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Abstract— We propose a method to recognize cups on desks
and to detect liquids in cups with a depth camera using
triangulation. When we measure an opaque liquid in a cup
with the depth camera, the liquid surface is measured. On the
other hand, when we measure a transparent liquid, the raised
bottom is measured due to the principle of light refraction and
triangulation. We formulated it theoretically, and confirmed
that the theory is consistent with the experimental results.
Therefore, it is possible to detect the existence of liquids in
cups using the measured height based on this theory. In our
experiments, the proposed method have successfully detected
various transparent or opaque liquids.

I. INTRODUCTION

A large number of depth cameras (e.g. Kinect sensors)
with various measurement methods have appeared in recent
years. When we measure clear liquids with a depth camera
using triangulation, it is anticipated that a shape different
from the actual shape is measured due to the refraction of
light. It is also contemplated that measurement results are
different depending on the transparency of the liquids.

In this paper, we evaluate the measurement results of trans-
parent and opaque liquids in various degrees, and investigate
how the measured shape would be changed. Then, we present
the theoretical background based on the principle of light
refraction and triangulation, and compare the theory with
the actual measurement results. Furthermore, we propose a
method to recognize cups on desks and to detect liquids
in the cups with this characteristic of depth cameras using
triangulation. Recognition of cups and liquids in them is
important for robots that manipulate cups, e.g. personal
robots collecting dirty tableware. If a cup is filled with
a liquid then the robot has to detect this fact and enable
appropriate constraints in motion planning, e.g. it should be
forbidden to rotate such a cup upside-down.

Contributions of this paper are the demonstration of the
phenomenon when we measure various transparent or opaque
liquids, which include clear and colorless water, with a
depth camera using triangulation in both experimental and
theoretical results, and a realization of detection of liquids
in cups using this characteristic. By the proposed method,
it becomes possible to detect liquids in cups using only one
framework for various degrees of transparency.

II. RELATED WORK

Object recognition using 3D shapes with a depth camera
has been enthusiastically researched, and various methods

have been proposed [1], [2]. In these researches, however, the
recognition targets are frequently opaque solids. Compared
with them, our recognition targets are various transparent or
opaque liquids, which include clear and colorless water.

Researches in which the recognition targets are transparent
solids such as glasses have also been carried out. Fritz et al.
[3] and Choi et al. [4] proposed some methods to recognize
transparent objects like glasses using a monocular camera.
Maeno et al. [5] recognized transparent glasses of various
types using a light-field camera. As the one using a depth
camera, there are researches of Klank et al. [6] that used
a time-of-flight camera, and of Lysenkov et al. [7] that
used a depth camera using triangulation i.e. a Kinect sensor.
However, the recognition targets are solids, liquids are not
treated in them.

As the study of shape measurement that takes into account
the refraction of light caused by the liquids, there is a series
of researches by Yamashita et al. [8]–[10]. They measured
3D shapes of objects in water using a laser spot in [8], a
laser slit in [9], and triangulation with 2D patterned light in
[10]. In this paper, we consider the refraction of light in the
same manner as them, but we aim for the detection of the
liquids themselves rather than underwater objects.

In addition, as the study of stereo cameras that takes into
account the refraction of light, there are researches of Kato
et al. [11] where objects in water were measured, and of
Morris et al. [12] where water surface was measured. In
particular, [12] is close to the objective of our researches,
because the recognition target of it is water surface. However,
[12] assumed that there is a known texture at the bottom in
water. In contrast to it, we detect liquids in cups where there
is no texture at the bottom.

As an example of object recognition that includes liquids,
there are researches of Okada et al. [13]. Here, the operation
of humanoid dishwashing was realized by the recognition
of flowing water from a faucet. This approach, however,
recognized the visible water flow from the generated bubbles.
Thus, it is not suitable for our objective i.e. detection of
various transparent or opaque liquids in the cups, which
include clear water without bubbles.

