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A national project of firefighter robots started at 2014 in Japan, and the main project target is
petrochemical complexes fire disaster. In Japan, petrochemical complexes fire disaster is usually
caused by a major earthquake. Major earthquake happens about every ten years in Japan.
Therefore, it is important to have a firefighter robot system prepared for the future petrochemical
complexes fire disaster.

The motivation of this study is to enable the autonomy of firefighter robots at
petrochemical complexes fire disaster. Firefighter robot is required replace firefighter men in a
dangerous fire disaster. Because, petrochemical complexes fire disasters pose a high
environmental risk because large fires and explosions can cause injuries, fatalities, and
devastation. The use of firefighter robots can reduce the risk to firefighters. Such a system is
comprised of several vehicles, such as a water-shooting robot, a hose-extending robot, and an
exploration robot. An autonomous capability facilitates their control and enables many robots to

be controlled by only a few operators.

This research target is the autonomy of water-hose-extension robot. The
water-hose-extension robot extend the fire hose from the target fire location to the water pump.
The purpose of water-hose-extension robots are to carry and extend water hose to a target location
for supplying 4000 liters of water per second. Description of autonomy of water-hose-extension its
difficulties are:

First, the autonomy of firefighter robot requires consistent map between aerial map and
Simultaneous Localization and Mapping (SLAM) map in large area. The consistent map is
required because firefighter man specifies the target position on the aerial map. While, the robots

move by using SLAM map. The consistency between SLAM-map and aerial map is important for



the robot to arrive at the target position. In addition, real-time consistent mapping is required in
fire disaster because the petrochemical complexes fire disaster map changes in real-time by
explosion and fire. (1) The difficulty of this part is real-time consistent mapping with aerial map
in large petrochemical complexes.

Next, the water hose extension robot extends the fire hose from the target fire location to
the water pump. Purpose of autonomy is for water hose-extension robot will extend the water
hose from target location to the nearest water supply by putting the water hose on the road. (2)
The difficulty of this part is path-planning for water hose extension requires minimum path
radius 5 m to avoid bend on the water-hose path. In addition, during water hose extension, the
path-planning need to react to obstacle in real-time in dynamic fire disaster environment.

Next, in fire disaster, the sensors used by autonomy can be damaged by the high heat. In
such environment, the sensors are protected by heat cover by intervals; at first the robot open
heat protector cover for sensors to collect data as the sensor temperature increases by fire heat,
and next, the robot cover sensor from fire by heat protector to cool down the sensors temperature.
(3) The difficulty of this part is to find a suitable parameter for heat cover interval to protect the
sensor from damage and at the same time to have minimum error on the autonomy.

Finally, in extreme weather, the autonomy sensors such as LIDAR measure have many
false data caused by the extreme weather. In this work, we focus on one part of extreme weather
which is dense water-mist. (4) The difficulty of this part is to build robust sensing in dense

water-mist environment for autonomy.

The main contribution of this study is the development of software module to solve the
above-mentioned difficulties of the autonomy of water-hose-extension robot. Our approach and
significant result are explained from chapter 2 to chapter 5:

In the second chapter, we proposed a solution fast SLAM 2.0 based on GPS and LIDAR
to achieve real-time consistent mapping. The consistency of the SLAM map with aerial-map is
important because human operators compare the map with aerial images and identify target
positions on the map. The global positioning system (GPS) enables increased consistency.
Therefore, this paper described two Rao-Blackwellized particle filters (RBPFs) based on GPS and
light detection and ranging (LIDAR) as SLAM solutions for map consistency. We propose the use
of Fast SLAM to combine GPS and LIDAR for the map consistency. The difference between the
original Fast SLAM and the proposed method is the use of the log-likelihood function of GPS; the
proposed combination method is implemented using probabilistic mathematics formulation. The
map consistency was evaluated using sensor data measured in a real petrochemical complex in
Japan ranging in size from 380-550 m. RTK-GPS data was used for GPS measurement, and its
availability was 56%. Our results showed that Fast SLAM 2.0 based on GPS and LIDAR in a
dense grid map had the best results for map consistency. There was a significant improvement of
global consistency to aerial data, and the mean square root error was 0.65 m. To evaluate the local
map consistency, accurate 3D point cloud data measured by Faro Focus 3D (accuracy +3 mm) was

