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ABSTRACT 
    Disaster drills are important for minimizing the damage caused 
by earthquakes, floods, and fires. Therefore, mass-evacuation drills 
are considered to be an important obligation of schools and work-
places that employ several individuals. Moreover, for the validation 
of drill effectiveness as well as disaster prevention, the significance 
of mass-evacuation simulation has increased. 
    In the present paper, a three-dimensional mass-evacuation sim-
ulation is first explained. The developed multi-agent-based simula-
tion with a detailed three-dimensional building infrastructure uses a 
kinematic digital human model with precise human joints. Simula-
tion of a mass-evacuation drill by high-school students agrees well 
with the results of actual drills. In addition, considering the transpor-
tation of badly injured persons during disasters, digital human mo-
tion sets of patients and transporters have been developed for critical 
evacuation simulation. Several examples have revealed the possibil-
ity of applying the extended simulation to evacuation from houses 
and hospitals. 
 
1. INTRODUCTION 
    Disasters such as mega-earthquakes and floods occur frequent-
ly worldwide. Mass-evacuation drills are considered to be an im-
portant obligation of schools and large workplaces that employ sev-
eral people. However, the effectiveness of such drills has been a 
controversial issue because, in most cases, mass-evacuation drills are 
conducted in a relaxed atmosphere. The need for validation of evac-
uation drill effectiveness and disaster prevention has increased the 
importance of mass-evacuation simulation. 
    On the other hand, non-handicapped evacuees are still consid-
ered to be the primary consideration in evacuation problems. How-
ever, it is normal to assume the existence of a few injured persons. 
Furthermore, at present, the number of working handicapped per-
sons is significant. Therefore, the next problem to be addressed 
should be the mixed evacuation problem, which considers 
non-handicapped and handicapped persons or patients as evacuees. 
   A number of studies have been conducted in areas related to 
mass-evacuation problems. Crowd behavior is an important consid-
eration in mass-evacuation simulation. The discrete element method 
(DEM) considers the evacuee to be individual objects [1], and the 

cellular automaton was introduced in order to realize a possible 
evacuation path on the mesh [2]. The multi-agent method was used 
as modeling nodes, links, and other necessary evacuation factors [3]. 
Most previous studies, however, have dealt with two-dimensional 
crowd behavior problems [4]. 
    Although pedestrian simulation is another important subject, 
previous studies using simple circle or sphere approximation pedes-
trian models have been insufficient, especially for evacuations in 
practical environments, such as rooms, corridors, stairs, and other 
three-dimensional facilities [5]. Note that a multi-agent based simu-
lation using simple rigid body pedestrian models moving on a fixed 
cell grid provides insufficient results, as compared to the experi-
mental results [6]. Accordingly, this three-dimensional simulation 
was extended to a three-dimensional simulation using intensive 
kinematic digital human models with realistic human-like joints  
[7]. However, these digital human models were limited to 
non-handicapped human models. 
    In the present paper, the above-mentioned three-dimensional 
mass-evacuation simulation is first explained. The developed mul-
ti-agent based simulation with a detailed three-dimensional facility 
infrastructure uses a kinematic digital human model with precise 
human joints. The digital human model is used to create motion 
primitives that are necessary for evacuation. In addition, the digital 
human model is also used to generate adequate crowd behaviors in a 
three-dimensional mass-evacuation environment. Crowd behavior 
may be organized by primitive motion assembly of a number of 
autonomously evacuating human models. Therefore, the modeling 
of emergency patient transportation is presented. Patients and their 
transporters can be expressed by the digital human model, so that 
several examples, such as stretcher carrying and piggybacking mod-
els, have been developed. The proposed method can be effectively 
used for purposes such as mass-evacuation planning and evacuee 
action prediction. 
 
2. MASS-EVACUATION SIMULATION 
2.1 Simulation Platform and Evacuation Route 
    Figure 1 shows a 3-D model of Titech High School as a simu-
lation platform used to compare the evacuation drill results discussed 
later herein. Siltools [8] was used for the 3-D modeling. 
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    Figure 1  Overview of the 3-D high-school facilities model 

 

 

 

Figure 2  Overview of the inner facility model and evacuation routes 

    Figure 2 shows the school inner facility model with its global 
coordinate Ɇg, where j through l are possible evacuation routes. 
Each evacuee proceeds to the playground through adequate stair-
ways and ground routes.  
 

