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Abstract

The amplitude response of infrared (IR) sensors based on reflected amplitude of the surrounding objects is non-I
depends on the reflectance characteristics of the object surface. As a result, the main use of IR sensors in robo
obstacle avoidance. Nevertheless, their inherently fast response is very attractive for enhancing the real-time oper
mobile robot in, for instance, map building tasks. Thus, it seems that the development of new low-cost IR sensor:
accurately measure distances with reduced response times is worth researching. In this paper, a new IR sensor bz
light intensity back-scattered from objects and able to measure distances of up to 1 m is described. Also, the senso
described and the expected errors in distance estimates are analysed and modelled. Finally, the experimental resul
are discussed. © 2002 Published by Elsevier Science B.\V.
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1. Introduction for distances up to 10 if@]), but these are, in genera
very expensive.

Infrared (IR) sensors are widely used as proxim-  US sensors are widely used for distance meas
ity sensors and for obstacle avoidance in robotics. ment purposes. They offer low cost and a precis
They offer lower cost and faster response times than of less than 1cm in distance measurements of u
ultrasonic (US) sensors. However, because of their 6 m [1,4]. However, the most popular method us
non-linear behaviour and their dependence on the re-in these measurements is based on the time of fl
flectance of surrounding objects, measurements based ToF) measurement. This ToF is the time elapsed
on the intensity of the back-scattered IR light are very tween the emission and subsequent arrival after
imprecise for ranging purposes. For this reason, en- flection of a US pulse train travelling at the speed
vironment maps made with this type of sensor are of sound (approximately 340 m/s). This causes large
poor quality, and IR sensors are almost exclusively sponse times (35ms for objects placed 6 m away)
used as proximity detectors in mobile robots. How- a single measurement. Moreover, the transducers |
ever, some IR sensors described in the bibliography in robotics have wide angular sensitivity lobes {3t
are based on the measurement of the phase shift, andypically), and offer poor angular resolution.
offer medium resolution at long ranges (about 5cm IR sensors using reflected light intensity to estim:

the distance from an object are not common, and ¢

a small number have been reported in the bibliog
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mobile robot. Also, highly directional transducers are uncertainties ranging from 0.1 mm for near objects
commercially available, giving better angular resolu- 10cm for distant objects, being typically 1.2 cm ol
tion than US transducers. Thus, it seems that the de-jects placed at 50 cm.
velopment of new low-cost IR sensors capable of ac-  The organisation of this paper is as follov&ection
curately measuring distances with reduced response2 describes the IR sensor and its main characterist
times is worth researching. Some low cost IR sensors in Section 3a simplified model with only one param
based on the intensity of the reflected light have been eter (reflectivity coefficient;) is used to describe the
reported. The sensor describi9] has poor range  sensor response as a function of distance and the
resolution and is only applicable for short distances gle of incidenceSection 4describes the expected el
(under 25 cm). If10] a sensor offering an accuracy of rors in obtaining distance measurements using the
0.5cm is described, but it only works over short dis- sensor—expressed as a function of the reading no
tances (docking), and uses a priori known passive re- distance, and angle of incidenc®ection 5describes
flectors as position references.[i, several IR-based a simple and accurate method to estimatecdthea-
distance sensors are analysed and compared, but noneameter, using US data readings as a complemen
is fully satisfactory. In fact, the main application for IR source of information. Also, in this section the influ
sensors in mobile robots is collision avoidance rather ence of thex; parameter on the estimated distance
than active range sensing. studied. Finally, irSection 6 the results obtained from
In an unknown environment, it is not possible to several validation tests are described and discusse
make valid assumptions about the nature of the sur-
face properties of objects, and additional information
sources are needed to obtain the relevant parameter®. Description of the IR sensor
of the surfaces. More specifically, to interpret sensor
output as a distance measurement it is necessary to The IR sensor has been developed as a part
know how a given surface scatters, reflects, and ab- a mobile robot prototype called YAIR. This robot
sorbs IR energjB]. Thus, to use IR inan unknown en- s a multi-sensor prototype being developed for r
vironment, the surface properties must be determined search in several issues related with real-time d
during robot operation. tributed systems. YAIR has two main types of se
US sensors can be used as a complementary sourcgors for map-building and object location: an US rt
of information to determine the surface properties. tary sensor placed on top, and a ring of 16 IR se
This co-operation between the US and IR sensors is sors distributed in eight pairs around the perimeter
not a new idea. In a classic pagBl, a navigation sys-  the robot, as shown iffig. 1. Each pair of sensors
tem that combines information from these two sensors is centred at each edge of the octagon, with 15¢cm
to build a more accurate map is described. US and IR separation between them. The sensitivity lobes (cor
sensors are frequently used in a complementary way, sponding to 50% of amplitude response) are also rt
where the advantages of one compensate for the disadtesented in this figure. The maximum detection ran
vantages of the other. [[8], an IR sensor requiring a s approximately 1 m. The US sensor can measure
great deal of US co-operation to estimate the distance tances with a precision of less than 1 cm, and with
and angle of incidence from an object is described. angular positioning resolution of .8Response times
In this paper, a new type of IR sensor is described. vary from 15 ms for a single measurement to 2.5s 1
Itis suitable for distance estimation and map building. a complete circular scag].
Amplitude response as a function of distance and an- The IR sensors of the YAIR robot are based on t
gle of incidence is easily formulated using a model that direct measurement of the magnitude of the IR lig
needs only one parameter: the IR reflection coefficient that is back-scattered from a surface placed in frc
of the target surface. Once an object has been mod-of the sensor. Assuming perfect diffuse behaviour
elled and identified, its distance from the IR sensor can
_be obtained in _succes_swe readings, within 2 ms (typ- "1 YAIR stands for Yet Another Intelligent Robot, and is currentl
ical response time). Distance measurements with this peing developed under the grant CICYT TAP98-0333-C03-02 frc
sensor can vary from a few centimetres to 1 m, with the Spanish government.
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Fig. 1. Layout of the YAIR infrared ring. Shadowed sectors show
the sensitivity lobes.