used as the ground truth. Buildings sizes were compared; the minimum mean errors were 0.17



and 0.08 m for the oil refinery and management building area and the area of sparse building
layout with large oil tanks, respectively. Consequently, a consistent map, which was also
consistent with an aerial map (from Google maps), was built by Fast SLAM 1.0 and 2.0 based on
GPS and LIDAR. We also showed that Fast SLAM 1.0 and 2.0 based on GPS and LIDAR could
reproduce map consistency result with ten runs with a variance of £0.3 m. These methods could
also reproduce map consistency results with the best global accuracy of 0.52 m in the low
RTK-Fix-GPS environment, which was 20.9% for a factory with similar building layout to
petrochemical complexes. Therefore, significant result of this chapter is map consistency with an
aerial map in a real-petrochemical complex. It is important for support of firefighter-men to send

command to our water-hose-extension robot.

In the third chapter, we proposed a path-planning for water hose extension at large area
with real-time re-planning for obstacle avoidance. To fulfill water-hose-extension layout
constrains, we optimized a path-planner by; changing the planner motion model to prevent the
backward motion for no bend on the path and the planner parameter to fulfill minimum path
radius of 5 m to prevent bending. To fulfill real-time water-hose-extension in a large environment,
we use two stage path-planning; stage one planner to reduce planning time and stage two planner
is for a fast re-planning time. Here in, we developed two-stage Hybrid A* path planning. We use
Hybrid A* for path-planning. We optimized Hybrid A* motion planning for no reverse motion by
using Dubin motion model to fulfill water hose extension layout constraint. In a large
environment, we use two stage path-planning using two resolution maps; For the first stage, we
use a global path planner that makes a path using a low-resolution grid map of 2 m. The global
path planner generates a path for an area of approx. 500 m X 1000 m in 10 seconds. In the second
stage, we refine the path by using a local planner that uses a local map of 100 m X 100 m size
around the robot with a high-resolution grid of 1 m. The local planner receives its sub-goal from
the global planner and recalculates a local path in real-time. Therefore, the local planner can
react to changes in the map due to obstacles in real-time. We evaluated the path-planning for
water hose extension at large area with real-time re-planning for obstacle avoidance in simulated
as well as real experimental data of petrochemical complexes. For a trajectory of 600 m, the result
shows path fulfills the need of water hose extension layout which is; path have no backward
motion, and the path radius is larger than 5 m. In addition, path re-planning time was in
real-time for real data and simulated data. Therefore, the significant result of this chapter is that
we could make a path for water hose extension layout at large area with real-time re-planning for

obstacle avoidance.

In the fourth chapter, we developed a 3-D simulator with effects of fire disaster to
evaluate suitable parameter of sensor heat cover interval in petrochemical complexes fire disaster.
Main challenges are to evaluate the best sensor's heat cover interval parameter that can
protecting sensor from damaged by fire and provide minimum error to autonomy. However,

evaluation in actual fire disaster is not possible because we cannot generate large fires in actual



petrochemical complexes. For this purpose, we develop a 3-D simulator of a petrochemical
complexes with new fire disaster effects which are (1) effect of fire on LIDAR data and (2) effect of
sensor's heat cover interval on LIDAR data. To simulate effect of fire on LIDAR, we experimented
and analyzed real-effect of fire and the effect embedded in the LIDAR measurement simulator. To
simulate of sensor's heat cover interval on LIDAR data, we calculate using heat transfer theory
for the suitable interval ratio to protect the sensor from being damaged by fire which is 1 s
measurement and 6 s sensor temperature cool-down. For the implementation on the firefighter
robot, we add 3 s to cooling for movement of sensor's heat cover. As a result, we can build a 3-D
simulator with fire disaster effect.

