temperature acquisition

Blackbody temperature can be easily collected from the
indicating panel. However, it is noteworthy that the blackbody
needs around half of an hour to stabilize in a setting
temperature. Thus, the temperature acquisition should wait
until the blackbody temperature stop floating.

Because the relative standard deviation may well reflect
the condition of errors, so the relative standard deviation o, is
chosen as unified physical quantity to express the error
analyzed in the paper. The errors of blackbody temperature, 7
and T;, may come from three aspects: Firstly, the inherent
error, the difference between the showing value and the actual
temperature of the blackbody. Secondly, blackbody surface
temperature  instability (also called unrepeatability),
introducing the testing process with unrepeatability error.
Thirdly, the non-uniformity of blackbody, cause the slight
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difference in the temperature blackbody surface area. Thus the
error of blackbody temperature can be expressed by Eq.(11)
and (12).

2
o

un

0,(T,) =0 (T,) + 07, (T,) + 0. (T,) (1n)

2
arpp ( 1 2)

(1) = [0 (1) + 07, (1) + 07.(T))

where o6(Ty) is relative error of high temperature
blackbody, o;,(Ty) is inherent error, o,,(7y) is unrepeatable
error, 0,,(Ty) is the non-uniform error. The meaning of
symbols of T} is similar to 7.

To test the deviation, the verification experiment is
carried out. Due to the blackbody is circular with diameter of
500 mm rather than a point, five positions in the area are
chosen for test, including the middle, up, down, left and right
(see Fig. 2).

Fig. 2. Test points of blackbody

Considering the far wavelength infrared thermometer as
reference instrument, the blackbody temperature can compare
with the reference value. Because the nominal value of the
emissivity is 0.97 with the error of £0.02, the emissivity input
of FWIR thermometer will be set as 0.95, 0.97, 0.99
respectively. In view of the temperature of 15 C and 35 C
will be used for measuring the average transmittance, these
two temperature are taken as test values. In addition, there are
two options for infrared detection, one is D1, suitable for the
range of 0~125 °C, the other is D2, suitable for the range of 0
~ 500 C. And D1 is more accurate than D2, so as to choose
D1 grade for test. From the test of blackbody, three kinds of
errors can be derived, including the inherent error,
unrepeatability and non-uniformity. Taking these error source
into account, the total error of the temperature of blackbody
can be deduced by Eq.(13).
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o

rep

0,(T,) =0 (T,) + 07 (T,) + 5. (T,) (13)

where o,(T}y) is the total error of Ty, 0;,(Ty) is the inherent
€rTor, 0,,,(gy) is the unrepeatable error and o,,(gy) is the non-
uniformity error. And the method of getting the error of g is
the same with gg.

3.2 Infrared images acquisition

Blackbody can be extracted from the images taken by the
MWIR imaging system to get the gray values. To ensure the
accuracy of the test, several pictures were taken rather than
one, the average of which was considered as the final
acquisition result. However, due to the tiny difference between
each image, this process would introduce errors.

According to the physical meaning of the relative error,
the formula of the error of g is:

o(g,)

&y

o,(g,)= (14)

where o,(gy) represents the relative standard difference of

gn, @i Tepresents an average of gy, and o(gy) is the standard
deviation that can be estimated from the Bessel formula [12]:

(15)

where i is the number of multiple measurements, n is the
measure times, v; is the residual error which formula is shown
by Eq.(16).

v =g ()-g, (16)

where gy(7) is multiple measured values (i = 1,2, ..., n).

Beyond the unrepeatable error mentioned above, there is
another very important error along with the image acquisition,
which is the spectral response error. The wide-band infrared
radiance is received and converted to gray value by the MWIR
imaging system. Due to the uncertainty of spectral response
distribution influencing the output data, it is necessary to take
the infrared spectral responsivity error into account.

To sum up, the total relative error of image acquisition is
a combination of both the unrepeatable error and the spectral
response error. In view of these two kinds of error sources, the
finalized error can be calculated by Eq.(17).

