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ABSTRACT cellular automaton was introduced in order to realize a possible
Disaster drills are important for minimizing the damage causeckvacuation path on the mesh [2]. The ragtnt method was used

by earthquakes, floods, and fires. Therefore, #meesuation drils  as modeling nodes, links, and other necessary evacuatios [a].

are considered to be an important obligation of schools akd wor Most prevous studieshowever, have dealt with twemensional

places that employ geral individuals. Magover, for the validation  crowd behavior pildems [4].

of drill effectiveness as well as disaster prevention, the significance  Although pedestrian simulation is anothepoértant subject,

of massevacuation simulation haxreased. previous studies using simple circle or sphere approximatios-pede
In the present paper, a thidimensional massvacuation an- trian models have been insufficient, esplgciar evacuations in

ulation is first explainedThe developed multigentbased simal- practical environments, such as rooms, corridors, stairs, and other

tion with a detailed thredimensional building infrastructure uses a threedimensional facilities [5]. Note that a matjent based sim

kinematic digital human model with precise human joints. Simul lation using simple rigid body pedestrian models moving on a fixed

tion of a masgvacuation drill by higlschool students agrees well cell grid provides insufficient resultas compared to the exper

with the result of actual drills. In addition, considering the transpo mental results [6]. Accordingly, this thrd@nensional simulation

tation ofbadly injured persorduring disasters, digital humarom  was extended to a thrdemensional simulation using intensive

tion sets of patients and transporters have been developed for critiédthematic digital human models witlealistic humanlike joints

evacuation simulation. Several examples have revealed liilglpos [7]. However, these digital human das were limited to

ity of applying the extended simulation to exaticmn from houses  nonthandicapped human models.

and hospitals. In the present paper, the abowentioned thredimensional
massevacuation simulation is first explained. The developed mu
1. INTRODUCTION ti-agent based simulation with a detailed tioiegensional fatity

Disasters such as megarthquakes and floods occur frequen infrastiucture uses a kinematic iy human model with precise
ly worldwide. Massevacuation drills are considered to beran i human joints. The digital human model is used to create motion
portant obligation of sclats and large workplaces that employ-se  primitives that are necessary for evacuation. In addition, the digital
eral people. However, the effectiveness of such drills has beentaman model is also used to generate adequate crowiblelma
controversial issue because, in most cases;evasgation drills are  threedimensional massvacuation environment. CrowaHavior
conducted in a relaxed atmosphere. The need for validatiorcef evamay be orgaized by primitive motion assembly of a number of
uation drill effectiveness and disaster prevention hagased the  autonomously evacuating human models. Therefore, the modeling
importance of masavacuation simulation. of eme&gency patient transportation is presented. Patients and their

On the other hand, ndrandicappe@vacuees arill constl- transporters can be@essed by the digital human model, so that
ered to be the primary consideration in evacuation problemas. Ho several examples, such as stretcher carrying and piggybacking mo
ever, it is normal to assunteetexistence of a few injuredrpens.  els, have been developed. The proposed method candieesffe
Furthermore, at present, thamber ofworking handicapped pe  used for purposes such as masscuation planning arelvacee
sonsis significant Therefore, the next problem to be addressedaction pediction.
should be the mixed evacuation problem, which considers

nonthandicapped and handicappespis or fients agvacueg 2. MASS-EVACUATION SIMULATION
A number of studies have been conducted in agsisdrto 2.1 Simulation Platform and Evacuation Route
massevacuation problems. Crowd behavior is an importantatonsi Figure 1 shows aB model of Titech High School as a sim

eration in masevacuation simulation. The discrete element methodation platform used to compare the evacuation drill ressiisssied
(DEM) considers thevacuedo beindividual objects [1], and the later herein. Siltools [8vas used for the-B modding.
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that is necessary for evacuating individisprocessed at each-cu
Tokyo bay side (east) I’ent |OcatI0n

3rd building
(south)

EXIT_LEFT

JR Tamachi station side (west)

Figure 1  Overview of the 3D high-school facilities model

origin of room404

Figure 4 Room 404 in Buildingl with evacues

Each facility model has its local coordinate frame at its origin,
which is related to the gl obal
coordinate frames are expressed by a homogeneousriretisio
matrix °T,8 R*“ Before evacuation, studefite upin the des-
nated location in the classroom. Thelehts then rush together into
origin of school model the narrow exit when the evacuation is announced. For this reason,
as evacuation goal seieithédgidtocal
are bcated at the sides of traom exit (Fig. 4).