III. FUNDAMENTAL EXPERIMENTS OF LIQUID
MEASUREMENT IN CUPS

We investigated what differences appear in the measured
shape according to the types and the amount of liquids, when
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the liquids in the cups are measured by a depth camera.
In this paper, we used the Xtion PRO LIVE (After this, it
is denoted simply Xtion.) produced by ASUS as a depth
camera using triangulation. Xtion obtains depth images by
distance measurement in each direction using triangulation
by imaging 2D patterned light projected from the sensor.

Fig. 1 shows the experimental environment to measure a
cup on the desk with the depth camera. A robot equipped
with the Xtion was placed in front of the desk, and the liquid
inside the cup on the desk was measured.

Fig. 2, 3, and 4 show side views of the point cloud obtained
by the measurement. Fig. 2 shows the case of the empty cup,
Fig. 3 shows the case of the cup in which opaque milk tea
was filled up to 30 mm depth, Fig. 4 shows the case of the
cup in which transparent water was filled up to 30 mm depth.
In the case of the empty cup, point cloud of the bottom of the
cup was in contact with the desk plane (Fig. 2). While in the
case of the cup in which opaque milk tea exists, point cloud
that seems to be the liquid surface was measured (Fig. 3).
Therefore, it is considered that the liquid surface has been
measured as a point cloud when opaque liquids are measured,
because the projected patterned light is diffusely reflected at
the liquid surface. On the other hand, in the case of the cup
in which transparent water exists, the measured point cloud
of the cup bottom was raised from the desk plane (Fig. 4).
It is considered that the phenomenon of measurement of
the raised cup bottom occurs when transparent liquids are
measured, because the patterned light is refracted at the
liquid surface and is projected onto the bottom. We discuss
the theory of this phenomenon in Section IV.

Next, we obtained point clouds 10 times in each exper-
imental condition: the types and the amount of liquids in
the cup, and the horizontal depth position of the cup from
the Xtion as distance variables. We extracted portions of the
liquid surface or the cup bottom from the obtained point
clouds, and measured the means of their height. The types
and the amount of liquids were a total of 7 cases: empty,
water 10 mm, 20 mm, 30 mm, and milk tea 10 mm, 20
mm, 30 mm. The horizontal depth position of the cup from
the Xtion were a total of 5 cases: 200 mm, 300 mm, 400
mm, 500 mm, 600 mm. Fig. 5 shows a bar chart of the
experimental results. Here, the case where the horizontal
depth position was 600 mm are excluded from the chart,
because the liquid surface or the cup bottom was occluded

cup bottom
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Cup bottom was in contact
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Fig. 2. Side view of the point cloud measured for the empty cup.
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Fig. 3. Side view of the point cloud measured for the cup in which opaque
milk tea was 30 mm depth.
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Fig. 4. Side view of the point cloud measured for the cup in which
transparent water was 30 mm depth.
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Fig. 5. Mean of the measured height of the liquid surface or the raised
cup bottom versus the type of liquid in the cup, error bars represent the
standard deviation (±1σ ).

and was not measured.
In Fig. 5, in the case of transparent water, the measured

point cloud of the cup bottom is raised higher, according
to the increase of the horizontal depth position of the cup,
and according to the increase of water depth. On the other
hand, in the case of opaque milk tea, the measured height of
the liquid surface is substantially constant irrespective of the
horizontal depth position. As described above, it is because
it was the opaque liquid surface that was measured as a point
cloud. However, the measured height is approximately 1–2
mm lower than the actual height of the liquid surface; the
actual value obtained by adding the height of the cup bottom
and the depth of the liquid. It is considered that milk tea is
not completely opaque, consequently the projected patterned
light dives a little and is diffusely reflected at the point that
is slightly below the liquid surface. Otherwise, because the
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Fig. 7. Bird’s eye view to represent the refraction of beam and apparent
transformation of the measured point when a depth camera using triangu-
lation measures a transparent liquid.

amount of liquids was measured by hand, it could be errors
from the manual measurement.

