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Abstract A diesel jet visualisation based on an ultra-

short light pulse and a time-resolved detection is proposed.

An optical gate, consisting of a beta barium borate crystal,

allows to separate ballistic, refractive and scattered light.

An imaging pulse passes through the studied medium,

while a gating pulse is used to open the gate. With this

configuration, a spatial resolution of 10 lm and a temporal

resolution of 270 fs are obtained. The gate duration is

compatible with the typical dimensions of a liquid jet

generated by a commercial automotive fuel injector. Pre-

liminary results show that spatio-temporal diagrams of

transmitted light through a spray may be acquired, showing

clearly the separation between ballistic, refracted and

scattered light.

1 Introduction

Optimal use of liquid fuel needs a perfect understanding of

the liquid injection inside the combustion chamber and of

its break-up into small droplets. High-pressure injection

leads to complex structures in the near field of the nozzle,

where the liquid column is degraded into droplets, liquid

filaments, etc. Due to its turbid nature, this highly non-

homogeneous medium is difficult to image accurately.

Large efforts have been made to extract information on the

spray structure by eliminating scattering light. X-ray

absorption used by Kastengren et al. (2008) on a diesel

injector provides measurements of the fuel mass. Never-

theless, the beam configuration of the X-ray source leads to

the impossibility to obtain single-shot images. X-ray phase

contrast technique (Moon et al. 2010) allows to obtain

single-shot images, but is difficult to interpret and is

hampered by the difficulty to operate in a pressure cham-

ber, because X-rays are strongly attenuated by windows.

Optical techniques are more versatile. The usual trend is to

detect a signature of the light that has not been perturbed

by multiple interactions with the liquid during its propa-

gation through the spray. SLIPI (structured laser illumi-

nation planar imaging) consists in illuminating the spray

with a spatially structured laser sheet, and detecting the

light, which has kept this spatial signature (Kristensson

et al. 2010; Berrocal et al. 2011; Leick et al. 2011). Bal-

listic imaging consists in using very short laser pulses and

detecting the directly transmitted light or ballistic light,

which keeps information on the structure of the spray.

Time-gated imaging techniques have been proposed (Gal-

land et al. 1995; Paciaroni et al. 2006; Linne et al. 2006;

Schmidt et al. 2009; Idlahcen et al. 2009) to visualise the

liquid core, despite the surrounding scattering droplets

cloud. Ballistic imaging is particularly useful in the very

near field of the injector nozzle, where the size of the spray

is comparable to the size of a laser sheet and SLIPI tech-

nique is ineffective.

In the ideal case of the strongly scattering medium of

very small particles (\2 lm) and a small detection

acceptance angle (\5�), the light transmission consists of

two components, a ballistic and a scattered one (Berrocal

et al. 2009). As an illustration, Fig. 1 shows a typical

transmitted light evolution in time (Calba et al. 2008). It

corresponds to the transmission of a 100 fs pulse through a
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123

Exp Fluids (2012) 52:289–298

DOI 10.1007/s00348-011-1220-1



strongly scattering suspension of glass particles in water.

The first peak corresponds to the ballistic photons, which

have not interacted with the scatterers and constitute the

first detected light. Scattered photons undergo multiple

interactions, their trajectories are elongated and they are

time delayed by a few picoseconds (second peak).

In the spray configuration, the droplets average diameter

is close to 10 lm. Berrocal et al. (2009) performed

numerical computations showing that for 5-lm droplets

and a large detection acceptance angle ([5�), there is no

more separation between a ballistic peak and the scattered

pulse. Computations of pulse transmission through a large

droplet (50 lm) cloud with a very small detection accep-

tance angle (\2�) have shown that the transmitted light is

again separated into two contributions (Calba et al. 2006).

The first one is a mixture of ballistic photons and diffracted

light and the second one containing mainly the scattered

light.

In any case, in time-resolved imaging techniques (bal-

listic imaging), an appropriate temporal selection of the

transmitted light reduces the influence of the scattered

photons. A shadowgraph of the liquid spray may then be

obtained by limiting the scrambling effect of multiple

scattering. A numerical demonstration of the contrast

enhancement by using a time gate may be found in Sed-

arsky et al. (2011).