the surface, the signal amplitude received is not linear
with the distance, and follows an inverse square law

[6] that depends on the distance to the object, angle

of incidence, and the reflectance of the surface.

Each sensor consists of two highly directional IR
LED emitters and one PIN photodiode with a plastic
daylight filter housing. The IR LEDs are connected in
series with a resistor and driven by a NMOS transistor
that is activated using a TTL compatible logic signal.
The total IR LEDs current is 100 mA during the ac-
tivation of the emission. Only one of the 16 pairs of
LEDs is activated at each time. The equivalent dia-
gram for one sensor can be seerfig. 2

3

sity (80 mW/sr at 100 mA). The receiver photodioc
is a fast device and has good spectral sensitiv
(50pA/(mW/cm?) at 900 nm), with a sensitive lobe
of £20°. The combination of the emitter—receiver ca
detect and measure distances to targets placed u
1m apart.

If an object is placed in front of the sensor, th
reflected light reaches the photodiode, and the ¢
responding photocurrent produces a voltage acros
resistor placed in series with it. The voltage outp
of each one of the 16 sensors is multiplexed using
solid-state, low on-resistance, precision analogue m
tiplexer. This multiplexed voltage is amplified by
precision amplifier with adjustable gain and offse
giving an output voltage that ranges from 0V (no ol
ject) to 5V (white target placed at 10 cm). As the an
plifier circuit usest12 V DC voltage supply, the out-
put is linear within the whole output range, and n
saturation is produced in the output signal. This at
plified voltage is converted using a 10 bit semi-fla:
A/D converter with a total conversion time ofuk.

3. Sensor model

The sensor output follows very closely the photor
etry inverse square layg]. Thus, a simple equation
can be used to model the sensor output 6) as a
function of the distanca and the angle of incidence
6 with the target surface:

s(x, 0) = —cos@ + B, 1)

The IR emitter has been chosen because it haswherea and g are the model parameters. Thepa-

a narrow half-angle £10°) and high radiant inten-

rameter includes: the radiant intensity of the IR em

VA 4 R
+Vee +Vee
IR LEDs h Plg. 4
photodiode High-gain
precision amplifier
IR activation Output

