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Abstract

The present paper describes a procedure to measure the velocity vector (3D) of a spherical object using
an electro-optical device configured as a single large detection area optical barrier. The proposed procedure
allows a measurement accuracy up to 0.1% in some cases and presents several advantages in relation to
other measurement procedures like image processing, doppler-radar and some other electro-optical devices.
The procedure is independent of the relative position of the measurement device in relation to the object
trajectory. The fact of using a single optical barrier reduces the space required in the movement direction
and increase the cases where the device can be used. A prototype has been built and tested.

Keywords: velocity measurement, optoelectronic, optical barrier, non contact measurement.

1 Introduction

There are many applications that require the measurement of some dynamical parameters for a moving object
of known geometry. These applications include the training of sports using balls, ballistics and aeronautical
ones. In particular, the velocity vector is the most important dynamical parameter. For small objects or in the
case that it is not possible to install a measurement device on it, external procedures are required to measure
the required parameters. There are several non contact measurement methods, some based on image processing
[1, 2], using doppler-radar devices [3, 4, 5] or any type of electro-optical device configured as optical barriers
[6, 7, 8]. The methods based on image processing use high speed cameras to record the movement and extract
the information of the time used by the object to fly across a known distance and then, the velocity is calculated.
This procedure presents some drawbacks because it is not easy to perform the image recognition on real-time,
it requires expensive high speed cameras and it is highly dependant on the position of the camera in relation
to the object trajectory. Most of the methods use electro-optical devices because they have a lower cost than
cameras or doppler-radar devices, moreover they allow to make instantaneous calculations. The typical setup
used on ballistics [9, 10, 11] maintain the problem of the dependency with the position of the measurement
device in relation to the object trajectory and they only measure the velocity in one direction component.

The present work shows a method to measure the three components of the velocity vector (vx, vy, vz) using
a single large detection area optical barrier [12, 13, 14]. The procedure does not depend on the relative position
of the device in relation with the trajectory of the object. The independence of the position and the fact of
using a large detection area device increases the cases in which the device can be used. The method allows real
time calculation and, placing several optical barriers one behind the other at known separation distances, it is
possible to measure the velocity in two known points and then calculate the acceleration.

This paper is structured as follows. Section 2 presents the theoretical model developed. Section 3 presents
the validation of the proposed model using two procedures, a numerical simulation and real measurements using
a prototype. Finally, section 4 presents the conclusions.
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2 Theoretical Model

A large detection area optical barrier consists on several beams (each composed by a transmitter and a receiver)
forming a plane. Figure 1 shows the axis convention used. There is a fixed separation between consecutive
beams dsep.

Figure 1: Axis convention in an optical barrier.

When an object passes through the optical barrier, the beams are cut and keep in this state until the object
has passed. Let call sensor to each beam and activation to the fact that a beam is cut by an object. If the
object diameter is known, measuring the time that a beam is activated, the object velocity in the X direction
(perpendicular to the barrier plane) is easily calculated. But the time a detector is activated is not enough
to calculate the velocity in the Y direction. If the object velocity has no Y component, that means that is
passing through the detection area perpendicularly. Let be θ the angle of the object incidence from the X axis.
Component vy 6= 0 means θ 6= 0.

An optical barrier can be represented by equation (1). The detectors are placed along the Y axis with a
fixed dsep distance between each adjacent ones.

{

x = 0
y = ndsep n = 0,±1,±2, . . .

(1)

A spherical object is characterized by its center position and its radius r. If the object has a velocity
v = (vx, vy) (XY plane is considered) and departs from an initial point (x0, y0) it is described by equation (2).

(x− (x0 + vxt))
2 + (y − (y0 + vyt))

2 = r2 (2)

The time that the detectors of the optical barrier are activated and deactivated corresponds to the values
of the equation system composed by equations (1) and (2).

t2(v2x + v2y)+
t(−2xvx − 2yvy + 2x0vx + 2y0vy)+

(x2 + y2 − 2xx0 − 2yy0 + x2

0
+ y2

0
− r2) = 0

(3)

Equation (4) and (5) is the solution and gives the activation and deactivation time for each detector that is
affected by the object movement.

t =
−B ±

√
B2 − 4AC

2A
(4)







A = (v2x + v2y)
B = −2xvx − 2yvy + 2x0vx + 2y0vy
C = x2 + y2 − 2xx0 − 2yy0 + x2

0
+ y2

0
− r2

(5)



Using equation (4) for two cases, one with v = 1 m/s and θ = 0 rad and a second one with v = 1 m/s and
θ = pi/8 rad, values shown on table 1 and 2 are obtained. The column ’Middle’ corresponds to the instant time
the center of the object (middle point because the symetry of the object) passes through the detector and it is
calculated as the center of the interval between activation and deactivation time.