0,(8,) =07, (g,)+ 0" (g,) a”
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where o,(gy) is the total error of gy, o,,(gy) is the
unrepeatable error and oy,.(gy) is the spectral responsivity
error. And it is the same with the method of getting the error of

8i.

3.3 Radiance calibration coefficients aqucisition

Infrared radiation calibration of the MWIR imaging system is
to determine the relationship between the output image and the
input radiation energy. Radiometric calibration method is to
use a standard blackbody source to analyze the radiometric
calibration response coefficient K of the MWIR imager by
adjusting the surface temperature of the target. It is remarkable
that infrared equipment often have a drift characteristic, which
manifests that certain performance parameters of the
instrument are alterable along with the time. Thus, shortly
before the measure is to be carried out, the infrared device
need radiance calibration test to ensure the validity for the
measurement.

To calculate the thermal imager radiometric calibration
coefficients, the blackbody radiance reaching the entrance
pupil of the infrared camera and received by the infrared
detector in wide wavelength range under each surface
temperature needs to be calculated. And then the data should
be fitted to get the radiance calibration coefficient. The fitting
model is the linear determined by the linear region
characteristic of the infrared imaging system and the
application in the measurement. Moreover, the fitting method
is least square method, and its meaning is to get the minimum
of root mean square error (RMSE).

In addition, due to the uncertainty of the spectral response
of infrared imager, the accuracy of the radiometric calibration
coefficient can also be affected. Infrared spectral responsivity
is described as previously. In consideration of the linear fitting
error and infrared spectral error, radiometric calibration
coefficients integrated error can be gained by the following
expression:

o, (K)

spec

o.(K) =\/a;,(1<)+ (18)

In the above formula, ¢,(K) is a comprehensive error of
radiance calibration coefficient, 0;(K) is the fitting error,
Ogec(K) is the spectral response error.

4. Results and discussion

The measurement of MWIR average atmospheric
transmittance was carried out in accordance with the theory
and method introduced in section 2 and 3. The experiment was
deducted in Dalian when the season is winter. And the weather
is nice, atmospheric visibility was 5375m, the air temperature
was 4.6 C, relative humidity is 45.2% and the air pressure is
1010.7hPa. The tested distance is 297.1m, of which the
transmittance was measured.

4.1 Result of Blackbody temperature acquisition

According to the error test introduced in section 3.1, twice
tests were carried out, each of which included at least 10 sets
of data, to make sure the results objective and accurate. The
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data are so long that only the primary parts are listed here. (see
Table 1~2).

Table 1. Test of blackbody on 15°C

Lo . testl test2 .
emissivity | point ) ) analysis
middle | 15.35 15.34
up 15.27 15.24 inherent error<0.26°C
0.95 down 15.29 15.28 unrepeatability<0.09°C
left 15.25 15.24 non-uniformity<0.06C
right 15.14 15.12
middle | 14.76 14.78
up 15.04 15.04 inherent error <0.04°C
0.97 down 15.13 15.15 unrepeatability<0.15°C
left 14.85 14.86 | non-uniformity <0.13°C
right 15.01 15.03
middle | 15.44 15.45
up 15.32 15.34 inherent error <0.25°C
0.99 down 15.24 15.27 unrepeatability<0.17°C
left 15.17 15.15 non-uniformity <0.13°C
right 15.06 15.04
Table 2. Test of blackbody on 35°C
Lo . testl test2 .
emissivity | point (C) (C) analysis
middle | 35.39 35.39
up 35.26 35.24 inherent error <0.27°C
0.95 down 35.31 35.32 unrepeatability<0.12°C
left 35.28 35.29 non-uniformity<0.08 ‘C
right 35.1 35.08
middle | 34.99 34.97
up 35.12 35.15 inherent error <0.07°C
0.97 down 35.1 35.11 unrepeatability<0.07°C
left 35.06 35.05 non-uniformity <0.05°C
right 35.07 35.07
middle | 35.28 35.27
up 35.29 35.28 inherent error <0.25°C
0.99 down | 35.30 35.28 unrepeatability<0.06C
left 35.23 35.19 non-uniformity <0.05°C
right 35.18 35.17

From the experiment, it can be concluded three points.
First, the measured temperature and the blackbody surface
temperature are closest when the FWIR thermometer
emissivity is set as 0.97, while the difference increases with
the temperature. And the maximum is about 0.26°C@15°C and
0.27 C @35 'C . Besides, the blackbody has a stable
repeatability, less than 0.17°C@15C and 0.12°C@35C.
Moreover, the non-uniformity of blackbody source is good,
around 0.08°C@15°C and 0.08 C@35°C.