-—| H Gain Adjust

Fig. 2. Equivalent diagram of a single IR sensor. The IR activation and the output signals are multiplexed.
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ters, the spectral sensitivity of the photodiode, the gain ence of a target in its sensitivity zone, the first a
of the amplifier, and the reflectivity coefficient of the proach is to suppose®@as angle of incidence. Thus
target. The first three factors are constant, but the lastthe distance will be overestimated by a factor of €0s
factor is target dependent. Thus, the parametean The greater the angle of incidence, the greater is
be expressed as the product of two parametgrand error obtained in the distance estimation. This mak
a;, being ap constant for all the measurements and it unadvisable to use this data to build an environme
expressed in Vi ande;, a dimensionless reflectiv-  map, and a method to estimate the angle of incidet
ity coefficient that can vary from O (black target) to 1 must be used. As shown Ifig. 1, the IR sensors are
(white target). This parameter can be expressed as grouped into eight equally oriented pairs. Using tt
readings of one of these groups, a good estimate
the distancex and the angle of incidendecan be ob-
The g parameter equals the amplifier’s offset plus am- tained as follows.

bient light effect. It can be obtained by taking a read-  Fig. 3shows a schematic of a group of two IR sel
ing without IR emission. Under these conditions, this Sors, measuring a flat surface with an angle of in
reading will correspond with the value of the param- dencef. Each sensor amplifies and measures the v
eter 8. A new reading is taken immediately after IR ues of the signalg; andy,. As the angle of incidence
emission is activated. By subtracting the previous read- is unknown, false estimatae$ andx’, for each distance
ing, a signal without offsep is obtained. Thus, the  are obtained assumirtg= 0° as a first approach:
influence of all the light sources, even fluorescent or o . s

incandescent lights, can be removed. By naming this X1 = \/; Xy = \/g (5)
‘cleaned’ signal ay, Eq. (1) can be rewritten as

o = oo 2

o To simplify subsequent expressions, the ratband
y(x, 0) =s(x,0) — B = ;COS& 3 R are defined as follows:

/ /
The influence of the angle of incidence is modelled R = i _xz, G (6)
in the above equations using the factor goassum- L L
ing near-Lambertian perfect diffuse behaviour of the and, fromFig. 3, the following expression can be writ;
surfaces, following Lambert's cosine I§6]. This as-  ten to obtain the apparent angle of incidefte
sumption is invalid on some polished surfaces, butin 540’ — g’ @)
our experience, most of the examined surfaces have

shown satisfactory closeness to this law for angle val- This angleé’ is close to, but is not, the true angl

ues in the range{45°, +45°]. More complete mod-
els such as the Phong mod8] can be used instead,

of incidenced. As shown inFig. 3, the true angle of
incidence can be expressed as

but they require more parameters to define the model {59 — g (8)

and more complicated procedures to obtain these pa-

rameters.

3.1. Model of the environment: Estimation of the
angle of incidence 6

The distance between the IR sensor and an object

can be estimated from the value of the readingsing
Eq. (3) as follows:

X = /;cos@: \/E«/cose. (4)

However, in real environments, the angle of incidence )
. . . /
is a priori unknown. If an IR sensor detects the pres- (R)?C0S 6 + cos g — 1= 0.

and fromEq. (4) the following relationships can be
established:

X1 = x7v/€0SY, x2 = X,/ €0S,
R = R'v/cosb. 9)

Now, using these relationship€q. (8) can be
re-written as

tand = R'+/cosb.

Therefore, to obtaim, the following equations must
be solved:

(10)

11)
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Pair of IR

Target surface

Fig. 3. Diagram for the angle of incidence estimation using two equally oriented IR sensors.

This implies solving a cubic equation in agswhose

that only angles betweer45 and 45 are of in-

solution can be found in numerous maths books, but terest for this study, given that the octagonal layc
its exact solution implies a large amount of calculus. of the IR ring of YAIR makes it difficult to obtain
A faster approach can be used instead. Notice that in greater angles of incidence within the range of 1 m
the above reasoning, the goal is to obtain the value distance.)

of 8 from the value of the ratid?R calculated from

After the estimation of the angle of incidence, it i

the readings, and this implies solving a cubic equation now possible to obtain the compensated distamges

(11). However, if the goal were to obtaR from 6,
the solution would be trivial, re-writing the previous
equation (10) as follows:
tané
R = : 12
o (12)
Using the above equation (12), a set of valuesRof
can be obtained from a set of valueipthus obtain-
ing a set of pairsR, 0) that can be used as a look-up
table to compute® by means a of simple linear in-
terpolation Alternatively, if an algebraic equation to

obtaing is preferred, it is a simple matter to adjust the

above-mentioned set of pair®( 6) to an expression

in the form:
6 =aR +bR>. (13)