 

Figure 3  Overview of the first building inner facility model 

 

    Figure 3 shows an overview of first building inner facility and 
its local coordinate frame. Students waiting for the drill to begin are 
also located in the building. The students in the three south-side 
classrooms proceed outside through the nearest corridor or stairway. 
Similarly, students on the second and fourth floors on the north side 
of the building proceed down the north inside stairway through the 
nearest corridors, whereas students on the third floor proceed down 
the north outside stairway. A similar scenario is applied to the evac-
uees  in other buildings. 
    Figure 4 shows Room 404 on the fourth floor of Building 1 
along with the related evacuee. The room model involves structural 
parameters, such as length and width, and contains the personal in-
formation of the evacuee inside the room. For example, a total of 27 
evacuee and their names are registered in Room 404. In the case of a 
mass evacuation, a number of evacuation data must be processed 
simultaneously. Hence, for computational efficiency, only the data 

that is necessary for evacuating individuals is processed at each cur-
rent location. 

       

 Figure 4  Room 404 in Building-1 with evacuees 

 

    Each facility model has its local coordinate frame at its origin, 
which is related to the global coordinate frame by ×g. The local 
coordinate frames are expressed by a homogeneous transformation 
matrix 

g
Tl ᶰ R

4×4
. Before evacuation, students line up in the desig-

nated location in the classroom. The students then rush together into 
the narrow exit when the evacuation is announced. For this reason, 
as evacuation goals, the local coordinate frames ×exit_left and ×exit_right 
are located at the sides of the room exit (Fig. 4).  

 

2.2. Evacuation Model for Simulation 

        

     

Figure 5  Occupation-inspection space moving with evacuee 

 

2.2.1. Algorithm of the Evacuation Model 
    Figure 5 shows the occupation-inspection space moving with 
an evacuee. The space consists of three adjacent blocks, each with 
depth B, width W, and height H (not shown). This space is generat-
ed on an ad hoc basis accompanying the evacuee motion. Student A, 
for example, takes a step forward if no evacuee is located in front of 
Student A or looks to the right if another evacuee is in front of Stu-
dent A. Simultaneously, the Student A looks to the left to find a va-
cant space into which to step forward. For the case in which there is 
no vacant space, Student A must wait until a vacant space appears 
and then step into that space. 
 
2.2.2 Multi-agent System for Evacuation Simulation   
    Figure 6 shows the multi-agent system for evacuation simula-
tion. The system consists of four independent basic objects, such as 
an evacuee agent, the evacuation infrastructure, and the evacuation 
scenario, as well as disaster elements. The multi-agent system is 
implemented on a 3-D platform using Siltools. 
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    Here, evacuee agent 1~N and the evacuation infrastructure 
correspond to evacuee models and the meta-data models, such as 
buildings, classrooms, stairway, respectively. Moreover, evacuation 
scenario 1~N and disaster element objects indicate individual evacu-
ation routes and disaster events that induce evacuation. 

 

      

Figure 6  Multi-agent system for evacuation simulation 

 

    An autonomic parallel programming scheme is applied to the 
simulation. Therefore, each object is driven in parallel when the 
simulation starts. Each evacuee agent receives the necessary data, 
such as the sizes of the classrooms and corridors and the stairway 
step height, from facility databases. An evacuee agent moves for-
ward to the playground while referring to the space occupation sta-
tuses of other agents. The simulation conditions will be explained in 
detail later herein. 

 

3. KINEMATIC DIGITAL HUMAN MODEL WITH PRECISE 
HUMAN JOINTS  
3.1 Properties of the Kinematic Digital Human Model 
    Digital human models have been introduced in the manufac-
turing industry, humanoid robotics, and a variety of computer 
graphics fields [9]-[12]. In these fields, medically detailed body 
structure, implemented robotics control schemes, and compatibility 
with motion capture techniques have been examined extensively.   
    On the other hand, digital human models implemented in 
mass-evacuation simulations should have intensive structures and 
functions for reacting to inevitable motion patterns that occur during 
disasters. First, for digital evacuee, major motions such as stairway 
walking, straight walking, and curve walking are basically required 
in ñup and downò as well as ñleft and rightò directions. A series of 
motion sets that is synthesized based in the abovementioned basic 
motions must be successively adjusted to a variety of evacuation 
infrastructures of different sizes and structures.   
    Note that the size and the walking speed of a human depend on 
individual characteristics so that the necessary footsteps for evacuee 
differ between individuals. For example, an evacuee coming to the 
end of corridor moves continuously to the stairway without pausing. 
Furthermore, the evacuee starts and stops according to congestion 
and performs an S-shaped motion in order to pass other evacuee if 
the necessary vacancies exit. The mass behaviors of thousand of 
evacuee can be realized because of individual motion changes af-
fected by the instant decisions described above. 
 