Detector Act. (s) Deact. (s) Duration (s) Middle (s)

5 0.16 0.24 0.08 0.20

4 0.10 0.30 0.19 0.20

3 0.09 0.31 0.22 0.20

2 0.10 0.30 0.19 0.20

1 0.16 0.24 0.08 0.20

Table 1: Activation and deactivation time for v = 1m/s and θ = 0.

Detector Act. (s) Deact. (s) Duration (s) Middle (s)

4 0.11 0.26 0.15 0.19

3 0.10 0.31 0.21 0.20

2 0.12 0.33 0.21 0.22

1 0.15 0.33 0.18 0.24

Table 2: Activation and deactivation time for v = 1m/s and θ = pi/8.

The maximum time a detector is activated is the same in both cases. This is because the object symmetry.
The maximum time always corresponds to the diameter transit and in both cases is the same. The difference in
both cases is on the time the detectors start being activated. If the object has an incidence angle (the trajectory
is not perpendicular to the detectors plane) the time a detector starts the detection is delayed or advanced with
respect to the perpendicular case. So the time difference between the activation of consecutive detectors gives
information about the incidence angle.

Taking the symmetry axis that passes through the middle of the object, its time correspond to the ’Middle’
column. When the object has a perpendicular trajectory, all the detectors are activated at the same time (by the
line of centers). If the object has a trajectory with certain angle, the instant a detector is activated in relation
to other changes. Figure 2 shows the geometry in the instant a detector (#1) is activated. To activate the
second detector (#2) the object must travel de distance d. This distance is vt12, where t12 is the time difference
between the activation of two consecutive detectors and v the velocity in the direction of the movement.

Figure 2: Detector activation geometry

The velocity in the movement direction is given by (6) where ddiam is the diameter of the object and tmax

is the maximum time a detector is activated and corresponds, because of the symetry of the object, to the
diameter.



v =
ddiam
tmax

(6)

The angle of incidence θ is, from the geometry of figure 2:

sin θ =
d

dsep
=

vt12
dsep

=
(ddiam/tmax)t12

dsep
=

ddiamt12
tmaxdsep

(7)

θ = arcsin

(

ddiamt12
tmaxdsep

)

(8)

With the values of v and θ the values of vx and vy are obtained using (9) and (10).

vx = v cos θ (9)

vy = v sin θ (10)

Each pair of detectors activated by the moving object gives a velocity value because the calculation is based
on time differences between consecutive detectors. n − 1 velocity values are obtained and the mean value is
taken. An optical barrier with a line of detectors (along one axis), for example on the Y axis, gives two velocity
components, vx and vy. To obtain the third component, a second line of detectors, along the Z axis, is needed.
This second line of detectors will provide, again the vx component and the vz one. Both vx velocities must be
the same. The final velocity is then given by (11):

v =
√

v2x + v2y + v2z (11)

2.1 Error sources

The values of vx and vy depend on the calculated values of v and θ. The error of v and θ depends on the error
in ddiam, tmax, t12. dsep is considered with no error. The absolute error values for the time magnitudes (εtmax

and εt12) are determined by the time response of the optical device and the electronic circuitry used on the real
measurement device. There is an error in the ddiam value because a finite number of detector are used (it is
not a continuous barrier) and there is a gap between them. Figure 3 shows on the left the best case, when the
diameter of the object is aligned with a detector. On the right the worst case is shown. The diameter of the
object passes through the gap between detectors, so the time used to calculate the speed with the known value
of the diameter does not really correspond to the real diameter transit.

Figure 3: Error caused by the gap between detectors

Figure 4 shows the distance rerr that corresponds to the error in the radius. The value is calculated from the
rectangle formed by derr, dsep/2 and r. Equation (12) gives the rerr value and (13) and (14) gives the absolute
and relative error for ddiam.



Figure 4: Diameter error in the worst case

rerr = r − derr = r −

√

r2 −
(

dsep
2

)2

(12)

εdiam = 2rerr (13)

εdiam(%) =
εdiam
2r

100 (14)

The error for an object of a fixed radio depends on the relation between dsep and r. As the ratio dsep/r
increases, the error also increases because rerr is increased.