The efficiency of ballistic imaging has been demon-

strated through a 3.5-mm-thick human breast tissue for an

8 ps time gate (Wang et al. 1991) and through a 5-mm

spray with a 2 ps time gate (Schmidt et al. 2009). Scattered

photons time delay clearly depends on the optical length of

the probed medium. Reducing the time resolution in bal-

listic imaging technique is suitable to investigate smaller

sprays. Furthermore, a shorter time gate could provide

additional information on the liquid core, based on the

separation between refractive light and ballistic light. Such

a separation between scattering modes (reflection/diffrac-

tion, refraction, etc.) has been investigated experimentally

(Sbanski et al. 2000) and numerically (Méès et al. 2001) in

single-scattering configurations and in a multiple-scattering

configuration (Calba et al. 2006).

Near the injector nozzle, the liquid has not completely

disintegrated into a cloud of droplets. At this stage, the

liquid keeps memory of the injector hole and is nearly

cylindrical. Nevertheless, hydrodynamic surface instabili-

ties appear in this domain and will lead to jet atomisation

further from the nozzle. Some photons experience refrac-

tions through the liquid jet and may be delayed by a typical

time Dt ¼ Dnd
c , where Dn is the difference between the

refractive index of the liquid and the surrounding gas, d is

the diameter of the jet and c is the speed of light in free

space. Knowing that in automotive internal combustion

engines, diameter of injection hole is about 200 lm, a

temporal detection with a resolution of &300 fs is a

minimum to discriminate refracted photons from ballistic

ones in the case of a liquid core of a size similar to the

diameter of the hole. Where the spray begins to break-up at

the exit of the injector, refractive light can no more be

discriminated with such a resolution, but some multiple

scattered light may be eliminated by a temporal detection,

leading to better images of the liquid core. To reach this

aim, an ultra-short light pulse (duration of 100 fs) illumi-

nates the liquid jet and a time-resolved image is recorded;

thanks to an ultra-fast time gate and a single CCD camera.

No electronic device can achieve such an ultrafast

detection and an optical gate must be used. Two kinds of

optical gate may be found in the literature based on (1) an

optical Kerr effect or (2) a second-harmonic generation

(SHG) in a non-linear crystal. In the referenced papers,

optical Kerr gate is obtained by inducing a temporary

birefringence in a Kerr active liquid between two crossed

polarisers (Galland et al. 1995; Paciaroni et al. 2006; Linne

et al. 2006; Schmidt et al. 2009; Idlahcen et al. 2009). The

temporal resolution of the gate is fixed by molecular

reorientation time of the Kerr liquid and is of about 1 ps or

longer. The second kind of optical gate has been used to

obtain ballistic images and detect hidden objects in a turbid

medium (Farsiu et al. 2007; Kuditcher et al. 2001; Abra-

ham et al. 2000).

The aim of this paper is to study the potential of SHG

crystal time gate to extract shape properties of the liquid

core/structure in the near field of an injector. In Sect. 2, the

experimental setup based on a SHG gate is described. In

Sect. 3, temporal and spatial resolutions are presented.

Glass fibre and examples of images of a diesel jet from a

high pressure injector are presented in the last section.

Fig. 1 Time-resolved transmission of a 100-fs light pulse through a

glass particle suspension. Particle diameter is 1.8 lm, and optical

depth is 18.16. Details of comparison between numerical (solid line)

and experimental (dots) results can be found in Calba et al. (2008)
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2 Experimental setup

The principle of optical gating is to divide the laser pulse of

wavelength 800 nm into two pulses: the imaging pulse

crosses the spray, while the gating pulse is used to open the

time gate and may be shifted in time by means of a delay

line. The time gate consists of a beta barium borate (BBO)

crystal, which has a quadratic nonlinearity. The imaging

pulse and the gating pulse are incident on the crystal with

an angle h. First, collinear SHG occurs, so that light at

wavelength 400 nm is generated along the direction of

each pulse. When the two pulses overlap spatially and

temporally on the crystal, non-collinear second-harmonic

pulse is generated in direction k~ð2xÞ ¼ k~1ðxÞ þ k~2ðxÞ,
which is the intermediate direction between the two col-

linear second-harmonic pulses. The crystal orientation is

adjusted by a rotation around a vertical axis, in order to

obtain the best conversion efficiency. The SHG is quasi-

instantaneous, so that the gate duration is only limited by

the gating pulse duration and angle between the pulses.