We discuss whether it is possible to detect the presence
of liquids using the height of the point clouds of the liquid
surface or the raised cup bottom with Fig. 5. Comparing the
case of the empty cup and the case of 10 mm depth transpar-
ent water irrespective of the horizontal depth position, there
is a difference of at least approximately 1 mm in the means
of the height. When we compare at the same horizontal depth
position the difference is increased, e.g. there is a difference
of approximately 2 mm where the horizontal depth position
is 200 mm. Then, we compare the case of the empty cup
and the case of 10 mm depth opaque milk tea, there is a
difference of at least 7 mm. Hence, even in the case of 10
mm depth of transparent and colorless water, it is possible
to detect the presence of the liquids using the height of the
raised cup bottom, there is a possibility of false positives
due to height measurement errors. It is also believed that it
is possible to detect liquids in the cups more accurately, if we
make the threshold as a variable value in accordance with the
horizontal depth position of the cup. Besides, opaque liquids
such as milk tea seem to be easier to detect than clear water.

IV. THEORY OF RAISED BOTTOM MEASUREMENT
WITH TRANSPARENT LIQUIDS

Fig. 6 shows the appearance of a depth camera Xtion
that is used in this paper. Xtion projects infrared random
dot patterns with a laser projector. By imaging the patterned
light with an infrared camera, Xtion obtains depth images by
distance measurement in each direction using triangulation.

Fig. 7 shows a Bird’s eye view to represent the refraction
of the beam and apparent transformation of the measured
point when a depth camera using triangulation measures a
transparent liquid. If a transparent liquid is present in the
optical path, the projected beam is refracted at the liquid
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Fig. 8. Plan view to represent the position of each reflection point of the
depth camera.

surface and projected on the cup bottom as an actual reflec-
tion point R, the received beam that is diffusely reflected at
the reflection point R is also refracted and is captured by
the infrared camera. Here, in the principle of triangulation,
the measured point M is determined by only 3 parameters:
the angle θL of the projected beam at the projection point L
of the laser projector, the angle θC of the received beam at
the receiving point C of the infrared camera, and the length
b of the base line. Thus, the apparent measured point M is
determined as the intersection point of the projected beam
and the received beam when there is no refraction in the
optical path (when there is no liquid), and the height of
the apparent measured point M is different from the actual
reflection point R. Accordingly as shown in Fig. 7, the
apparent measured point M is raised from the cup bottom
and determined to be in the liquid not on the bottom.

Fig. 8 shows a plan view to represent the position of
each reflection point of the depth camera. As a⃝ and b⃝
in the figure, if the reflection point R is on the perpendicular
bisector (i.e. on the vertical plane that passes through the
perpendicular bisector) of the projection point L and the
receiving point C, the projected beam and the received beam
are intersected apparently, hence there is the intersection
point of the apparent beams when the refraction of the
optical path did not occur. On the other hand, as c⃝ in
the figure, if the reflection point R is not present on the
perpendicular bisector, the apparent beams become skewed
and the intersection point of the projected beam and the
received beam does not exist. We describe the issue later.

First, we think about the case where the reflection point
R is present on the perpendicular bisector of the projection
point L and the receiving point C. Fig. 9 shows a cross-
sectional view of the vertical plane (LR plane) to represent
the height of the apparent measured point. The height,
denoted by m, is calculated as m = w − s with the water
depth w and the apparent measured point depth s under the
liquid surface. Here, the apparent measured point depth s is
shown in Eq. (1). We denote the incidence angle by θ1, and
the refraction angle by θ2.

s =
w tanθ2

tanθ1
(1)

the refraction angle θ2 is obtained by Eq. (2) using Snell’s
law. Here, n is the relative refractive index of the liquid to



actual reflection point: R

projection point: L

liquid surface

cup bottom

height of

the sensor

pose: h

horizontal

measured distance: p

incidence

angle:

θ1

refraction

angle:

θ2

depth of point M: s

water

depth: w

laser projector

apparent measured point: M

height of point M: m

relative refractive index

of the liquid to air: n

Fig. 9. Cross-sectional view of the vertical plane (LR plane), where the
projected beam passes through, to represent the height of the apparent
measured point.

0

5

10

15

20

25

30

0 10 20 30 40 50 60 70 80 90

ra
is

e
d

 b
o

tt
o

m
 h

e
ig

h
t 
o

f 
th

e
 c

u
p

 [
m

m
]

incidence angle of the beam [deg]

water 10 [mm]

water 20 [mm]

water 30 [mm]

Fig. 10. Theoretical height of the raised bottom measurement versus the
incidence angle of the beam when water in cups was measured.

air.