In Fig. 4, a set of 100 pairs of value&/( 6) has been
plotted, corresponding with values ®in the interval

[—45°, 45°]. This set of values has been adjusted us-

ing least-squares fit to determimeandb in Eq. (13)
yielding the following resultsa = 53.345441,b =
—11.905434, with a standard error of 0.5830191

andxp, using the following formula:

x1 = x7+/c0s, x2 = Xx5+/C0S0, (14)

and the mean distancecan be calculated as follows
1 1

X =5%1 + x2 = Ex’l + x5+/Ccosb. (15)

4. Sources of error in distance estimates

Eg. (4)can be used to obtain an estimate of the d
tancex from the sensor reading) the angle of inci-
dence §), and the reflectance coefficient of the targ
(o). Uncertainty in any of these values will produc
uncertainty in the distance estimate. Assuming that
is a parameter that can be estimated with sufficie
precision (using other available sensory data, as |
plained later), the main sources of error are the no
in the measuremeat, and the uncertainty in the angle
of incidence,sy. Thus, naming,, as the error com-
ponent caused by the noise in the readingande.y
as the error component due to the error in the an

and a correlation coefficient of 0.9997581. (Note Of incidence estimation, the following equation ca
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Fig. 4. Plot of the values of the angle of incidentas a function of the rati& .

be written:
ox ox

&x = &xy + &xp = 5% + @89. (16)

and taking partial derivatives with respectyt@ndé

in Eq. (4) the following expressions can be obtained

for the uncertainty of the estimate of the distange
3

X
- , 17
&xy 20cos0 (17)
Exp = —)—thaneé‘g, (18)

3

X X

= — — —tanbsy. 19
2ucoss 2 el (19)

Assuming that, andeg are zero-mean, Gaussian, and

uncorrelated noises with standard deviatiensand

op, respectively, the standard deviation of the total

uncertainty can be expressed as

x3 2 X 2
Ox = /(mUy) + (EIanQOP) o (20)

Some considerations on the magnitude of the errors

4.1. Uncertainty ¢, in the readings

The value of the reading includes a noises,
that is mainly due to the quantisation noise plus t
amplification noise. It can be assumed that this no
is zero-mean and Gaussian. In the following disctL
sion, normal incidence white targets are assum
(cosh = 1 andw; = 1). Under these restrictions
and taking absolute valueBq. (17)can be rewritten
as

3

x
£x0- = 5 £y (21)

This shows that the uncertainty,o in the distance es-
timation grows quickly with the cube of the distange
and is inversely proportional to the parameteiThis
relationship can also be used to evaluate the dista
Xmax that will produce a given maximum error in the
distance estimates{ymax). Naming xmin as the dis-
tance that produces the full-scale readingaf) when
a white targetd; = 1, « = «p) is used, the following
expression can be obtained frdag. (4}

produced in the distance estimation and their relation- , .. — | @0 , (22)
Ymax

ships are described below.
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and the value o#o can be obtained as and from the relationship between, and ¢, ex-
_ .2 pressed irEq. (21) the following expression can be
= . 23

0 = minYmax (23) obtained:

and substitutingeq. (23)for Eqg. (21)and resolving 3 3

Xmax it is finally possible to obtain for a white target  tan(g + ¢¢) = tan + —— £y — £y, (26)

and zero angle of incidence, the value of the maximum 2oL 2oL

distance Xmax) measurable with a given uncertainty Moreover, taking into account the additive ne

€ : , .
(exyma) ture of noise and assuming thaj; and e,, are

22 ¢ non-correlated, with the same varianeg?, the fol-
Xmax = ] —min=Xymax (24) lowing expression can be obtained for the standz
€/ ymax deviation of the angular noise: ;

Under the assumption that the quantisation error is
the main part of the noise,, the termes,/ymax can oy = arctan(tan@ +
be viewed as the effective resolution of the A/D
converter. Thus, the full-scale ranggay of the sen-
sor will be a compromise between the acceptable
error in distance estimation, the minimum distance,
and the effective bits of the A/D converter. As an
example, by taking 10cm agymin, 5¢mM asexymax
and a 10bit converterEg. (24) gives a maximum 1 1
range of about 1m. In addition, if the A/D resolu- ¥1 =X+ SLtano, xz =X — s Ltané. (28)
tion is 12 bit, then the maximum range obtained is
1.6m.