3.2 Details of the Kinematic Digital Human Model and Its 
Joint Arrangement 
    Figure 7 shows the joint arrangement and the related 
parts-length parameters of the kinematic digital human (KDH) mod-

el used in the present study. Here, the lower limb consists of one toe 
joint, two ankle joints, two knee joints, and three hip joints, whereas 
the upper limb consists of two wrist joints, two elbow joints, three 
shoulder joints, three trunk joints, three back-chest joints, one clavi-
cle joint, three upper-neck joints, and three lower-neck joints.  
    Figure 8 shows the joint coordinate frame arrangement in the 
KDH trunk, left arm and leg, respectively. Here, the right arm and 
leg are mirror-symmetrically arranged to the left side coordinate 
frame. In Fig. 8, k1 expresses the first joint coordinate frame, and the 
eight coordinate frames from k1 to k8 are located in the trunk model. 
Joint angle q is used as the coordinate variable and rotates around the 
z-axis arrow in the right-handed coordinate system, as shown in Fig. 
8.   
    The origin of the global coordinate frame of the KDH model, 
×HumanBase, is situated at the hips, and the origins of the local coordi-
nate frames ×HeadBase, ×RightArmBase, and ×RightLegBase are situated at the 
neck, the right shoulder, and the right inner thigh, respectively. The 
local coordinate frame ×RightHandPoint, just like a robot end-effector, is 
located at the right hand. Similarly, the coordinate frame ×RightFootPoint 
is located at the right foot. Here, the notation for the left-hand parts of 
the KHD model can be expressed by replacing subscript R with 
subscript L. 
    A transformation from the i-th joint to the j-th joint is expressed 
by the homogeneous transformation matrix 

i
Tj (ɗj) ҽ R

4×4
 [13]. Sim-

ilar homogeneous transformations are then applied from the trunk to 
the right shoulder, neck, and head; from the right shoulder to the 
right hand; and from the trunk to the right foot. Consequently, the 
KDH model is expressed as a precise kinematics model with 44 joint 
vectors.  

              

Figure 7  KDH model and its joint arrangements 

           

Figure 8  Joint coordinate frames of the KDH model 
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3.3. Major Motions of the Evacuee 
    A variety of motion patterns occur in bipedal walking. Note 
that one foot, as a fixed link, can support a walking body alternately 
for any pattern. In walking motions, a supporting leg operates as a 
fixed link. Then, ×LegBase in the trunk becomes a motion reference 
point while the walking motion progress. The major motions during 
evacuation, such as stairway walking, straight-line walking, curve 
walking, and S-shaped walking are described in the following.   
 
3.3.1. Stairway Walking Motion   
    Figure 9 shows the KDH leg posture for stairway descending 
walking motion. The landing point of a lifted leg can be determined 
based on the height and depth of the stairway step. Since the posi-
tions of the evacuees are different, the landing point must be com-
puted for each individual evacuee. 

 

             
   Figure 9  Stairway walking posture of the KDH model 

 

    Once the landing point is determined, ×LegBase of the supporting 
leg can be determined. Then, each joint angle may be computed 
using inverse kinematics because the fixed point of the supporting 
foot is known. In this case, however, the solution cannot be uniquely 
determined due to the redundancy of the leg joint structure. Hence, 
the upper five joints can be determined geometrically assuming the 
non-bowlegged posture. Furthermore, the lower three joint solutions 
are computed based on the pre-determined upper joint solutions.    

 

3.3.2. Curve Walking Motion 
    Walking motion turning a corner can be defined as modified 
straight-line walking along a curve. When an adequate corner radius 
and angle are given, the next step angle of the second joint of the 
supporting foot (leg part k5 in Fig. 8) can be computed. At this point, 
a turning motion is performed because the upper body rotates with 
the above step angle. The evacuee turn angle does not always corre-
spond to the corner angle due to the difference in the initial position 
of each evacuee with respect to the corner. Consequently, the evac-
uee may exhibit different walking motion patterns. 
 