From Eq.(13) and the input value obtained here, the final
error of Ty is 0.87%. Similarly, the final error of 7} is 2.4%.
Obviously, Tyis equal to 3507 and T} is equal to 1507.

4.2 Result of Infrared images acquisition

From section 3.2, the infrared images acquisition experiment
was done to record the thermal images of 15 ‘C and 35 C
blackbody, as well as the fluctuation of the grays. The results
are shown in Fig.3 and Fig.4.
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Under the data shown by Fig.4 and Eqgs.(14)~(16), a.(gn),

the error of 35Cblackbody can be solved: o(gy)=26, g
x=51107, 0,(gx)=0.05%. Similarly, the error of 1507 blackbody

0,(g;) can be obtained: o(g,)=26, g,=34889, 0,(g,)=0.08%.

Besides of the above error, the spectral response error is
another error source. From the manual of infrared detectors,
the actual spectral response distribution of MWIR opti-
electronic detector is more narrow than the nominal cutoff
wavelength range of 3~5 pum. The related literature Infrared
spectral responsivity shows that the spectral response curve
can be fitted by cubic spline fitting method, which uses the
following formula Eq.(19) and coefficients (see Table 3) for
the spectral response characteristic characterization:

RA) =k (A-A) +k (A-A) +k (A-A)+k, (19

26

where, 4 is the wavelength, /; is the boundary value of
each sub band of the wide wavelength range, ki1, ki, ki3, kis 18
the cubic spline fitting coefficients.

Table 3. Three times polynomial coefficients

Wavelength three times polynomial coefficients
range (Lm) ky ks ks ks
3.50~3.51 -1186.563 239.522 -2.9244 0.0000
3.51~3.55 -1186.563 175.913 4.4992 0.0175
3.55~3.59 -2115.037 48.6935 12.5263 0.3488
3.59~3.63 1519.2942 -178.07 7.9024 0.7621
3.63~3.70 59.5938 -12.918 0.9818 0.8869
3.70~3.98 0.0024 0.1276 0.0486 0.9129
3.98~4.24 -1.5025 0.1295 0.1207 0.9366
4.24~4.34 3.3703 -1.0384 -0.1148 0.9505
4.34~4.42 27.0241 -0.0146 -0.2214 0.9317
4.42~4.45 -51.3374 6.1827 0.2501 0.9268
Wavelength three times polynomial coefficients
range (um) ki o ks ks
4.45~4.49 4.4862 0.6785 0.4953 0.9413
4.49~4.52 -60.3999 1.1595 0.5610 0.9600
4.52~4.56 42.3133 -5.3164 0.4124 0.9788
4.56~4.59 -368.5867 -0.7797 0.1945 0.9887
4.59~4.63 717.7669 -40.298 -1.274 0.9778
4.63~4.67 -294.7476 36.6582 -1.404 0.9136
4.67~4.70 475.6533 5.0564 0.0872 0.8968
4.70~4.74 -2841.599 56.0542 2.2712 0.9281
4.74~4.77 1302.2533 -248.61 -4.611 0.9511
4.77~4.80 1302.2533 -108.99 -17.39 0.5283

Combining the thermal imager chip data with cubic spline
fitting method and the fitting coefficients, the infrared spectral
response curves can be drawn as Fig. 5.
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Fig. 5. Infrared Spectral Responsivity Curve

As illustrated in Fig. 5, the cutoff wavelength of the
spectral response curve is approximately 3.5~4.8um. The
overall spectral response within the wavelength range is
greater than 0.9, slightly undulating. The relevant materials
[13], [14] show that the measurement error of spectral
responsivity of infrared detector is generally less than 1.1%.