However, it is necessary to point out that it is not 4.3. Total error in the distance estimation
possible to reduce the noise without limitation, as the
amplification noise has a non-zero value. In fact, it  In Eq. (20)the expected standard deviation in di
is difficult to reduce the noise in the measurement to tance estimation has been expressed as a functio
below 5mV. For this reason, if the full scale reading the standard deviation of the reading ersqr the an-
(Ymax) is 5V, a 10bit A/D converter seems to be a gular erroroy, the distance, and the angle of inci-.

Vx18 + x26) — 0.

(27)

O'y
2aL cosH

Note that in the above expressioq,andx, can also
be expressed as a function of the mean distanee
(x1 + x2)/2 as follows:

good choice. denced. Moreover,Eq. (27) shows the relationship
betweensy and o,. Thus, for a giveno,, the ex-
4.2. Uncertainty in the angle of incidence pected error obtained in the distance estimation c

be modelled usindegs. (20) and (27)and will ulti-

FromEq. (4) itis evident that the angle of incidence Mately depend on the mean distanceand the an-
plays an important role in distance estimation. The 9l€ Of incidence). As an example, irfrig. 5, the val- -
uncertaintye in the value of the angle of incidenée ues of the standard deviation of the error predicted

produces an errar,g in the distance estimate that has this model corresponding to a value of = 6mV
been expressed &g, (17) have been plotted (this is the value obtalngd in t

The above described method to obtgilas been €@l measurements for the prototype examined),
based on the readings andy, and therefore, is af-  distances ranging between 10cm and 1 m and for
fected by the uncertainty on these values caused bydes Of incidence betweer45” and +45°. As can
noisee,. Thus, fromFig. 3, the following expression be seen irFig. 5 the minimum standard deviation o

can be written to obtain the relationship betwegn  €rrors are produced with zero angle of incidence
being 6¢cm at 1 m of distance, 1cm at 55cm, a

ande,: _ _ .
0.5cm at 20cm. This error increases with the a
fan@ + £¢) = (X1 + €x1y) z (x2+8x2y)’ (25) (ilfn of incidence and reaches 12.5cm 45 at
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Fig. 5. Standard deviation of the distance measurements predicted by the model described as a function of the mean distance tc
and the angle of incidence.

5. Modelling the objects in the scene: Estimation 5.1. Effects of uncertainty in «;
of the o parameter
Throughout this paper, an exact knowledge of tl
In the previous section, a priori knowledge @f value of ¢; is assumed, and a suitable method h
ande; are assumed. A is constant for each sensor been described to obtain its value using US data. Hc
and can be calculated usifgy. (23) the only param- ever, it can be of interest to study the dependence
eter to be determined ig (the relative IR reflectivity ~ the uncertainty on the distance estimates as a fu
coefficient of the surface). To determine its value one tion of the uncertainty iny; In practical situations,
must have additional sensory data. If US sensors areduring a robot walk, single dark surfaces with ur
available, as is the case of YAIR, it is easy to obtain known values oty; can be reached. Under these co
reasonably good values faf. The method is simple:  ditions, this object will be classified as too distant |
once a new object is localised, normal incidence is collide. ‘
reached by means of rotation of the robot (the normal  In a real scene, values af can greatly vary, mean-
incidence is obtained when the readings of the two ing that typical relative errors ir; can reach up to
IR sensors are of the same value). Then, the US dis- £40% if no method—such as that described in tr
tance valueX) is estimated with sufficient precision. paper—is used to measure them. This is the case ¢
An estimate ofx; can be obtained using the following surface witha; = 0.7, but with a value ofy; = 1 or

equation: o; = 0.4 being used instead. Thus, a derivative-bas
T2 method to obtain the error in distance estimates a
o = y_, (29) function of the uncertainty im; will not be applica-
@o ble in this case. In the following paragraphs, the err

wherex is the value of the distance measured with the produced in the distance estimates is expressed :
US sensor, and is the mean value of the readings function of the uncertainty iw;. Also, for this analy— ‘
taken from both IR sensors. Note that to obtain rea- sis, it is assumed that noisg equals 0.