The integration of the gate inside the complete experi-

mental setup is shown on Fig. 2. A Ti/Sa amplified

laser system (800 nm, 1 kHz, 1 mJ) generates constant

100-femtosecond pulses. The beam profile is approximately

Gaussian with a 5-mm full width at half maximum (FWHM).

The laser pulse is separated into two parts by means of a

beam splitter (BSP), the imaging pulse and the gating pulse.

The gating pulse passes through a delay line, a half-wave

plate (k/2) and a neutral density filter (ND), in order to adjust

time delay, polarisation direction and intensity. The imaging

pulse passes through a Pockels cell (PC) in order to decrease

the repetition rate of the pulses down to 1 Hz (the spray

repetition rate). A set of NDs is then used to adjust the

lighting power. The imaging pulse next illuminates the spray

injected in a chamber, equipped with glass windows. Imag-

ing pulse and gating pulse are incident on a BBO crystal with

the angle h between them. Careful optical alignments are

conducted to overlap the two beams in both spatial and

temporal domains on the crystal. Non-collinear second-

harmonic pulse is generated at half angle h/2 between the

directions of the two pulses when and where they overlap. A

time-gated second-harmonic image of the spray is then

formed by means of a lens (L1, f = 150 mm). A vertical slit

may be placed in the corresponding image plane, the use of

which will be explained later. A second lens (L2,

f = 100 mm) forms a second image of the spray on the BBO

crystal. A third lens is used to record the non-collinear SHG

on a CCD camera (Hamamatsu C9100). Light at funda-

mental wavelength (800 nm) is scattered and detected by the

camera. This noise source is eliminated by a spectral filter

placed between the BBO crystal and the CCD camera,

increasing notably the signal-to-noise ratio. Collinear SHG

from the imaging pulse and from the gating pulse may also be

recorded by the camera. A spatial filter (SF) removed this

unwanted light.

3 Time gate properties

3.1 Temporal resolution

In order to measure the temporal profile of the gate, the

power of the SHG pulse at angle h/2 is measured for var-

ious delays between the imaging pulse and the gating

pulse, without liquid jet. The result is shown on Fig. 3. The

maximum corresponds to a temporal and spatial synchro-

nisation between the two pulses in the BBO crystal,

whereas the tails of the curve are obtained for non-zero

delays between the pulses.

The duration of the gate is defined as the FWHM of the

curve and is equal to 270 fs. It depends strongly on the

angle h between gating pulse and imaging pulse. Indeed,

angle h induces to a non-uniform overlap between the two

pulses: when changing delay Ds between the pulses, spatial

overlap moves from one side of the imaging pulse to the

other. Ideally, the gate duration may be reduced by using a

very small angle h. However, when angle h is small, the

two collinear SHG from the imaging pulse and the gatingFig. 2 Schematic diagram of experiment
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pulse are close. The SF used to separate the collinear SHG

from the non-collinear one and the camera must be located

further from the BBO crystal. The value of h is chosen as

small as possible when the time gate duration measurement

is only performed. By removing lenses L2, L3 and slit, and

by replacing the camera by a power meter, it may be

reduced to 2�. However, for the following experiments,

where a high image resolution is expected, a compromise

must be found concerning angle h. Indeed, choosing a large

h allows to have the non-collinear SHG well separated

from the collinear SHG generated by the crystal from the

imaging and gating pulses. In this case, the overlap of the

two pulses is not complete, leading to longer gate duration.

Choosing a small angle h allows shorter gate duration, but

needs to move the camera away from the BBO crystal,

inducing image degradation due to a long light propagation

in air. Finally, it will be shown further that the choice of h
will not affect the temporal resolution of the time mea-

surement, if the temporal dependence along the horizontal

axis of the camera is taken into account.

3.2 Spatial resolution

To evaluate the spatial resolution of the overall system, the

image of an US Air Force resolution chart including spatial

frequencies (from 0.25 to 645 lp/mm) is recorded on the

camera. It allows to evaluate the modulation transfer

function (MTF) of the gate for a range of spatial frequen-

cies. For each group of the chart with spatial frequency 1/

dx, the contrast MTFdx is computed by MTFðdxÞ ¼ Imax�Imin

ImaxþImin

where Imax is the intensity of transparent lines and Imin is

the intensity of opaque lines. Figure 4 shows the CTF

(contrast transfer function) computed using the USAF test

chart. Making the usual assumption that the CTF is close to

the MTF, by computing its Fourier transform, the point-

spread function (PSF) is deduced. The cut-off spatial

frequency is 50 lp/mm and gives a resolution of 10 lm.