From Eq.(17) and the known input value, the final error
of gy is 1.1%. Similarly, the final error of g; is 1.1%.
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4.3 Result of Radiance calibration coefficients aqucisition
This article follows the principle, so as to ensure effective and
reliable of the acquired data. Radiometric calibration data
collected are shown in Table 4.

Table 4. Blackbody temperature and gray value
T (1) 5 10 15 20 25 30 35
gray 28036 | 32266 | 35839 | 40039 | 45023 | 48881 | 53625

On the basis of Eq.(6), the pupil radiance can be gotten by
substituting the blackbody temperature, emissivity and the
spectral response of infrared instrument , as follows:

Table 5. Pupil radiance and gray value

Lx10°

wemsrhy | 0479 | 0.592 | 0725 | 0.883 | 1.068 | 1.284 | 1.5342

gray 28036 | 32266 | 35839 | 40039 | 45023 | 48881 | 53625

In accordance with Table 5, the infrared radiation
calibration data can be plotted as the blue line in Fig.6. Due to
the linear region of the data in the MWIR band, the blue line

can be linear fitted to the red line by using least square method.

x 10
55 . . .
51 4
—o&— Measurment
450 -~ H
3 Fitting
n
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S
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©
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>
]
G 351 i
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Fig. 6 Radiance calibration of infrared imaging system

By fitting, infrared camera radiometric calibration
coefficient was gotten, K=2.4x10%. Since the fitting data did
not completely overlap the measured data, the fitting error is
introduced to K. Under the constraint of the linear fitting
model and least square fitting method [15], the most
appropriate and the optimized fitting result is uniquely
determined, RMSE=1138 and mean gray value is g=40530.
Taking RMSE values into Eq.(14), we obtain the relative
standard deviation of radiance calibration coefficient K,
0/(K)=2.8%. Take the data into Eq.(18), the final error is
3.01%.

4.4 Result of MWIR average atmospheric transmittance
Blackbody temperature 7y and 7} are known from section 3.2
respectively: T,=35°C, T;=15C. And the gray values of high
and low temperature blackbody were obtained by extracting
blackbody area from the images: gx=51107, g;=34489.
Infrared radiance calibration coefficient was obtained from
section 3.3, and K=2.4x10°. Thus the MWIR average
atmospheric transmittance can be deduced by replace the input
data referred by Eq.(7) with the values acquired in section 3.
And the result is 7=0.835, which is in line with the empirical
value of the sunny atmospheric transmittance.

4.5 Error of MWIR average atmospheric transmittance

From the foregoing analysis, the errors of high and low
temperature blackbody were: 0,(Ty)=0.87% , 0.(T;)=2.4%.
And the errors of infrared gray values are as follows:
o,(gn)=1.1% and o,(g;)=1.1%. Moreover, the radiance
calibration coefficient error is ¢,(K)=3.01%. Instituting the
above data into Eq.(10), the MWIR average atmospheric
transmittance measurement error is calculated as 1.5%, which
is the integrated error of the entire measurement system and
measure method, reflecting the effectiveness of the
measurement of the MWIR average atmospheric transmittance.

5. Conclusion

This paper analyzes the mid-infrared atmospheric
transmittance measurement principle, and acquires the various
input data of atmospheric transmittance measurements
required. Then, according to the measurement principle, the
MWIR average atmospheric transmittance error model is
theoretically derived and established to study the effects of
each component of the error link to the entire error of
atmospheric transmittance. In addition, through the specific
data processing and error analyzing to the test, the
measurement component and corresponding sub-errors are
obtained. Ultimately, a comprehensive theoretical analysis and
testing process are deducted to seek a mid-infrared
atmospheric transmittance and the measuring error. The work
of this paper shows that the measurement of atmospheric
transmittance and error analysis reflect the primary factors of
the measurement link. The results demonstrate that the
measured values meet with the empirical atmospheric
transmittance in sunny day very well. Moreover, the
measurement error is less than 2%, proving the validity of the
measurement data from the perspective of the actual
measurement.
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