3.3.3. S-shaped Walking Motion  
    S-shaped walking motion to pass other evacuee can be defined 
as continuous-curvature walking, which consists of walking in two 
alternate turning directions. Here, the first corner angle is defined as 
45 degrees in all walking cases. However, the next step angle may 
not be the same because this angle should be determined according 
to the exit direction vector for evacuation. S-shaped walking may be 
repeated, especially in the case of evacuation from a classroom to a 
narrow exit space. The number of evacuees engaged in S-shaped 

walking depends on the evacuee distribution as well as their walking 
speeds. 
 
4.  MASS-EVACUATION DRILL SIMULATION  
4.1. Property of Drill Simulation 
    The details of the facility space and the evacuation algorithm 
have been explained in Sections 2.1 and 2.2, respectively. Additional 
properties of the simulation assuming a mass-evacuation drill are 
defined as follows. 
    A KDH evacuee agent represents a 170-cm-tall 
non-handicapped high school student. The lengths of the upper leg, 
lower leg, ankle height, foot length, and crotch width are 38 cm (l1 in 
Fig. 8), 38 cm (l2), 10 cm (l3), 25 cm (l4), and 8 cm (l5), respectively. 
The evacuee walking speed is assigned randomly as 70 m/s ±10%, 
and running or reentering the building is assumed not to occur in the 
simulation. The occupation-inspection space parameters are deter-
mined to be B = 1 m, W = 0.5 m, and H = 1.7 m, whereas the sap-
ling time is set to be 0.1 seconds.   
    The simulations start simultaneously for all classes, and all 
evacuee agents are assumed to be autonomous with no guidance 
leaders. 
    Figure 10 shows the evacuee and evacuation routes around 
Building-1 investigated in preliminary studies based on three drill 
scenarios. There are four possible routes, labeled j through m, in 
the north side of Builgings-1 and -3 and the east-west sides of 
Building-4. All of the evacuee agents in these locations proceed 
from the north exit to the playground. The north exit is approxi-
mately 2 m wide, so that only two evacuee can simultaneously pass 
through the exit.   
    Here, three possible scenarios were assumed as follows. First, 
evacuee from the buildings move straight to the exit (case-1). Next, 
evacuees systematically follow predetermined paths (case-2). Finally, 
evacuees disperse naturally and then form a crowd at the exit 
(case-3). Case-3 was used as the most probable evacuation scenario 
in the drill simulation. Here, the simulation accuracy is not very sen-
sitive to possible perturbations, such as the randomness of the speed 
of the individual evacuee, because similar results were obtained for 
each scenario in preliminary simulations.  
 

        

Figure 10  Possible routes and evacuee behaviors (case-3) 

   

4.2. Evacuation Drill Experiment  
    An actual evacuation drill, including a disaster imagination 
game (DIG), was performed at Titech High School. A total of 547 
evacuee, including 210 students of six classes in Building-1, 73 stu-
dents of two classes in Building-2, 36 students of one class in Build-
ing-3, and 228 students of six classes in Building-4 were instructed 
to begin evacuation upon hearing a starting signal. The maximum 
walking distance for evacuee was 300 m, and the minimum walking 
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distance was 80 m. Additional details of the drill experiment can be 
found in Reference [6]. 
  
4.3. Experimental Results and Discussion 
    In the following, the experimental results of the drill are com-
pared to the related simulation results. Figures 11 and 13 are photo-
graphs of the playground taken from the fifth floor of a building. 
Figures 12 and 14 show the simulation results corresponding to the 
experimental results. Both 120 seconds and 180 seconds after the 
drill began, the number of evacuee agents on the playground was 
slightly larger than that of the actual evacuating students. However, 
the tendencies were similar in both cases, especially regarding the 
line and crowd formations. 
    Thus, the KDH-based simulation was effective for understand-
ing evacuee behavior during a real mass-evacuation drill. This is 
natural in some sense because the KDH model incorporates the most 
precise necessary human joint functions possible. Hence, the KDH 
model-based simulation may be effective for modeling actual mass 
evacuations. 