We evaluated suitable sensor's heat cover interval in the most difficult scenario in the
petrochemical complex, has dimensions 1000 m X 600 m. Several interval parameters of sensor's
heat cover based on the ratio 1 s measure :6 s cooling was also analyzed for minimum error on
SLAM. SLLAM is an important part for the autonomy. We used SLAM result as an indicator for
autonomy result. The evaluation result shows the interval parameter is 1 measurement and 9 s
sensors cooling which the best average accuracy of GPS and LIDAR based SLAM was in the
range 0.25-0.36 m. Therefore, the significant result of this chapter, we fundamentally prove using
heat transfer theory the interval ratio 1 s measure :6 s cooling is suitable to protect sensor from
fire heat. For implementation on firefighter robots, sensor's heat cover interval 1 s measure and
9 s cooling have the minimum error for SLAM. The knowledge suitable sensor's heat cover
interval parameter is important for application of water hose extension robot autonomy in

petrochemical complexes fire disaster.

The fifth chapter presents robust LIDAR measurement in water-mist-filled
environments. Disaster response robots cannot easily navigate through such environments
because this data contain false data and distance errors caused by water-mist. We analyzed a
method for recognizing and removing water-mist based on point cloud features and a distance
correction method for reducing measurement errors. Laser intensity and geometrical features are
used to identify false data. However, these features are not sufficient to measure a point cloud in
water-mist-filled environments with 6 and 2 m visibility, as misjudgments occur. A laser beam
penetration features were added to reduce the misjudgments. Support vector machine (SVM) and
K-nearest neighbor (KNN) are used to classify point cloud data into ‘water-mist’ and ‘objects’. We
evaluated the method in heavy water-mist (6 and 2 m visibility). SVM has a better F-measure
than KNN; it is higher than 90% in heavy water-mist (6 and 2 m visibility). The distance error
correction method reduces distance errors in point cloud data by a maximum of 4.6%. A point
cloud was successfully measured using LIDAR in a water-mist-filled environment. The method’s
recall (90.1%) and F-measure (79.4%) confirmed its robustness. Therefore, the significant result of
this chapter is robust sensor measurement in dense water-mist environment for autonomy in

extreme weather.

The sixth chapter presents the conclusion of this dissertation. In this dissertation, the



main contribution is the development of software module to deal with difficulties the autonomy of
water-hose-extension in petrochemical complexes fire disaster. At first, (1) we develop a fast
SLAM based on GPS and LIDAR for a real-time consistent map with an aerial map in a
petrochemical complex. It is important for support of non-expert user such as firefighter-men to
send command to our water-hose-extension robot autonomy. Next, for the autonomy of water hose
extension, (2) we developed path-planning for water hose extension layout at in a
real-petrochemical complex with real-time re-planning for obstacle avoidance. Next, the
autonomy of water-hose-extension have to move in fire disaster environment. The fire heat can
damage the sensor. (3) we discovered suitable sensor's heat cover interval ratio 1 s measure: 6 s
cooling to protect sensor from fire heat by the calculation of heat transfer theory and combination
of 1 s measure and 9 s cooling which have best result for SLAM. The knowledge suitable sensor's
heat cover interval parameter is important for application of water hose extension robot
autonomy in petrochemical complexes fire disaster. Finally, the autonomy in real-application is
required to operational including extreme weather condition such as dense water-mist. (4) for this
purpose, we develop a robust sensor measurement in dense water-mist environment. The robust
sensor detects and eliminate false data cause by water-mist. As a general conclusion, we develop
software modules to dealt with the difficulties of the autonomy of water-hose-extension in

petrochemical complexes fire disaster



WEREROER

b o o BT — RIS DO BV 1 15kW/m? 288 2, THBEIR B OB #AR AT A it
RS 2.6kW/m? il 25729, JHBiue R v MZXDHAPRRD LTS, 2014 LD REA
HEEITOZ7 ey =7 NRBE SN, —ZEE T¥EEFILREN ZOMEZEIRT 5 -0 o ukidn
Ay hedR—REErRy FERBELTWD, 1 24DOHEBKE THEEORAR Yy NE2E{t T2
EovRy FOBRMERMEL SN TWDH, KEFBLAKEERE O~ OS540 LTt
SRANAN