θ2 = arcsin
sinθ1

n
(2)

Consequently, the height of the apparent measured point m
is calculated as Eq. (3) with the incidence angle θ1.

m = w−
w tan

(
arcsin sinθ1

n

)
tanθ1

(3)

Fig. 10 shows the theoretical height of the apparent
measured point m versus the incidence angle θ1 when water
in cups was measured, calculated based on Eq. (3). For
the relative refractive index n, we substituted the relative
refractive index 1.333 of water to air. As the incidence
angle becomes larger, and as the water becomes deeper, the
measured cup bottom is raised higher.

Second, we think about the case where the projected beam
and the received beam become skewed. In the case such as
c⃝ in Fig. 8, the incidence angle of the projected beam θ1

and the incidence angle of the received beam θ4 are different,
hence the apparent beams become skewed, for example as
shown in Fig. 11. However, by the following two reasons,
Xtion is able to measure the distance without problems even
in such a case. 1) Since the correspondences are detected
uniquely in the 2D image by virtue of the patterned light
projected by Xtion, corresponding points can be detected
and the distance can be measured even if corresponding
points are not on the epipolar line of the infrared camera
due to the skewed beams [14]. 2) The incidence angle of the
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Fig. 11. Cross-sectional view of the vertical plane, where the projected
beam and the received beam pass through respectively, to represent that the
apparent beams become skewed.
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Fig. 12. Side view of the downward Xtion to represent the configuration
where the difference between the incidence angles of the projected beam
and the received beam is maximized.

projected beam θ1 and the incidence angle of the received
beam θ4 do not differ so much, because the length of the
base line of Xtion is 75 mm, horizontal field of view of the
infrared camera is 58.5 deg, and the minimum measurement
distance is 500 mm. Fig. 12 shows the configuration where
the difference between the skewed beams is maximized. The
difference is 6.95 deg at the maximum, thus it is small
enough.

From the above, the skew of the projected beam and
the received beam is negligible, so the incidence angle of
the beams θ1,θ4 is shown in Eq. (4). Here, we denote the
horizontal measured distance by p, and the height of the
sensor pose by h.

θ1 = θ4 = arctan
p
h

(4)

The horizontal measured distance p is shown in Eq. (5) based
on Fig. 8.

p =

√
d2 +

(
b
2

)2

(5)

Accordingly, the incidence angles of the beams θ1,θ4 are
calculated as Eq. (6) with the horizontal depth position of
the reflection point, denoted by d.

θ1 = θ4 = arctan

√
d2 +

( b
2

)2

h
(6)

Fig. 13 shows the incidence angle of the beams θ1,θ4
versus the horizontal depth position d, calculated based on
Eq. (6) and Fig. 1.
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Finally, according to Eq. (3) and Eq. (6), the height of the
apparent measured point m is calculated as Eq. (7) with the
horizontal depth position d.

m = w−
hw tan

(
arcsin

sin

arctan

√
d2 +

( b
2

)2

h


n

)
√

d2 +
( b

2

)2
(7)

Fig. 14 shows the theoretical height of the apparent
measured point m versus the horizontal depth position d,
calculated based on Eq. (7). For the relative refractive index
n, we substituted the relative refractive index 1.333 of water
to air. In addition, actual measurements from the experiment
in Section III is overlaid in Fig. 14. The results show that
our theory where the measurement of the raised cup bottom
is taken when transparent liquids are measured, which is
described in this section, is consistent with experimental
results. Although there are small errors of approximately 1–2
mm between the theory and actual measurement, the issue is
considered to be caused by the measurement errors of Xtion
and by the errors of manual measurement of the amount
of liquids. Because the amount of liquids is measured and
adjusted by hand, the true values of the actual height of the
liquid surface have errors in ±1 mm approximately.