sonable accuracy it is necessary to reduce the noise in- Let us suppose that a surface with a reflect|V|ty C
fluence by taking sufficient readings from IR sensors. efficienta;, is irradiated with a pair of robot IR sen:
It is also preferable that the object is placed within a sors. Assuming, as a first approach, that the angle
distance of 20 and 50 cm. incidence is 0, the same readiggwill be obtained |
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from each sensor:

ol

X
and, if an erroneous; is supposed, a false distance
estimatex will be obtained instead:

/

oo
X = .

y

(31)

3.1 assumes a previous knowledge ogf but it still
gives sufficiently good results for this case.

Finally, usingEq. (15) an estimate for the mear
distancex can be obtained. Given the nature of equ
tions involved in this calculus, it is rather difficult tc
obtain an analytical expression for the error in distan
estimation as a function of the distance using the c
scribed method. Instead, it is easier to plot a grapl
representation of the error dependence with the an

Thus, using the previous equations (30) and (31), the of incidence. InFig. 6, a family of curves showing the

following equations can be obtained:
: (32)

and by naming the uncertainty in ase, = o} — «;,
the uncertainty in distance measurementscan be
expressed as a function of uncertaingyas follows:

/
Exa X —x Ea
— = = /—+1-1
X X o;

(33)

As arule of thumb, the previous equation indicates that
the relative error obtained in the distance estimation is
approximately half the relative error in the estimated

a;. In effect, a relative error of 20% in; produces
approximately 10% of error ir(thatis, 10cmin 1 m).
Note that the sign of errors ig; is the same as errors
in x.

The aboveEq. (33)does not take into consideration
the influence of the angle of incidenée This issue
is to be faced in the following analysis. Assuming
an angle of incidencé with the irradiated surface,
and using the previouBig. 3, Egs. (30)—(32xan be

re-written. Thus, the readings obtained for each sensor

will be the following:
oo

5 C0SH,
X1 X2

yi= (34)

and the non-compensated distance estimates (assum

ing an erroneous’) can be expressed as

/ /
o@ou; oo
X = L Xy = L.
Y1 y2

From these values, a false estimétaill be obtained,
and following the method described 8ection 3.1to
determine the true angte the compensated value ®f
will be obtained usindzq. (13) This procedure is not
entirely correct, as the method describedSection

(35)

dependence of the absolute distance error values v
the incidence anglé and the relative erro¢,/o; has
been plotted. IrFig. 6, the mean distance is 1 m,
and the angle of incidence ranges betweer-40°
and —40°. As expected, the error values correspon
ing with 6 = 0° are the same as that obtained whe
using Eq. (33) Also, Fig. 6 shows that the angle of
incidence has little effect on the error obtained in t
distance estimation using the above described mett
and the worst case 5= 0°.

As a conclusion for this study, the effect of unce
tainty in the value of; can be roughly modelled using
Eqg. (33) and ignoring the influence of the angle c
incidence on this error. Also, from the same equatic
the tolerable uncertainty in the estimatedtan be ob-
tained for a given error in distaneg,. Note that this
error is independent and uncorrelated with the rez

0.15

| €0/06=20%

= 005" 10%

5%
L T T
0 _//10%’/—\.
-5%

- A

metres)
o
o

0%
— 5% ]
041 T 20% |

Absolute error in x (x=1m
\
o
o
(3]

30 20 10 O 10 20 30 40
Angle of incidence (degrees)

-40

Fig. 6. Plot of the absolute error in distance estimates as a funct
of the angle of incidencé and the relative error ia;. The mean
distancex used in this plot is 1 m.
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ing noises,. Thus, the total variance of the errors in  Table 1

distance measurement using the IR sensor will be ob- Experimental values of; for several surfaces

tained by adding the variances of the different sources material description Relative IR reflectivityx)
of uncertainty described in this paper.