Figure 2 Overview of the inner facility model and evacuation routes

Figure 2 shows the school inner facility model with its global 2.2. Evacuation Model for Simulation
c oor dj wherdj ethrolighl are possible evacuation routes.
Eachevacuegroceeds to the playground through adequate stai
ways and ground routes.

studentC
EXIT_RIGHT

north outside staircase

south staircase

north staircase

CEXIT_LEFT

Figure 5 Occupationinspection space mang with evacuee

origin of 1st building

Figure 3 Overview of the first building inner faciity model 2.2.1. Algorithm of the Evacuation Model
Figure 5 shows the occupatimspection space moving with
anevacueeThe spaceonsists of threedmcent blocks, each with

Figure 3 shows an overview of first building infeiity and ; X X .
its local coordinate frame. Students waiting for the drill to begin aredepth B, width W, and height H (not shown). This space is genera

also located in the building. The students in the three-siolath ed on an ad hoc basampanying thevacueenotion. Student A,

classrooms proceed outside through the nearest corridor or staim%{ug)é?]r&pé?’kt%ﬁstg fggaifohﬂ?fngmggigﬁt?gé? gfg:ff
Similarly, students on the seconatgfourth floors on the north side 9

of the building proceed down the north inside stairway through thgem A. Simulianeousty, the Student A looks 1o the left to firata v

nearest corridors, whereas students on the third floor proceed dovdi L SPACe into which to step forward. For the case in which there is
No vacant space, Student A must wait untib@amt spaceppears

the north outside stairway. A similar scenario is applied teviize )
ues in other buitings. and then step into that space.
Figure 4 shows Room 404 on the fourth floor of Building 1
along with the relatedvacueeThe room model involves sttural
parameters, such as length and width, and contains the personal
formation of theevacueénside the room. For exampietotal of 27
evacueand their names arggistered in Room 404. In the case of a
mass evacuation, a humber of evacuation data musbdesged
simultaneously. Hence, for comgignal efficiency, only the data

2.2.2 Multi-agent System for Evacuation Simulation

i Figure 6 shows the multigent system for evacuation sieaul

tion. The system consists of four independent basic objects, such as
anevacueegent, the evacuation infrasture, and the evacuation
scenario, as well as disaster elements. The-agdftt system is
implemented on a-B platform using Siltools.
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Here, evacueeagent 1~N and the evacuation infragtme

el used in the present study. Here, the lower limb consists of one toe

correspond tevacueanodels and the ea-data models, such as joint, two ankle jointsiwo knee joints, and three hip joints, whereas
buildings, classrooms, stairway, respectively. Moreover, evacuatiothe upper limb consists of two wrist joints, two elbow joints, three
scefario 1~N and disaster element objects indicate individualilevac shoulder joints, three trunk joints, three belskst joints, one clav

ation routes and diger events that induce evacuation.

Evacuation Infrastructure

I : } !

Evacue¢ Evacuee
Agent 1 Agent 2
Disater . AL

Agent N
Element t t 7

Evacua!ion Evawa?iol\ Evacunliol‘?
geenario! geenario? gcenarioN

Figure 6 Multi-agent system for evacuation simetion

Evacuee

cle joint, three uppereck joints, and three lowaeck joints.

Figure 8 shows the joint coordinate frame arrangement in the
KDH trunk, left arm and legespetively. Here, thaight arm and
leg are mirrosymmetrically aranged to thdeft side coordinate
frame. In Fig. 8, kexpresses the first joint coordinaterig and the
eight coorthate frames from;ko kg are located in the trunk model.
Joint anglegis used as the coordinate variable and rotates around the
z-axis arrow in the righhanded oordinate systepas shown in Fig.
8.