4 Spatio-temporal analysis of the transmitted light

4.1 Images of a glass fibre

In order to investigate the potential of the BBO crystal-

based time gate, preliminary images have been recorded

using a glass fibre as the object, without any other scat-

tering medium. Figure 5a shows the non-gated image of a

fibre (diameter = 240 lm). The two strips located at each

side of the image is the background light, whereas the thin

line at the centre corresponds to refracted light into the

fibre. When the optical gate is operating, the ballistic light

may be isolated (Fig. 5b). By adjusting the delay line,

refractive light is isolated (Fig. 5c). The time delay dif-

ference between images Fig. 5b and c is Ds = 380 fs,

according to the fibre diameter d = 240 lm and its

refractive index n * 1.5.

4.2 Images of the liquid jet near the injector

The same set-up has been applied to a diesel jet visual-

isation. The measurements were carried out using a cali-

bration liquid (ISO 4113) with properties similar to diesel

fuel and having precisely controlled viscosity, density and

surface tension specifications (Table 1). The injection

pressure is 400 bars, the diameter of the nozzle hole is

Fig. 3 Cross-correlation between imaging and gating pulses

Fig. 4 MTF and PSF of the

imaging system
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200 lm and the liquid is injected at atmospheric pressure

and ambient temperature in a chamber. In the near field of

the injector, the liquid roughly keeps the cylindrical shape

of the injector hole. Observation of refractive light is

expected at this location. Time-gated images are shown on

Fig. 6, for two different delays between imaging and gating

pulses. In both cases, the two pulses overlapped only

partially, as a consequence of the angle h, as schematically

illustrated in the figure bottom. In Fig. 6a, the delay line is

adjusted in such a way that the gating pulse and the bal-

listic component of the imaging pulse overlap in the left

side of the image. The right side of the image, where the

two pulses do not overlap, remains dark. In the middle part

of the image, ballistic component does not overlap tem-

porally with the gating pulse. But refractive light, which is

time delayed due to the jet crossing, overlap with the gating

pulse and is clearly visible on the image. Conversely, when

the delay is adjusted to overlap the gating pulse and bal-

listic light at the right side of the image, refracted light is

no more detected, and the liquid core appears to be com-

pletely dark (Fig. 6b). It must be noticed that if the image

and gating pulses are symbolised by rectangles on the

schemas of Fig. 6, their temporal and spatial shapes are

approximately Gaussian, so that the tails of the pulses may

be used to detect light at time delays smaller than the

270 fs duration, depending on the sensitivity of the

detector. The time delay between image Fig. 6a and b is

Ds = 380 fs. Knowing the refractive index of the injected

liquid equal to 1.46, we can deduce an estimation of the jet

diameter to about 250 lm. Cavitation inside the injector

and of its influence on the atomisation process is a recent

issue (Sou et al. 2011). Existence of refractive light at the

exit of the injector leads to the conclusion that the fluid is

completely liquid. Either if there is no cavitation or if

cavitation occurs inside the injector, the gas phase is con-

densed at the exit.

4.3 Spatio-temporal diagrams

The qualitative description of the preceding images leads to

the conclusion that a spatio-temporal study of the light after

interaction with an object is possible by changing the delay

Fig. 5 Image of a glass fibre without optical gate (a), for a delay

allowing the selection of ballistic photons only (b) and for a delay

allowing the selection of refracted light only (c)

Table 1 Thermophysical properties of ISO 4113 oil

Density 821 kg/m3

Viscosity 0.0032 kg/(m s)

Surface tension 0.02547 N/m

Fig. 6 Images of the liquid jet

at the exit from injector hole for

two different delays between

image and pump pulses. The

delay is adjusted on a to select

refracted light at the centre of

the jet, while it is adjusted on

b to eliminate refracted light at

the same location
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Ds between the gating pulse and the image pulse. Indeed,

the image on the camera is the result of the spatio-temporal

correlation of the gating pulse with the image pulse along

the width of the BBO crystal. The complete model is

complex, because of interdependent phenomena: the spatio-

temporal profile of each pulse, the angle between beams, the

slight translation of one pulse relatively to the other inside

the crystal due to their different propagation directions, etc.