Table 3 shows the error for the object diameter (εdiam) for an object of a given diameter (r = 0.10 m) for
several values of dsep. In the case that dsep value is 0.01m the error is as low as 0.11%.

dsep Abs.Err. (m) Rel.Err(%)

0.00 0.0000 0.00

0.01 0.0002 0.11

0.02 0.0009 0.43

0.03 0.0021 0.97

0.04 0.0037 1.72

0.05 0.0059 2.70

0.06 0.0085 3.92

Table 3: Error due to the distance among detectors.

Regarding the minimum number of detectors required, only two are enough to calculate the velocity but,
because the error produced by the gap between detectors, if the diameter of the object is similar to this gap,
the situation is similar to the one in which the gap is very high. So the number of required detectors determine
the measure error.

The object diameter is considered as a known parameter but it can be calculated based on the number of
activated detectors. In this case, the εdiam is incremented in dsep/2.

Because the method applies some calculations based on the time magnitudes, that are the real ones directly
measured, the uncertainly of the calculated values is given by the error propagation theory.

3 Testing the model

Two procedures have been used to validate the theoretical model described on section 2. The first method uses
a numerical simulation applying the obtained equations. The second method uses a prototype of optical barrier
to measure actual moving objects and compares the calculated velocity with the real one.



3.1 Simulation

A Matlab simulation has been developed to test the model. Using equations (1) and (2) to calculate the time a
beam is cut and released for an object with a known velocity vector. The initial velocity vector is reconstructed
from the time value calculated and then compared with the initial value. The simulation allows to configure the
best or worst case situation. The error is obtained comparing both values. The following Matlab code calculates
v and θ from the time values.

Figure 5: Matlab code to calculate v and θ.

The function receives the object diameter r, the distance between a pair of detectors dsep, a list with the
time the detectors have been cut tin and a list with the time the detectors have been released tout.

3.1.1 Simulation results

Several cases have been tested using the simulation. The difference between the best and worst cases has been
checked for an object that passes through the optical barrier with a perpendicular trajectory using dsep = 0.05
m. In the best case the diameter was aligned with a beam and in the worst case, the diameter passes through
the middle of the gap. In the best case the error is negligible and in the worst case is 2.78%. This agrees with
the expected value given by the equation 14 for the given dsep value.

Several simulations have been executed for different incidence angles (from 0 to 60 degrees) using three
different velocities. A low one of 1m/s, a high speed of 70m/s in the range of the ones used in sports, and an
intermediate value of 30m/s. The results obtained using two different dsep values and in the best and worst
cases are shown in table 4.

v dsep Case ε(%)

1 0.05 best 0

1 0.01 best 0

30 0.05 best 0 (< 1× 10−8)

30 0.01 best 0 (< 1× 10−8)

70 0.05 best 0 (< 1× 10−8)

70 0.01 best 0 (< 1× 10−8)

1 0.05 worst 2.7

1 0.01 worst 0.1

30 0.05 worst 2.7

30 0.01 worst 0.1

70 0.05 worst 2.7

70 0.01 worst 0.1

Table 4: Simulation results.

In the best case, the model gives the right velocity value without error (in the order of 1e− 8) produced by
the calculation rounds. In the worst case, the obtained errors are in the range shown in table 3. For low values



of dsep the value is as low as 0.1% and gets increased as dsep is increased reaching 2.7% in the case dsep = 0.05
m.

3.2 Experimental test

To measure the three velocity components the optical barrier needs two lines of detectors, one along the Y axis
to get the vx and vy components and the second along the Z axis to get the vx and vz components. The optical
barrier measures the instant each detector is activated and deactivated and the relative time among beams.

The following subsections describe the developed hardware and software for the optical barrier.

3.2.1 Prototype

Figure 6 shows the basic hardware structure for the developed optical barrier. There are a set of emitters and
receivers and a control CPU. This CPU is connected to an external computer using a RS232/USB port. The
barrier also includes an external synchronization line to synchronize measures with other optical barrier.

Figure 6: Optical barrier hardware blocks diagram.