A%, FOEBICKERaRy SOABLY 7 b7 = 7 OREF LA LTS &
ZFHEELTWD, 77205, AMPEMERRICFHAT IMESE LESHEOTMN e Ry NH
%2V T NAEA DIHEET DT, F—RAEE Ry MR —RAEEEHT 5720 OH &7
L7 a2 ) 7OV X A DCEHET 2 FE, 2L L TS, 2, 2D FEDOKKEY
BT HEIEEY, ARZ 7 KEDT I 2 —2 g VXV EILTWD, S HI21E, s
BT 3WITEHAZAT 9 7212, LIDAR OFHIMEN SIEIC K DFHA ) A REERET D HIEEZH L)
LTS, Riwsll, ZHHOMEMREZIRY £EHTHEDOTHY, BR6E=NLRD,

B1EIEm THY, AFREOE R, HHUBLOEEREZEXTNS,

¥ 2ETIE, GPS £ LIDAR DT — X &+ 252 & C, MIEGELEAEORNZe Ry M
MK Z U T NH A DHERET D k2R TV 5D, BEFED L L il L CIREFIENEECE R
WOIpNZ L ERTEEBIL, AlbFEa el — MOEH LR, +olBERMEOND 2
LERLTWA,

FIFWETIE, m—RIEERR Y NRAKR—RAZHET 572D O 2= TR 2 Gl 5 Hik
ZIRRTUWN D, 1 MPa DFEJ) TSy 4000 L OKZFET 72, BEREYARN 5m UL ETRITIER S
RN, Hybrid A*7 LT XL uRy MEWEET NV EREAERT VAU ZALE2BBT5H2 L
12X, 1000 mX600 m DEETY ZAZ A X, HIFKIETETTRKEE AR L W5, EiFFEd)
ELT, AMfEFEar v — MR FEEZEH LT, U7X A DITH— AHERIZE LR
EAERHES Z L, BEDRHLIHBA THLREEHAB TEL 2R LTN5,

FAETIE, KREBARAZEET S I 2 —F 28R, oRy NAMKZ#EETL Y 7 b
DKFRFIZIS T Dt rTREME 2 3 L TV 5, KEOIEE L E OGS, KEAMH & v 7 K
BERFIZIE LIDAR CTHRRDVEHTERWI LZHLNICTH L LB, mIRARICKT 5 LIDAR
DOFHAIE T IZ L > THIKESE Y 7 b OKEREOMERR A RFE L7 fER & LT, KEIBUKKERETH
THXIGENZ 3 72 CHIR M TEX 5 2 L AR LTV D,

55 B, IEREIICH VT, LIDAR FHAMESEEICKNT S /A4 XZ2BELT, HomZ 9
DRI Z 2T 5 FTEEZ R TN D, 1B 2~6 m OERIEBREE CIIKHMBES T TIX ) A4 A& BE
TE72WNWZ LA T &3, LIDAR ORSME & ) A XA IIR &2 R & LTz E 12 kv,
RSP 2 m DERBET ) A ABRENDARERZ L AR LTS, 77, MK EEMIET D
EEZHALNI LTS,

%6 BT TH D,

PLEEF HICAR®mS0E, e Ry hOBREY 7 by =7 OGH LT EZH oMz Lizb D
T, ISHESRE 2R LRy P TEORBICEETDH L AR RN,

£ T, KimstdfEt: (FHREY) OB eE LTHRKEERD D,



