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Abstract—In this paper the problem of automatic trajec-  National Operational Program (P.O.N.) financed by the
tory planning and inverse kinematics for a robotic system |talian Ministry of Education, University and Scientific

purposely designed to extinguish fires in road and railway Research
tunnels is considered. The robot is composed by a self-cooling '
monorail vehicle carrying a fire fighting monitor. A fuzzy
inference system is adopted for the automatic generation of
the task-space trajectory for the robot and to solve the inverse
kinematics problem in the presence of redundant degrees
of freedom. Redundancy also allows assigning additional
tasks besides the primary task. Simulation case studies are
presented to test the performance of the whole system in a
typical intervention scenario.

Index Terms—Rescue robotics, fire fighting, inverse kine-
matics, fuzzy inference system, redundancy

I. INTRODUCTION

Tunnels are important infrastructures for the European|
Union and play a crucial role for the development of the |
regional economies [1]. It should be remarked, however,
that most of the existing tunnels in Europe do not have a
safety system adequate to the actual traffic volume. For this
reason, the risk of serious tunnel disasters is significantly
higher than in the past years and their costs become more
and more relevant [2].

Fig. 1. A sketch of the fire fighting robotic system.

The recent disasters in the Monte Bianco tunnel (con- The basic idea of ROBOGAT (see Fig. 1) was that of a
necting Italy to France) and in the Tauern tunnel (Austria)robotic system able to perform operations similar to those

in 1999, have evidenced that the capability of interventiorPf the firemen. The system is composed by:

of the fire brigades in tunnels is very limited because e a self-cooling monorail which guarantees continuous

of the extreme environmental conditions (high tempera-  water supply;
ture, intense smoke, gas emissions, traffic, rails and other « a mobile base moving on the monorail;
obstructions) which delay or preclude the action of men « a robotized fire fighting monitor;

and machines. On the other hand, a prompt and effective « enhanced sensors as infrared video cameras, pyrome-

intervention is crucial to keep the fire under control and ters, gas cromatographs.

contain the damage. The monorail may be installed on the side or on the
In this respect, technology may play an important roleceiling of the tunnel, depending on the room available;
to augment safety. Tunnels can be made more and mofence, the robot may reach any point of the tunnel in short
"intelligent” by installing distributed sensors to measuretime, guaranteeing a prompt intervention. The system is
significant variables (temperature, humidity, wind velocity, built to resist to high temperatures (up to 1000 degrees)
presence of smoke or other gas, etc.) that can be collectedhd is tele-operated from a remote control room; moreover,
and suitably elaborated to facilitate human interventiont is able to perform some autonomous operation. The
or to guide the operation of automatic devices [3]. Inmobile base is guided to the place of intervention, where
particular, robots can replace or support men in monitoringt is automatically connected to a fire hose (fire hoses are
and intervention in case of fire. suitably disposed along the monorail at a distance of about
In this work, a robotic system purposely designed for fire30 m). After the connection to the water supply, the robot
extinguishing in tunnels is considered. The robot derivesnay slide in both senses along the monorail thanks to the
from the ROBOGAT patent [4] and is the subject of aadoption of telescopic tubes. The robotized fire fighting



monitor is suitably controlled to drive the water jet on thewhere f is the flow rate, which is assumed to be constant.
hot spots located by the infrared cameras.
The issue considered in this paper concerns the ¢ —_

. . . . . . 6
matic trajectory planning and inverse kinematics for t j, .4
robot, for the execution of a typical task, i.e., reaching @

fire in the tunnel and direct a high pressure water flov
the base of the flames. From a kinematical point of vi
the system is redundant; hence the redundant degre
mobility may be exploited to achieve a suitable cool X
nation between the motion of the vehicle and that of Yo
monitor. For example, a task-priority redundancy resolu 2,
technique [5] can be adopted to specify a primary task (i
a prescribed trajectory for the water jet) which is fulfill
with higher priority with respect to a secondary task (e
maintaining a security distance or a dexterous posture