Basic barrier parameters are dsep = 0.05 m and εtime = 0.0002 s.
The emitters are lasers Z-Bolt ACC [15]. The main characteristics are Class IIIa, wavelength of 650 nm and

power < 5mW . The receiver are phototransistors Vishay BPV-11 [16]. The main characteristics are sensibility
in all the visible spectrum, and activation and deactivation times in the order of 5µs. The CPU used is the
microcontroller PIC18F452 from Microchip [17].

Figure 7 shows the schematics for the emitter and receiver blocks. The ACT LASERS line from the CPU
activates/deactivates a relay that connects the power supply of the emitters. The collector of the phototransistors
(lines Vo1...VoN) are connected to digital inputs in the CPU. The schema shown in Figure 7 is duplicated, one
for each detector lines (horizontal and vertical).



Figure 7: Emitters and Receivers block schematics.

To avoid the effect of the ambient light in the receivers a novel approach have been used. Instead of
using the common procedure of modulating the beam, because the delays introduced by the demodulation, the
phototransistors are placed inside a small pinhole cameras. The pinhole camera reduces the light that reaches
the sensor but allows the beam to pass through the hole.

An important component of the optical barrier is the software. Two different softwares have been developed:

• The firmware that runs on the microcontroller CPU in the optical barrier.

• The software that runs on a external computer.

The firmware is responsible to activate/deactivate lasers and to measure the activation and deactivation
times. A communication protocol has been defined to send commands to execute actions and retrieve the
measured data. The sofware that runs on a external computer is responsible of the user interface and the
calculation and it gets connected to the barrier through a RS232/USB interface. It sends the commands to the
optical barrier to retrieve the measured data and performs the velocity calculation with the received information.
The application handles up to two optical barriers. Figure 8 shows the main application window.

Figure 8: Control computer application.

3.2.2 Prototype results

To validate the method the velocity value measured by an optical barrier is compared with the value of the
velocity calculated with other method. As second method, the velocity is calculated measuring the time used



by the object to fly between two points at a fixed known distance. This second method gives the mean value of
the velocity component in the X axis in the considered space. Let call it vx12. Two optical barrier are used, one
on each of the points, to give the time instants to use in the second method calculation and the velocity vector
in each point. From the velocity vector in each point, the mean value for the velocity component in the X axis
can be calculated as vx = (vx1+vx2)/2 when vx1 and vx2 are the X components for the velocity values obtained
in each of the optical barriers. If the distance between the optical barriers is df and the times the object cut
the barrier are tin1 and tin2, the velocity value for the second method is: vx12 = df/(tin2 − tin1). vx12 and vx
values must be the same.

Two optical barriers, like the ones described in 3.2.1, with df = 1m were used. Table 5 shows some velocity
measures for low velocity range. The velocities are in m/s and the time values in s. Table 6 shows the error
values.

Test vx1 vx2 vx tin1 tin2 vx12

1 4.40 4.34 4.37 1.67 1.90 4.48

2 6.36 6.28 6.32 1.61 1.76 6.49

3 8.24 8.08 8.16 1.42 1.53 8.39

4 9.39 9.38 9.39 1.52 1.62 9.52

Table 5: Prototypes results for velocity.

Test ε ε(%)

1 0.12 2.56

2 0.16 2.53

3 0.23 2.72

4 0.14 1.46

Table 6: Errors for the measured values.

The difference (ε(%)) is in the expected range because of the error introduced by a dsep = 0.05 m.

4 Conclusions

A procedure to measure the velocity vector (vx, vy, vz) of an object with known geometry using a unique large
detection area optical barrier has been presented. The procedure introduces advantages in comparison with
other procedures to measure the velocity vector of moving objects. If a non-continuous barrier is used, the
separation between the detectors is the main factor for the measurement error. An error of less than 0.1% can
be achieved with a separation of 1 cm. Using a single optical barrier reduces the required space in the movement
direction, increasing the cases the device can be used. The method has been tested with spherical objects, in
particular soccer balls, but the method can be easily extended to other geometries. In relation with the design
of the optical barrier, a new approach has been used to isolate the detector to the ambient light based on small
pinhole cameras.
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Fig. 1: Axis convention in an optical barrier. 

Fig. 2: Detector activation geometry. 

Fig. 3: Error caused by the gap between detectors. 

Fig. 4: Diameter error in the worst case. 

Fig. 5: Matlab code to calculate v and θ. 

Fig. 6: Optical barrier Hardware blocks diagram. 

Fig. 7: Emitters and receivers block schematics. 

Fig. 8: Control computer application. 
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