However, a simplified interpretation of the image may be

proposed by making some assumptions: (1) the image pulse

and gating pulse are so short enough to be modelled by a

time Dirac, (2) the magnification of the optical system is

large, so that the image pulse may be considered uniform in

space before interaction with any object, (3) the thickness of

the BBO crystal is small, so that the shift of the gating pulse

relatively to the image pulse is neglected, and (4) SHG light

rays from the BBO are parallel.

With these assumptions, when the gating beam crosses

the image beam somewhere in the crystal with angle h
between their propagation directions, a third pulse is pro-

duced, due to the SHG, at half angle. This intersection

(point A on Fig. 7) produced a bright zone on the image

recorded by the camera.

Now, if the gating pulse is affected by a delay Ds, the

intersection point A is shifted to point B; then a shift DX

appears on the camera screen. Following the scheme of

Fig. 7, the relation between Ds and DX leads to Ds = aDX,

with a ¼ 2
sin hn=2

c=n , where c is the speed of light in vacuum,

hn is the angle between the two beams inside the crystal

and n the refractive index of BBO crystal. Moreover, when

intersection shifts from point A to point B, the intensity of

the bright zone varies proportionally with the intensity of

the pump beam at point A or point B, modified by a

coefficient due to the SHG process. Figure 8 shows the

apparent intensity I0 (Ds), computed as the maximum

intensity of the image obtained on the camera, as a function

of the delay Ds. It corresponds to the dotted line curve

shown on the top of Fig. 7.

If now the imaging pulse, characterised here by a con-

stant illumination of 100 fs duration, travels across a scat-

tering medium like a spray, a temporal elongation of the

image beam will occur due to scattering, refraction and

diffraction of the light. The imaging pulse can no longer be

approximated by a Dirac in time. The intensity distribution

along the horizontal x axis of the camera is then the product

of the gating pulse and the image pulse at different positions

and times; it means that the time gate position is a function

of the horizontal axis. Figure 9 shows the geometrical

configuration corresponding to an overlap of the gating

pulse and the elongated image pulse. Intensity of point A is

proportional to the ballistic photons density multiplied by

the gating pulse intensity at point A, whereas in B, intensity

is proportional to the time delayed photons density multi-

plied by the gating pulse intensity at point B. On the camera,

a pixel located at distance Dx along the horizontal axis from

the known position of the ballistic photons gives an infor-

mation on point B in terms of position x and delay s. x and s
are easily deduced from Dx using Fig. 9:

x¼ Dx coshn=2

coshn
� Dx and s¼ 2

Dx sinhn=2

c=n
� aDx ð1Þ

with the assumption that angle h (and hn) between the

beams is small. Because the intensity of the pump beam is

not the same in A as in B, the apparent intensity of B on the

camera must be corrected by I0 (Ds), where Ds is the time

delay corresponding to distance BC (Fig. 9):

Ds ¼ 2
Dx sin hn=2

c=n� cos hn
� aDx � s ð2Þ

Fig. 7 Relation between the maximum of intensity recorded on

camera and the delay. The propagation directions of both pulses are in

the horizontal plane Fig. 8 Apparent intensity versus the delay Ds
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The preceding considerations may then be applied to the

fibre. Images are recorded by varying the delay Ds between

gating pulse and image pulse. For each value Ds, 20 images

of size 1,000 9 1,000 pixels are recorded from the CCD

camera and an average image I (Ds, x, y) is computed.

Then, intensity I (Ds, x) is obtained by averaging the pixels

of each column y. The spatio-temporal diagrams I (Ds, x)

are shown on Fig. 10, in two cases: (a) without the fibre

and (b) with the fibre. In Fig. 10a, the diagram is composed

of ballistic photons. The bright area is oriented in accor-

dance with the slope coefficient a previously introduced.

The diagram of Fig. 10b shows a hole in the ballistic light,

corresponding to the shadow of the fibre. As expected,

refracted light undergoes a delay due to the fibre crossing.