In this paper, a redundancy resolution approact p
adopted to solve the inverse kinematics problem, base
the weighted pseudo-inverse Jacobian and a task-pri
strategy integrated with a fuzzy logic algorithm. This ¢
proach is inspired to [6], where it is adopted for underw: Fig. 2. Kinematic model of the fire fighting robot.
applications, and was applied in [7] to the robot conside
here. With respect to [7], different fuzzy rules are adog

and a fuzzy trajectory planning strategy is remarke The relevant frames required to compute the robot
integrated in the system. kinematics, chosen according to the Denavit-Hartenberg
In detail, a Fuzzy Inference System (FIS) is in chargeconvention [8], are reported in Fig. 2. It can be seen that
of distributing the required water-jet motion between theype axeszg, z; and z intersect at the poind/.
vehicle and the monitor, by setting the weights of the The procedure for the computation of the direct kine-
weighted pseudo-inverse Jacobian. The FIS may also agyatic equation is reported in the Appedix. The position
tivate a secondary task, e.g, to keep the monitor in Rectorp = [z y Z]T of a point P of the water jet,
dexterous configuration during some phases of the primanyferred to the base frame, can be computed in terms of
task. the joint variablesi, #; and, of the robot, of the initial

At the same time, the trajectory planning takes advantaggelocity v, of the water jet, and of the coordinatein the
of the information from the FIS to adjust the task-space&grm:

planned velocity to the actual motion capability of the
joints of the robotic system.

Numerical simulations have been developed to show the
effectiveness of the proposed algorithm.

Yo

d + r(02,v9, 2)c1
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wherer (02, vo, 2) is the range of the water jet evaluated on
a horizontal plane placed at a distancalong thez;,-axis
Il. KINEMATICS of the base frame, which can be computed as

The kinematic structure of the fire fighting robot (see 1 Z s
Fig. 2) can be described by considering a prismatic joint r(62, vo, z) = lca + fv§c2 <52 + /83 +2g 5 2) .
corresponding to the vehicle moving on the monorail g Yo
(joint variabled), two revolute joints corresponding to the |n the above equations; and¢; (i = 1,2) denotesin(6;)
monitor mounted under the vehicle (joint variablgsand  and cos(6;), respectively,l is the length of the second
f2), and the water jet shot by the monitor. Neglecting thejink of the monitor andy is the magnitude of the gravity
influence of the motion of the vehicle and of the monitor 5cceleration.
on the shape of the water jet and considering a quasi- Notice that the variable appears in both sides of the
static regime, the water trajectory can be described by girect kinematic equation (1), hence it is both a joint-space
parabolic curve lying on the vertical plane of the monitor, and a task-space variable. Therefore, there are five degrees
corresponding to the parabolic motion of a particle undebf mobility and three task coordinates, resulting in two
gravity (i.e., the so-called projectile motion). It is assumedreqdundant degrees of mobility.
that the velocityuy at the base of the water jet can be  Tg solve the inverse kinematics problem, the variables
modified by varying the areaof the nozzle of the monitor, ;7 ¢, 6, v, and z must be computed from the three

according to the simple relation componentsz, y and z of the vectorp by inverting
f the three equations in (1). Since the last equation is an
Vo = —, identity, only the first two equations have to be solved.

a



Hence, the solution of the problem can be found startindpe adopted [8], which computesfrom the integration of
from the differential mapping computed from the first two the vector:
components of (1)

p:z:y = me(qu)qJ'_Jz((Lz)'é (2)

q = JI/V(qa Zd)'U - JI/V(qv Zd)']z(q7 Zd)’éd

+ (L= Ty (@ 20Ty (a.2)) 4 (®)
where .

with

T
Poy = [z Y]
g=1[d 6 6 w]" : " - . .