V. DETECTION OF CUPS AND INTERNAL LIQUIDS

We propose a method to detect the presence of liquids in
cups using the measured height of the liquid surface or the
raised cup bottom. Fig. 15 shows the processing pipeline

of our method to recognize cups on desks and to detect
liquids in cups. First, we measure objects on the desk with
the depth camera and obtain 3D point clouds as the input
data. Next, the proposed method detects the desk plane from
the input data. Then, it extracts the objects on the desk,
and performs the segmentation. The method finds the cup
segments after the segmentation, and detects the presence of
liquids in the cups. Details of the procedure of our method
are described below. We used Point Cloud Library [15] for
the implementation.

A. Detection of a Desk Plane

The proposed method detects planes using RANSAC [16]
from the input point cloud, and removes points that belong
to the plane. In the implementation, the threshold of outlier
rejection of RANSAC was set to 10 mm, and the method
performed RANSAC repeatedly. From the multiple planes
detected, the plane closest to the plane equation of the desk
based on prior knowledge of the mounted angle and height
of the sensor is taken as the desk plane.

B. Extraction of Objects on the Desk

The method subsequently extracts point cloud above the
detected desk plane. Then in this paper, because the max-
imum height of the cups to be recognized is 87 mm, we
remove points that are higher than 100 mm.

C. Segmentation of Point Clouds

We perform the segmentation based on Euclidean distance.
The method selects one point at random, and other points
within the threshold distance are in the same segment. In
this paper, the threshold was set to 40 mm. By repeating this
procedure, the segmentation of each object is performed.

D. Cup Recognition

First, in order to reduce the computational cost of follow-
ing processing, the method rejects objects that are clearly not
cups using the size of the objects. It calculates the distances
from end to end of each segment, and rejects segments that
are too far from the possible values of the cups.

Next, it extracts point clouds in the predetermined height
of the segments, and parallel projects the points to the desk
plane. In this paper, it extracts points in between 40 mm
and 50 mm height. Then, as cups have a circular shape,
the method fits the circle equation to the extracted points
using the least squares method. If the root mean square of
the residual errors and estimated radius of the circle are
within the thresholds, the segments are determined as cup
candidates. In the implementation, the threshold of root mean
square is 40 mm, and the threshold of estimated radius is
between 20 mm and 60 mm.

The method matches multiple segments that are cup can-
didates with the cup templates using ICP (Iterative Closest
Point) algorithm [17]. The template point clouds should
be created by extracting the cups manually in advance.
Segments are matched with each template, and the segments
that have a good evaluation value exceeding the threshold
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are detected as cups. The mean of distances between the
corresponding points of ICP is used for the evaluation value.

E. Extraction of Point Clouds of Liquid Surface or Cup
Bottom and Liquid Detection

Using the radius and the center position of the circle that
has been estimated by the least squares method, the proposed
method extracts point cloud of the liquid surface or the raised
cup bottom. Fig. 16 shows the the concept of the extraction.
The method extracts point cloud within a circle where the
radius is 10 mm smaller than the estimated radius. Then
it calculates the mean of the height of extracted points as
the height of the liquid surface or the raised cup bottom.
If the height is higher than the threshold (the height of the
actual cup bottom) that is included with the cup templates,
the method determines that a liquid is contained in the cup.
The threshold for the cup that was used in Section III was set
to 9 mm based on the results of the fundamental experiments.

Limitations of the proposed method are as follows. It
cannot distinguish between a liquid and a solid filling, e.g.
a cup filled with sugar would be classified as containing a
liquid too. Next, the method cannot estimate liquid depth as
it does not know whether the liquid is transparent or opaque;
it cannot detect the relative refractive index of the liquid.

VI. EVALUATION EXPERIMENTS OF CUP RECOGNITION
AND LIQUID DETECTION

A. Cup Recognition

We compared the proposed method with SAC-IA algo-
rithm using FPFH descriptors [18] in cup recognition. SAC-
IA algorithm is one of the object recognition methods, and
it performs a global matching using the descriptors of 3D
shapes.