This diagram, which is a function of I (Ds, x), may be

straightened with the change of variables given by Eq. 1. In

particular, the delay between the gating pulse and the

image pulse becomes the time t = Ds - aDx. A normali-

sation by the gating pulse profile I0 is then performed to

obtain a corrected spatio-temporal diagram presented in

Fig. 11. It shows that with a suitable processing, the

interaction of light with an object may be followed in time

with the time gate based on a BBO crystal.

4.4 Spatio-temporal diagrams of the spray

The same process may be applied on the spray far from the

nozzle. Figure 12 is a typical image at 5 mm from the

nozzle, for one time delay, showing many bright spots

corresponding to scattered light, which do not exist in the

case of the fibre. The texture of this image evolves from the

left to the right. As explained on Fig. 9, the horizontal axis

includes space- and time-dependent information. The light

recorded at the right part of the image corresponds to larger

time delays than at the left part. Without the optical gate,

the image would be completely uniform with randomly

distributed bright spots.

This calibration is necessary to have a time reference.

This calibration consists in determining coefficient a and to

record an image without spray, which gives the location of

the ballistic photons. Separation of the spatial contribution

from the temporal one is impossible from a single image. If

the object under study is static (like the glass fibre), it is

possible to change the delay Ds to reconstruct the complete

spatio-temporal diagram. In the case of a liquid jet, only a

statistical approach may be used.

Images are then recorded by varying the delay between

the gating pulse and the image pulse. 100 images are

recorded for each delay, and the same image processing

than for the fibre is applied. Spatio-temporal diagrams

I (Ds - aDx, x) are shown on Fig. 13 in two cases:

(a) without the spray, in order to determine coefficient a,

and (b) with the spray. Cases (c) and (d) show corrected

diagrams by using the change of variable of Eq. 1. One can

observe that the optical gate is able to select the ballistic

light.

Nevertheless, a detection of delayed light would be

interesting in order to reconstruct the history of light

Fig. 9 Interaction between gating pulse and a time-elongated imag-

ing pulse (after crossing an object). On the image, a pixel located at

Dx corresponds to a time delay s in respect to the ballistic photons

Fig. 10 Spatio-temporal

diagrams of the ballistic light:

a without the fibre and b with

the glass fibre
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interaction with the spray. Due to the image averaging, and

because of the limited dynamical range of the camera, no

scattered light and also no ballistic one are visible on the

spatio-temporal diagrams in the centre of the spray

(Fig. 13d). Increasing the intensity of the imaging pulse is

not a solution: a more intense imaging pulse would damage

the camera. A vertical slit has been added in an interme-

diate image plane (see Fig. 2), in order to eliminate the

sides of the image, which are too intense for the sensor.

The intensity of the imaging pulse may then be increased,

without the risk of camera damage, until obtaining a

detectable level of the transmitted light through the spray.

We have used this last method at 200 lm from the

nozzle, in a more dense part of the spray. Images are again

recorded by changing delay Ds between gating pulse and

imaging pulse. An average is made over 100 images for

each Ds, and spatio-temporal diagrams are computed and

shown on Fig. 14. We have now transmitted light at the

centre of the spray. A time shift is clearly observed

between the reference diagram without spray (a) and the

diagram with the spray (b). A delay of *0.4 ps between

the ballistic light and the transmitted light may be esti-

mated by comparing these diagrams. Some light undergoes

a shift of *1 ps. These delays may be interpreted as an

extra time due to multiple light scattering. In this case, the

extra distance covered by the light in respect to the ballistic

photons would correspond to *12 mm, which is larger

than the radius of the spray at 200 lm, as observed by

shadowgraphy. A liquid core still exists at this distance

from the nozzle.

Fig. 11 Corrected spatio-temporal diagram of light interaction with a

glass fibre

Fig. 12 A typical image of the spray far from the nozzle

Fig. 13 Spatio-temporal

diagrams of light at 5 mm from

the nozzle: a without spray,

b which has interacted with the

spray. Subfigures c and d are

modified by using the change of

variable of Eq. 1
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5 Conclusion

The use of an optical gate based on SHG in a BBO crystal

allows to reduce the temporal resolution in ballistic

imaging, which is now compatible with the dimension of

the spray resulting from a diesel injector. It has been shown

that this gate is able to discriminate refractive light from

ballistic light at the exit of the nozzle. A suitable image

analysis may be used to perform a deconvolution between

space and time on statistical series of spray images. An

average time delay due to interaction of light and spray

may then be estimated.
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