where K is a (2 x 2) positive definite matrix gain to be
Notice that the Jacobian matrik,,, (g, z) is (2x4), and this chosen so as to ensure the convergence to zero of the error
is consistent with the number (two) of redundant degree®zy,a — Py~ Notice that in (8) the subscript denotes

v = pa:y,d + K(pazy,d - pxy)7

of mobility of the system. the components of the position and velocity vectors that
The simplest way to invert the mapping (2) is to use there input to the CLIK algorithm; the position components
pseudo-inverse of the Jacobian matrix: without the subscript! are those computed from the joint
. ; . ; _ position vectofg (the output of the algorithm) via the direct
q=J'(q,2)p,, — J'(q,2)J:(q,2)% (3)  kinematics equation (1).
where
J =07, (Jeyds,) 4
This solution corresponds to the minimization of the joint ll. FUzzyY INFERENCESYSTEM
velocities in a least-square sense [8]. The CLIK algorithm (8) allows solving the redundancy

Because of the different characteristics of the availableyf the system by suitably choosing the coefficieftsof
degrees of mobility, it could be required to modify the ve-the weighted pseudo-inverse of the Jacobian (5), as well as
locity distribution with respect to the least-square minimalthe coefficient in (7) for a given functiori¥ (q) defining
solution. For example, it would be preferable to performthe secondary task.
slow gross motion using the vehicle and fast motion of The choice of the above parameters could be made a
small amplitude using the monitor. This might be achievedyriori, according to the task requirements. However, setting
by adopting a weighted pseudo-inve#g, constant values would mean to fix the motion distribution

k=1 T Z1 4T \—1 among the degrees of mobility of the system and activate
Tw =W Toy(JoyW T z) ©) the secondary task during the whole development of the
with the @ x 4) matrix W' = diag{31, 52,33, 04}  Primary task.
whereg; is a weight factor belonging to the intervial, 1] In fact, it could be useful to automatically change the
such that3; = 1 corresponds to full motion for théth  values of the parameters; and « during the operation,
degree of mobility and3; = 0 corresponds to freeze the in order to better distribute the motion among the joints
corresponding joint. depending on the particular operating conditions.

The redundancy of the system can be further exploited Moreover, the planned trajectory itself should be consis-

by using a task priority strategy corresponding to a solutiorient with the motion distribution between the joints, also

to (2) of the form taking into account the maximum velocity achievable for
] i . i ) each joint.
q=Jw(q,2)pyy — Jw(q,2)J:(q,2)% For example, if the task requires to reach a fire that
4 (14_J1f/v(q,z).]wy(q,z)> q, (6) is initially out of the range of the monitor, the trajectory

planner should generate a motion for the end point of the
wherel, is the ¢ x 4) identity matrix, g, is an arbitrary  water jet that first reaches the fire zone as fast as possible
joint velocity vector and the operatorl, — J‘T,VJW and then moves about the fire to extinguish it.
projects the joint velocity vector in the null space of the At the same time, the redundancy of the system should
Jacobian matrix. This solution generates an internal motioRe exploited by the inverse kinematics algorithm so that
of the robotic system (secondary task) which does not affediuring the approach phase it is the vehicle that moves close

the motion of the water jet end-poitit (primary task). to the fire (i.e.,.5; ~ 1, B2 = B3 = B4 = 0, a ~ 0) while
The joint velocity vectorg, can be chosen aligned to the monitor and the valve are mainly used during the fire
the gradient of a scalar objective functidti(q), i.e.: extinguishing phase (i.ef = 0, 52 = 3 = B4 = 1),
' oW (q) pOSS|ny.keeplng a dexterous pqsture (|ce.m 1).
q, = —aky 94 @) A flexible handling of the variables of interest can be

achieved by using a fuzzy algorithm, which is in charge
with &k, > 0 and« € [0,1], in order to achieve a local of managing the distribution of the motion between the
minimum for W(q) [9]. joints as well as activating the secondary task. This is done
To avoid numerical drift due to discrete-time integration, by adjusting online the weighting factofs and « in (8)
a Closed Loop Inverse Kinematics (CLIK) algorithm canaccording to a Mamdani Fuzzy Inference System [10].



A schematic of the inference system, for a single inpu); = —n/12rad andvy, = 14.6m/s), thena can be
single output case, is reported in Fig. 3. computed as:

o= 3 (Bt 00).

Fuzzy rule The task-space trajectory planning algorithm receives as
input the position of the fire in the tunnel and the crisp

output variables of the fuzzy inference system. Then, it
computes the instantaneous maximum velocity for the end

Crisp - Crisp . . X R
input . Fuzzy .| output point of the water jet as a weighted mean of the maximum
——— Fuzzyfier Inference Defuzzyfier —— . S .