The origin of the globatoordinate frame of the KDH model,
X umangase IS Situated at the hips, and the origins of the local oord
nat e fid@dNBfimed 8 dnikgpaslre situated at the
neck, the right shoulder, and the right inner thigh, respectively. The
local C 00T Gigwattidjust like a rabotendffector, is
located at the right hand. Similarly, thewbd n a t eggfodrod Me

An autonomic parallel programming scheme is applied to thds located at the right foot. Here, thestioh for the lefthand parts of

simulation. Therefore, each object is driven in plaravhen the

the KHD model can be expresdeyl replacing subscript R with

simulation starts. Eaobvacueeagent receives the necessary data, SUbscript L. ) o o
such as the sizes of the classrooms and corridors and the stairway A transformation from theth joint to the jth joint is expressed

step height, from facility databases. #vacueeagent moves fo

by the homogeneous transformation maik e R**[13]. Sim-

ward to the playground while referring to the space occupagion st lar homogeneous transformations are then applied from the trunk to

tuses of other agents. The simulation conditions wilkpi&iaed in
detail later herein.

3. KINEMATIC DIGITAL HUMAN MODEL WITH PRECISE
HUMAN JOINTS
3.1 Properties of the Kinematic Digital Human Model

the richt shoulder, neck, and head; from the right shoulder to the
right hand; and from the trunk to the right foot. @Gquently, the
KDH model is expressed as a precise kinematics model with 44 joint
vectors.

Digital human models have been introduced in the manufa
turing industry, humanoid robotics, and a variety of computer
graphics fields [9]12]. In these fields, medically detailed body
structure, implemented robotics control schemes, amgbaibility
with motion capture technigues have been examined extensively.

On the other hand, digital human models implemented in
massevacuation simulations should have intensivectsties and
functions for reacting to inevitable motion pattehat bccur diing
disasters. First, for digitavacuegmajor motions such as stedy
walking, straight walking, and curve walking are basicatiyired
in fiup and downo as well as
motion sets that is synthesizedsed in the abovementioned basic
motions must be successively adjusted to a variety of atieacu
infrastructures of éfierent sizes and structures.

Note that the size and the walking speed of a hdaamdon
individual characteristics so that thecessary footsteps fevauee
differ between individuals. For example, @racueeoming to the
end of corridor moves continuousghthe stairway without pausing.
Furthermore, thevacuesstarts and stops according to congestion
and performs an-Shapd motion in order to pass otteracuesf
the necessary vacancies exit. The mass behaviors of thousand of
evacueecan be realized because of individual motion charfges a
fected by the instanedsions described above.

3.2 Details of the Kinematic Digital Human Model and Its
Joint Arrangement

Figure 7 shows the joint arrangemesid the related
partslength parametersf the kinematic digital human (KDH) rde

il ef_t

Figure ‘)a r}]<|§1-| mcgdell a%dh]tstjoiﬂt arrgndements

Trunk part

Arm part

Leg part

-
RightFootPoint /L /t__

LeftFootPdint

Figure 8  Jaint coordinate frames of the KDHmodel
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walking depends on tlevacuedistribution as well as their vidgihg

3.3. Major Motions of the Evacuee speéls.

A variety of motion patterns occur irfpledal walking. Note
that one foot, as a fixed link, can suppontagking body alternately ~ 4 MASS-EVACUATION DRILL SIMULATION
for any pattern. In walking motions, apporting leg operates as a 4-1- Property of Drill Simulation o
fixed | idpdintheTrnk becomes a motion reface The details of the facility space and the evacuatiamithin
point while the walking motion progress. The major motionsigiu have been explained in Sections 2.1 and 2.2, respectively. Additional
evacuation, such as stainvalking, straightine waking, curve properties of the simulation assuming assexacuation drill are

walking, and Sshaped walking are described in the fuiifg. defined as filows.
A KDH evacuee agent represents a 1@@Hall
3.3.1. Stairway Walking Motion nonthandicapped high school student. The lengths of the upper leg,