Fig. 1 shows the experimental environment. Xtion was
installed on the robot that was placed in front of the desk,

cup

incorrectly

recognized object

Fig. 17. The cup was segmented incorrectly with other object, and was
not recognized.

cup

incorrectly

recognized object

Fig. 18. The cup was occluded behind other object, and was not recognized.

and the empty cup on the desk was measured. We also
placed various objects other than the cup on the desk. First,
we extracted the objects on the desk using the proposed
method. After that, each of the proposed method and SAC-
IA algorithm recognized the cup from the extracted objects.
Placement of the cup and other objects was changed ran-
domly every measurement, and we evaluated the recognition
rate by a total of 20 trials.

The recognition rate of the proposed method was 75%
(15 times success in a total of 20 trials), the one of SAC-IA
algorithm was 20% (4 times success in a total of 20 trials).
Causes of the low recognition rate of SAC-IA algorithm
seem to be the normals that were used for FPFH could not
be calculated accurately due to the measurement error of
Xtion, and incorrect correspondences due to the too simple
shape of the cup. In contrast to SAC-IA, the proposed method
performs circle fitting with the least squares method and ICP
matching for all candidate segments, hence the possibility of
cup recognition is high.

B. Liquid Detection

The proposed method detected the presence of liquids in
the cups after the cup recognition, and we evaluated the
recognition rate. The experimental environment was the same
as the previous subsection. Condition in the cup was a total



TABLE I
RESULTS OF CUP RECOGNITION AND LIQUID DETECTION.

condition in the cup result of the proposed method
cup recognition liquid detection

empty 8 / 10 1 / 8

water 10 mm 7 / 10 7 / 7
water 20 mm 8 / 10 8 / 8
water 30 mm 7 / 10 7 / 7

barley tea 10 mm 8 / 10 8 / 8
barley tea 20 mm 7 / 10 7 / 7
barley tea 30 mm 7 / 10 7 / 7

orange juice 10 mm 7 / 10 7 / 7
orange juice 20 mm 7 / 10 7 / 7
orange juice 30 mm 7 / 10 7 / 7
tomato juice 10 mm 7 / 10 7 / 7
tomato juice 20 mm 8 / 10 8 / 8
tomato juice 30 mm 7 / 10 7 / 7

milk tea 10 mm 7 / 10 7 / 7
milk tea 20 mm 7 / 10 7 / 7
milk tea 30 mm 7 / 10 7 / 7

Placement of the objects was changed randomly every trial.

of 16 cases: empty, water, barley tea, orange juice, tomato
juice, milk tea, with depth of 10, 20, and 30 mm for each
liquid. Transparency was different for each liquid. For each
case, we tried 10 times.

Table I shows the experimental results. There was only one
case of liquid detection failure in all trials: false positive in
the case of the empty cup. Thus, the recognition rate of liquid
detection with the proposed method was 99% (115 times
success in a total of 116 trials). The recognition rate of cup
recognition was from 70% to 80% in each case. Fig. 17, and
18 show examples of failure of cup recognition. In Fig. 17,
the cup was segmented incorrectly with other object, and
was not recognized. In Fig. 18, the cup was occluded behind
other object, and was not recognized. In order to solve these
problems, improvement of the segmentation method, and
measurement from multiple angles are conceivable.

VII. CONCLUSION

When we measure clear liquids from the air with a
depth camera using triangulation, a shape different from
the actual shape is measured due to the refraction of light.
The measurement results are also different depending on the
transparency of the liquids. In this paper, we evaluated the
measurement results of transparent and opaque liquids in
various degrees, and investigated how the measured shape
was changed. Then, we presented the theoretical background
based on the principle of light refraction and triangulation,
and confirmed that the theory was consistent with the ex-
perimental results. Furthermore, we proposed a method to
recognize cups on desks and to detect liquids in the cups with
this characteristic of depth cameras using triangulation. The
proposed method is capable of liquid detection in cups using
only one framework for various degrees of transparency.

In this paper, we performed comparative experiments of
cup recognition using the proposed method and SAC-IA al-
gorithm, and showed the superiority of our method. We also
performed experiments for liquid detection, and showed the

proposed method can detect liquids of various transparency
in the cups. In particular, the greatest contribution of this
paper is success of the detection of clear and colorless water.
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