Engine velocities of the joints and of the water jet, where the

weights are3y, 3., and3,, i.e.,

Fig. 3. Mamdani Fuzzy Inference System. Uy Bavart + BmUmmr + BoTon
N ﬂmva + ﬁvTOJ\/I

v (9)
where vgys, v denote the maximum velocity of the
The crisp inputs of the FIS are the measurements comingrismatic joint and of the revolute joints of the water jet,
form three exteroceptive sensors that are supposed to *P@spectively, whilergy; represents the maximum rate of
available on the robotic system. They are: a fire detectokariation of the initial velocity of the water jet. When
which provides a binary output which takes the value the robot is far from the fire (at a distance greater than
1 in the presence of fire in the tunnel and the valuey safety value), a rectilinear motion parallel to the rail is
0 otherwise; a temperature sensor, which measures themmanded; when the robot reaches the boundary of the
temperature© of the environment close to the robot; a safe zone, an alternate motion in the horizontal plane and
distance sensor, which measures the distand®tween centered on the fire is commanded.
the robot and the fire along the rail. The crisp outputs are A schematic of the proposed algorithm with fuzzy tra-
three values §y = 1, B = 1 = P2, By = f4) Which jactory planning and redundancy resolution is represented

weight the motion capability of the joints (the prismatic jy Fig. 4. An example of application is described in the
joint d, the monitor joints); andfs, and the water jet initial  gimulation case study.

velocity vp) in the operations. Two linguistic variables
are consideredtemperature= {low, high}, distance =
{low, average, high while the output linguistic variables
are vehicle = {standing, moving, monitor = {standing,

. Sensor Fuzzy Task-space CLIK with Joint
average, moving valve = {closed, half open, opénThe inputs ‘ e AP - variables
. . . o . Inference trajectory redudancy ———
membership functions used for the linguistic functions are System planning resolution

not reported here for brevity. The fuzzy rules are:

1) if (distanceis high) and {emperatureis low), then
(vehicle is moving, monitor is standing,valve is
closed);

2) if (distanceis medium) and témperatureis low),
then (nonitor is averageyalveis half open);

3) if (distanceis low) and {emperatureis low), then
(vehicleis standing); IV. SIMULATION

4) if (temperatureis high), then yehicle is standing,
monitor is moving, valveis open).

Fig. 4. Schematic of the algorithm with fuzzy trajectory planning and
redundancy resolution.

The simulation case study has been performed using
After the defuzzyfication, the crisp outpi, is multi- MATLAB with _the Fuzzy Logic Toolbox_._lt is assumed
lied by the outputr of the fire detector. ie.. the valve that the robot is mounted under the ceiling of the tunnel
b y b Lo which is abou5.30 m high and10 m large at the base. The

Is freezed in the absence of fire. th|ce it .and P length of the second link of the monitor is= 0.8 m. The
follow the same rules, holvever two different crisp outputs. ~. ~ . . : ]
oint limits for the monitor and valve are:

are considered, because it could be necessary to freeze e
valve (i.e., forcing3, = 0 whenz = 0) by letting the 01, = —m/3rad 015 = 7/3rad
monitor free to move (i.e,3,, ~ 0). 9
; . m = —m/2rad 65, = Orad
The weighta should be chosen as a function of the 2 w/ M
secondary task, by introducing suitable fuzzy rules or as

a function of the crisp outputs (if the secondary task istha fiow rate isf = 8-10~3 m3/s. The algorithm has been

specified in the joint space). _ _ implemented at a sampling frequency 1800 Hz, and the
For example, if the secondary task is that of keepmgbains in (8) have been set to:

the monitor in a dexterous configuration where all the
variables are far from the joint limits (i.ed; = Orad, K = diag{600,600} k, = 200.