Figure9 shows the KDH leg posture for stairway descending Iqwer leg, ankle height, foot length, and crotch width are 35_31d)m (
walking motion. The landing point of a lifted leg cardetermined  F19-8), 38 cm @), 10cm (k), 25 cm (1), and 8 cm §), respectlv;aly.
based on the height and depth of the stairway step. Since ithe posheevacueavalking speed is assigned randomly as K)t0%,

tions of theevacuesare different, the landing point must berso ~ @nd running or reentering the building is assumed not to occur in the
puted for each individuavacuee simulation. The occupatienspection space parameters arerdete

mined tobe B=1m, W=0.5m, and H = 1.7 m, whereas the sa
ling time is set to be 0.&®nds.

Q The simulations start simultaneously for all classes, and all
' evacueeagents are assumed to be autonomous with dlargei
leaders.

Figure D shows theevacee and evacuation routes around
Building-1 investigated in gliminary studies based on three drill
scenarios. There are four [otes routes, labeled throughm, in
the north side of Builgings and-3 and the eastest sides of
Building-4. All of the evacueeagents in these locations proceed
from the north exit to the playground. The north exit is afpprox
Figure9  Stairway walking posture of the KDH model mately 2 m wide, so that only tvewacue&an simulineously pass

through the exit.

Oncet he | andi ng p@gdsdfthe spportind e t e r HAE. AhEeg possile scenarios were assumedasstoFirst,
leg can be determined. Then, each joint angle may be comput&yacuedrom the buildings move straight to the exit (eiseNext,
using inverse kinematics because the fixed point of the supportingvacuees systematically follqwedetermined paths (cee Hnally,
foot is known. In this case, however, the solution cannot bealiiqu €vacuees disperse naturally and then farorowd at the exit
determined due to thedundancy of the leg joint structure. Hence, (Case3). Case8 was used as the most probaivacuabn senario
the upper five joints can be determined geometrically assuming th _the drill smulanon. Here, the simulation accuracy is not very se
nonbowlegged posture. Furthermore, the lower three joint solution§'tve to possible perturbations, such as the randomness of the speed

are computed based on theghetermined upperijat soltions. of the individualevacuegbecause similar results wetatained for
eachscenarian preliminary simudtions.

LegBase

3.3.2. Curve Walking Motion

Walking motion turning a corner can be defined asifiedd
straightline walking along a curve. When an adequate corner radius
and angle are given, the next step angle of the second joint of the

® @

supportingoot (eg partks in Fig. 8) can be computed. At this point,
a turning motion is performed because fhgeu body rotates with
the above step angle. Téacuedurn angle does not always @drr
spond to the corner angle due to the difference in the jputitlon
of eachevacueanith respect to the corner. Consequently etee-
ueemay exhibit diferent walking motion patterns.

3.3.3. S-shaped Walking Motion
S-shaped walking motion to pass oteeacueean be dined
as continuousurvature walkingwhich consists of walking in two

@

@

Exit to school yard

Figure 10 Possible routes an@vacuedehaviors (cases)

4.2. Evacuation Drill Experiment

35 An actual evacuation dill, including a di&a imagination
ame (DIG), was prmed at Titech High School. ttal of 547
\%cueeincluding 210 students of six classes in Building3 st-
ents of two classes in Buildif®y 36 students of one class in Buil
r‘?b—S, and 228 students of six classes in Buildingere nstructed
to begin evacuation upon hearingtarting signal. The maximum
walking distance foevacueavas 300 m, and the minimum walking

alternate turning directions. Here, the first corner angle is defined
45 dgrees in all walking cases. However, the next step angle m
not be the same because this angle should be determined accort
to the exit diretion vector for evacuation-shaped walking may be d
repeated, especially in the case of evacuation from a classroom tq
narrow exit space. The numberesfacues engaged in Shaped
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distance was 80 m. Additional details of the drill expent can be
found in Reference [6].