White cardboard 1.00

Yellow cardboard 0.99

Red cardboard 0.98

6. Experimental tests and model validation Light blue cardboard 0.97

Light green cardboard 0.94

. . . Cyan cardboard 0.91

The experiments were carried out using the frontal | ;¢ grey cardboard 0.90
pair of IR sensors on a ring of the YAIR robot, whose Brown cardboard 0.78
layout has been previously described. The robot was Wooden panel 0.77
programmed to follow a straight path in steps of Red brick wall 0.61

5.15cm, ranging from 13.4 to 116.8cm towards a Medium grey cardboard 0.59
. . Concrete wall 0.53

Canson-type DIN A2-sized white cardboard. All the p1.ck cardboard 0.12

sensors were previously adjusted to give a full-scale
reading (5V) at 10cm from the same white card
with & = 0°. Thus, the value of the parametes for In Fig. 7, the average of the 100 readings taken fro
an adjusted sensor is 50.0 m\V@nassumingy; = 1 each position, belonging to a single IR sensor, ha
for the white card. From each of the 21 points, 100 been plotted. This figure shows that they follow vel
readings were taken. Each measurement was takerclosely the theoretical curve modelled By. (3)with
in two phases: a first reading without IR emission o = 50mV/n?. In fact, the RMS error between thes
(B parameter estimation), immediately followed by a averaged points and the theoretical curve was o
reading with IR emission. The resolution of the A/D 2.3mV, a value below the individual reading nois
converter was 10 bit and the total time spent on the (6 mV). This indicates that the proposed equation (
two consecutive readings was 2ms. The precision in can be used to model the IR sensor output with su
the x positioning of the robot was better than 0.5mm. cient precision.

F -3

£ 1 igiacg gd

w

Reading (volts)
N

-
Lioa ol vy

T
10 30 50 70 90 110
Distance(cm)

Fig. 7. Plot of the readings obtained from a single prototype IR sensor as a function of the distance of the white target. Each fi
represents the average value of 100 readings taken from the same distance. The continuous line is the theoretical curve of t
expressed irEq. (3) with « = 50 mV/n?.
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Rms error (cm)

0

Incidence angle (deg.) 0 Distance (cm)

Fig. 8. Plot of the total RMS error surface obtained in the distance estimation for each of the different locations varying the distance
and the angle of incidence, and taking 100 readings from each point.

Also, different materials and surfaces were tested were obtained using a Canson paper that exhibit:
to prove the validity of the model, and similar results near-Lambertian diffuse behaviour. On more polish
were obtained. In these tests, the value of the rela- surfaces, the results are poor with large angles,
tive reflectivity ; parameter) of each material has good results can still be obtained by reducing the me
been previously obtained usiri€g. (29) The values imum angle of incidence. |
of a; for different materials are listed imable 1 As
can be seen, surface colour does not significantly alter
the reflectivity values. In fact, almost all the coloured 7. Conclusions
Canson-type cards show similar values dgr

To test the ability of the model to predict the an- In this paper, a new IR sensor based on the lic
gular response and the total estimation errors, similar intensity back-scattered from objects and able to m
experiments with the same white target were carried sure distances of up to 1 m has been described. Al

out, but for the following angles of incidence: 45, 30,
15, 0,—15,—-30 and—45°. Using the above described
procedure, the angle of incidenéand the mean dis-
tancex from each pair of readingg; andy> were
estimated usingegs. (13) and (15)obtaining 100 es-

timates for each of the 21 different positions of the

robot and for each of the indicated valuesvof

With this set of estimates, the RMS error surface

was obtained and plotted iRig. 8 As can be seen,

this RMS error surface shows values similar to those

predicted inFig. 5 by the proposed model. However,

a simplified expression is proposed for modelling t
sensor response as a function of distance and angl
incidence. From this expression, the expected err
in distance estimates are analysed and modelled.

The proposed model uses only one parameter:
reflection coefficienty;. This approach gives satisfac
tory results for most surfaces. A simple method to €
timate thisy; parameter has also been presented, us
US data as a complementary source of informatior

Also, the influence of uncertainty on the exact valt
of the relative reflectivity coefficient; has been anal-

it must be pointed out that these satisfactory results ysed, and an expression has been found to give a ro
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estimate of the error produced in the distance estima-

tion.
Finally, the experimental results obtained show

good agreement between the model and the real data |
obtained in the validation tests. Thus, this new sensor
can be used in mobile robots to build reasonably accu-

rate maps within real time constraints, given the fast

response time of the IR sensor. Also, as an additional
advantage of this sensor, each distance measuremen
can be obtained together with its expected uncertainty,

G. Benet et al./Robotics and Autonomous Systems 1006 (2002) 1-12
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