vom = 2.6 M/s vom = 26.6 m/s.
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Fig. 5. Time history of the planned task-space coordinates. Fig. 6. Time history of the joint positions.
A ; iti 1 T T T
A fire is sensed in the position j ‘ ‘ ‘ (——
p;=[20 0 63]" ‘ ‘ ‘
while the robot is assumed to be at the entrance of the : : :
tunnel, where the base frame is located. ; ; Bm
For the purpose of the simulation, it is assumed that theO.6 | i
temperature sensed by the robot increases proportionally ‘ / ; [3v
to the inverse of the distance to the the fire, frago?C 04l 7
to 480°C; during the fire extinguishing phase, it assumed ™
that the temperature remains constant f6rs and then ‘
decreases proportionally to the time, uiil°’C, in a time 02t U
interval of 5s duration.
By
0 " "
In Fig. 5, the task-space trajectory for the water jet, 0 10 20 30 40
generated by the motion planning algorithm, is reported. [s]
It can be recognized that the component (i.e,. the com- _ S _
ponent along the rail) reaches the position of the fire in Fig. 7. Time history of the crisp outputs of the FIS.

about1s time, when the fire extinguishing phase begins.

During this phase, a sinusoidal motion is planned both for _ . - .
the = and y components. Notice that the frequencies ofthe variabley, starts to increase when the fire is sensed, in

the sinusoids are variable according to the velocity law (9fFder to increase the range of the water jet, then remains
(With vgas = 10MIS, vyar = 0.3radls, ronr = 20 M/) almost constant, next to the value set by the secondary task.

due to the variation of the weighf computed by the FIS.

At the end of the fire extinguishing phase, the position of

the water jet is stopped in a fixed point. In Fig. 7, the time history of the crisp values of the
output of the fuzzy inference system is reported. It can be

recognized that the weiglhit; is high during the approach

The time history of the joint positions computed by Phase and after the fire extinguishing phase, and this is
the inverse kinematics algorithm is shown in Fig. 6. Itin accordance to the time history of the joint variable
can be seen that the joint variableis quickly variable d in Fig. 6. Also, the weights3,, and 3, have both
during the approach phase and remains practically constagverage values during all the task, and are higher when
during the fire extinguishing phase; at the end of the firdhe temperature reaches its maximum value.
it assumes a value corresponding to the fulfillment of the
secondary task for the monitor and the valve. During the
fire extinguishing phase, the two revolute joint variables To better understand the role played by the FIS in
#, and 6, vary according to the primary task, about thethe redundancy resolution, the same task-space trajectory
dexterous values imposed by the secondary task; thesd Fig. 5 has been considered, while fixed weighty (
values are exactly reached after the end of the fire. Finallys 3,, = 5, = 1) have been used in the pseudo-inverse
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projectile equations of motion written in the frareas:

(12)
(13)
(14)

leo + voeat

<
I

1
189 + vgsat — 59152
2, =0,

wheret is the time variable.

The parametert can be eliminated from Egs. (12)
and (13), and thugz can be expressed as a function of
2y or viceversa. Both the options are feasible, however,
it is computationally more convenient computiig as a

20 20
(s]

10 40

1
2r = lcﬁ—;v%@ <52 + /53 + 29—

6, function of 2y in the form

z+1sg

) = 7"(02,’()0,2)7

)

Fig. 8. Time history of the joint positions using fixed weights inverse where the equalityy = —z has been taken into account.

kinematics.

Jacobian matrx. From the time history of the joint positionsjy;
computed by the inverse kinematics algorithm, shown in

Fig. 8, it can be seen that the vehicle moves with higi‘[z]
velocity also during the extinguishing phase, resulting in
high power consumption. [3]

V. CONCLUSION [4]
5
An automatic trajectory planner and a redundancy res[—]
olution algorithm for a fire fighting robot have been de-
veloped in this paper. A fuzzy inference system has bee[?]
adopted to support the planning of the trajectory and the
inverse kinematic scheme, which is based on the weighteld!

pseudo-inverse Jacobian with a task-priority strategy. Nu-

merical simulations have been presented to demonstrate the

effectiveness of the proposed approach. ]
VI. APPENDIX [9]

The vectorp can be expressed as:

Hence, in view of (10) and (11), the equality (1) follows.
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