4.3. Experimental Results and Discussion
In the following, the gxerimental results of the drill arerae
pared to the relatiesimulation results. Figureg and B are phat-
graphs of the playground taken from the fffthor of a building.
Figures 2 and ¥ show the simulation results corresponding to the
expeimental reults. Both 120 seconds and 180 seconds after the
drill began, the number @vacueeagents on the playground was
slightly larger than that of the actual evacuating studentsevdw,
the tendencies were similar in both cases, especially regarding the
line and crowd forrations. Figure 14  Simulation Image of the playground (180 seconds)
Thus, the KDHbased simulation was effective for undeigtan

ing evacueebehavior during a real massacuation drill. This is 5 EVACUATION MODEL CONSIDERING PATIENT

natural in some sense because the KDH model incorporates the mggiANSPORTATION

precise necessaryihan joint functios possible. Hence, the KDH 5.1 Cooperative Motions for Mixture Evacuation

evacuations. several major motions, as explained previously, when all of the
- - ‘ evacuees areorthandicapped persons. However, in the case of

evacuation from ordinary homes and hospitals, patient transportation

shouldbe considered. Patient transformatiovolves patients and

their transporters and may be realized as a series of coopemative m

tions using KDH models. As cooperative motions for estams,

for example, stretcher carrying and wheelchairyicgy motions

may be important. In the following, KDH cooperative motiordmo

els for cases of emergency evacuation using stairways are described.

5.2. Cooperative Motion for Stretcher Carrying

A cooperative motion for stretcher carrying can bbzeshby
adding a tetcher carrying motion to the stairway walkingtion
for two transporters in front ofhd behind the stretcher (Figh)1
Then, the transporters must maintain their stretcher holding posture
from the start to the end of evacuation. &wer, a patient RH
model lying face up on the stretcher shouldesteicted for safety.

For example, oncethej nt @=n ¢ol edse gd=d@® s an
degrees are given to Joibtand Joint of the right and left arms of
the KDH tansporters, as shown in Fi§. A local coorihate frame
PranarordS defined at the hands of transporters. &b, initially,
thestretcherorieat i on can be gi vigdmiSWhen
assigned to each tgporter according to the geometric condition of
the walking plane. The stretcher position can then be unigeely d
t er mi ngfirolothe foldiard transporter. Fihalthe local
coordinate fr gmeyaewel asthe strgichet i e n
coordinate frame, can be defined. Note that the above relation is
Figure 12 Simulation Image of the playground (120 seconds) effective even when the forward transporter is engaged in stairway
walking while the other transporterdegaged in straigfine wak-
ing in a condor.

On the other hand, the distance between the transportets is gi
en as a constant valug(Eig. 15). Drip injection kehavior during
stretcher transportation is considered by adding attianjdolding
agent to therainsporters, as shown in Fi§. The injection holder is
located at an intermediate position between the two stretctger tran
portersThe holdhg agent alsonaintains amdequate distance from
the stretcher This agent behaves in the same maasethe other
evacueagents, except for the igfien-holding. Here, the injection
tube length can also be considered as one of the simulation prope
ties for patient transpetion.

Figure 13 Photograph of a drill being conducted (180 sends)
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Figure 15 Model of KDH stretcher carrying Figure 17 Wheelchair carrying on a stairway

HandPoint
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In mixture evacu@n simulations, all of the agents, such as
patients along with their transporters, as well as-herdicapped
agents, move autonomously under predeterminedvibelmeles.
Obviously, occupation constraints must be effective for searching
adequate agent iens in crowded envirenents.

Hence, the same parallel computation scheme has lveen e
ployed for the mixture evacuation. Here, iterative codiput are
performed to maintain the given cooperativestraints during the
kinematics interpolation process €oopeating KDH models.

5.3. Cooperative Motions for Wheelchair Carrying and
Other Transportations Figure 18 Other transportation examples(a)

The transportation of aheelchakbound patient (Fig. 7 is
similar to the stretcheransportation case without a drip injection
agent. The pmary differe n c e s \@ndpoAis fixeditathe habdle
or footstep o0 fumatonisdocatedattiee lcentér afi r
the seat. Here, in order to ensure thehysaf the patient, significant
attention must be paid to miiining the wheehair in the proper
position.

On the other hand, caimg a patient without a stretchesin be
possble | n t he «cas e jn@dofthevgtientare ans p
| ocat ed at arddmnepitsyhite Zgoanaf thespati€éne e t
is locatedat the center of both transportéfgy. 18). In the caseof
one transporter 1, &-roiis located on the back of the tgaarter so
that the transporter i€@mpanied byhe patient at all times (Fig.

19). Consequently, cooperative toas in which a gient is co-

veyed by the transporters can be realized during every iatienpol ) i i )
process. 6. Simulation Results and Discussion

The cooperative evacuation models developed herein have been
investigated through simulation. Although the same simulation pla
form and other primary conditions explained in Section 2 were used,
in the following, the behavior of KDH cooperative modelstai-
way walking is primarily discussed.

The stairway model is 1.8 m in width, 0.2 m in height, and has
eight steps. The patient transportation speed in the stairway is d
fined to be 50% of thevacue@gent speed used in Section 4. When
L; = 2.2 m andHe injection tube length is 2 m, three fzonters
carry the stretcher down a stairway while maintaining adeqymte se
aration for careful cooperation. The lead transportémyfed by the
injection holder and the rear transporter move dowrwstai as
stown in Fig. B. After the lead transporter reaches a landing, the
Figure 16 Stretcher carrying on a stairway stretcher, and then the rear transporter, reaches the landimg. Mea

while, the njection holder on the stairway comes to a halt in order to
adjust the walking pace to be compatible with therdransporters.

Figure 19 Other transportation examples(b)
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The lead transporter makes a wide turn in the landing and the ref@] SilTools developer's guide, Mitsui Engineering &dBhilding
trargporter follows the leader with a slight time lag. Note that theCo., Ltd.

injection holder can realize a cooperative motion naturally by ma [9] Kanade, T., Mochimaru, M., Digital Human (Special Issue on
ing a small turn as well as adjagiihis/her walking speed on the Digital Human: Measurement and Modeling afrkén Functions),
landing. A similar cooperation motion can be observed for lwhee Systems, control and information 46(8), (2002), pp4&3

chair carrying, except for the injection holder. On the other hand, ifil0] Fujimoto,Y., Kawamura,A., A Three Dimensionajriamic

the stretchelesstransportation shown in Figj8a), similar cooper Simulation of Biped Walking Robot Considering Collision and-Fri
tive motion, such astretcher carrying is realized, except for tie di tion between Foot and Ground, RSJ Vol15, No6, (1997),
ference of L. pp.857863.

The above simulation resultsvealed that the application of [11] Hwang,Y., et al., Development of a High Spegghdnics
KDH models to patient transportation motions is effective fansim Simuldor for Humanoid Robots, RSJ Vol23, Nol, (2005),
lating a variety of cooperative evacuation motions. déaoped ppl13123.
simulation is being investigated experimentally for the purpose of12] Endo,M., A Humanoid Animation Making System Based on
verification. It has been demonstrated that it is difficult for two VRML  RSJ, VoI5, No2, (200), pp8&29.
transporters to carry a large, heavy patient. Therefore, further studig3] Cr ai g, Al ntroduction nt oolRdbrc
including experimental verification, iimportant. AddisonrWesley Publishing CompariQ89.

7. SUMMARY APPENDIX A: Joint Transformation Matrix for the KDH
The present paper introduces a talegensional model

massevacuation simulation using digital human models. Tése d In the present study, simple homogeneous transformatien m
veloped multagentbased simulaton with a detailed trix has been used as the joint transformation nigiyf Here, the
threedimensional infrastructure uses kinematic digital humatrmo j oi nt aral the reldied link lehgthrepresent the transfo
els with precise human joints. This digital human model is used tonation from the-th joint to the jth joint. Therefore, the following
generate adequate motion primitives of éacueeagent and is  are obtained:
used to realize the behaviors of crowds that consist of autonomously 7
walking evacueegents in massvacuation simulation$he sinu- AT as = BT A ) J"lTj( i Tras 1)
lation has been extended to cooperative evacuation considering not 2
only northandicappe@vacuedut also theevacueeagents, incld- 6
ing patients and their transporters. The patients and thedirtans H _H -
can be expressed by the digital human modtiatseveral exa- "Tue ="Ty( ’91;21 T T dfTe @
ples, such as stretcher carrying, have beeniigatest.

The simulation results of the maasscuation drill at a high H h 6
school were verified by the experimental drill results. Moreover, the BThe ="T4( oI T Te (3
extended simulation can be applied to estému from houses and =
hospitals. The proposed method is effective for mixture

.

massevacuation planning and crowd behaviedjation. R Tep= 8Ty (1 3 PTi(Y Tre (4
2
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As modifications of the KDH model, child or aged person
models can be created. Based on the walking data for a typical aged
person, an aged person KDH model has been developed. The size of
this model is approximately 82% compared to afinary adult
modelof 1.7 m in height. Aged persons tend to have a somewhat
bentover posture and sway slightly from side to side during walking,
and the cossponding link and joint parameters have been changed

©) appropriates. This mitation is especially important foraistic

threedimensional simulation. Figure82hows a simulation exa

where | is the link length of Joirt. ple of the KDH walking motion for adult and aged persons. Both
madels begin to walk for five steps simulktansly. The walking
speed and walking distance of the aged model were 55%x&@d
respetively, of those of the adult model. Note that the developed
aged model can be applied to a variety of simulations, in the manner
described in this evacuation study.

APPENDIX B: Joint Trajectory Interpolation for KDH

In the following, Joint is defined as the joint coordinate frame
k.. Walking motion can be considdras motion in which the right
and left legs contact the ground alternately. Hence;@@rgimilar
to a base link in robotics. Here, the trajectory interpolation-is e
plained using the simpléaight walking shown in Fi@0.

First, the left legd defined as the supporting leg. Then, the in
tial and final posture angles are determined for the desired motion. In
this case, the initial posture is (a) and the final posture is gipingte
forward posture with a step angle of 30 degrees, as shdwnHioi(
the right half of the KDH, the Joift angle is set to 15 degrees,
whereas the joint angle for rigiatkle, i.e., Joirb, is set to 15at (d) (©) (b) @
grees. On the other hand, the corresponding angle for the left half of
the KDH is-15 degrees. An angle of 8giees is added to all of the
other joint agles, except for the arm joints. Adequate angles for
naturally walking motion are applied to the shoulders, as well as the
elbow joints, although, in the present study, we assumed that there
was no direct contriltion.

The distance between the initial posture and the final posture is
obtained based on the walking speed and the sampling time as fo
| ows. Based on g(lefeLegBase)radentdtvev al ue of E
v a | u ep (Leff FooEPoaint) is computed using Eq. (7). At this
step, the tentatidecationo f t h e pigcomputedo be dne E
half stepbehind thedesiredocationo f - h e r e fz shoudd, 2
be shifted forward because, under the supportingremt, the left Figure 21 Human model verification with actual human motion
foot must remain at the initial positiofhus, by adding the distance
between the current position and the next interpolatétiopot®
P, a BiecrcalBd, as shown #gatan(c). Consequently, E
be detemined usinghe create® ;5. T k@, N Eaypadn E
be determined by Egs. (1) through (3). Hence, solving the entire
forward kinematics of the KDH model yields the interpolatian tr
jectory to thetarget posture (d) shown in Fig9. A similar proe-
dure can be applied to each walking segment. Therefore, aleontin
ous walking motion can be realized by sequentially céingezach
determined trajgory.

a o

= T -

Figure 20 Trajectory generation process for straight walking

APPENDIX C: Example of KDH Model Verification

Figure 2 shows the KDH motions compared to real human
motion examples. The KDH specifications are as described-in Se
tion 4.1. The step length is 0.4 m, and the ategle is 30 degrees.
Figure22 shows the KDH running motion as compared to amexa
ple of actual running. The KDH trajectory is determined using the
process with initial and final postures based on the human running
data. We have demonstrated that the KDH posturepdlzted in
24-ms intervals agree well with the actuaining motions

Figure 22 Human model verification by running motion

Figure 23 KDH walking motion examples for adult and aged pe

APPENDIX D: Example of the Modification of the KDH sons
Model
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