      

     Figure 11  Photograph of a drill being conducted (120 seconds) 

 

        

Figure 12  Simulation Image of the playground (120 seconds) 

 

         

Figure 13  Photograph of a drill being conducted (180 seconds) 

 

        

Figure 14  Simulation Image of the playground (180 seconds) 

 

5. EVACUATION MODEL CONSIDERING PATIENT 
TRANSPORTATION  
5.1. Cooperative Motions for Mixture Evacuation  
    Evacuation simulation can only be performed successfully with 
several major motions, as explained previously, when all of the 
evacuees are non-handicapped persons. However, in the case of 
evacuation from ordinary homes and hospitals, patient transportation 
should be considered. Patient transformation involves patients and 
their transporters and may be realized as a series of cooperative mo-
tions using KDH models. As cooperative motions for evacuations, 
for example, stretcher carrying and wheelchair carrying motions 
may be important. In the following, KDH cooperative motion mod-
els for cases of emergency evacuation using stairways are described. 
 
5.2. Cooperative Motion for Stretcher Carrying 
    A cooperative motion for stretcher carrying can be realized by 
adding a stretcher carrying motion to the stairway walking motion 
for two transporters in front of and behind the stretcher (Fig. 15). 
Then, the transporters must maintain their stretcher holding posture 
from the start to the end of evacuation. Moreover, a patient KDH 
model lying face up on the stretcher should be restricted for safety.  
    For example, once the joint angles ɗ1 = 5 degrees and ɗ4 = 10 
degrees are given to Joint-1 and Joint-4 of the right and left arms of 
the KDH transporters, as shown in Fig. 15. A local coordinate frame 
ɆHandPoint is defined at the hands of transporters. Therefore, initially, 
the stretcher orientation can be given when an adequate ɆHandPoint is 
assigned to each transporter according to the geometric condition of 
the walking plane. The stretcher position can then be uniquely de-
termined by ɆHandPoint of the forward transporter. Finally, the local 
coordinate frame of the patient ɆHumanPoint, as well as the stretcher 
coordinate frame, can be defined. Note that the above relation is 
effective even when the forward transporter is engaged in stairway 
walking while the other transporter is engaged in straight-line walk-
ing in a corridor.  
    On the other hand, the distance between the transporters is giv-
en as a constant value L1 (Fig. 15). Drip injection behavior during 
stretcher transportation is considered by adding an injection-holding 
agent to the transporters, as shown in Fig. 16. The injection holder is 
located at an intermediate position between the two stretcher trans-
porters. The holding agent also maintains an adequate distance from 
the stretcher. This agent behaves in the same manner as the other 
evacuee agents, except for the injection-holding. Here, the injection 
tube length can also be considered as one of the simulation proper-
ties for patient transportation.  
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Figure 15  Model of KDH stretcher carrying 

 

    In mixture evacuation simulations, all of the agents, such as 

patients along with their transporters, as well as non-handicapped 

agents, move autonomously under predetermined behavior rules. 

Obviously, occupation constraints must be effective for searching 

adequate agent motions in crowded environments. 

 Hence, the same parallel computation scheme has been em-

ployed for the mixture evacuation. Here, iterative computations are 

performed to maintain the given cooperative constraints during the 

kinematics interpolation process for cooperating KDH models.    

 

5.3. Cooperative Motions for Wheelchair Carrying and 

Other Transportations  

    The transportation of a wheelchair-bound patient (Fig. 17) is 

similar to the stretcher-transportation case without a drip injection 

agent. The primary differences are that ɆHandPoint is fixed to the handle 

or footstep of the wheelchair and ɆHumanPoint is located at the center of 

the seat. Here, in order to ensure the safety of the patient, significant 

attention must be paid to maintaining the wheelchair in the proper 

position. 
    On the other hand, carrying a patient without a stretcher can be 
possible. In the case of two transporters, ɆHandPoint of the patient are 
located at the patientôs feet and armpits while ɆHumanPoint of the patient 
is located at the center of both transporters (Fig. 18). In the case of 
one transporter, ɆHumanPoint is located on the back of the transporter so 
that the transporter is accompanied by the patient at all times (Fig. 
19). Consequently, cooperative motions in which a patient is con-
veyed by the transporters can be realized during every interpolation 
process. 
 

      

 

Figure 16  Stretcher carrying on a stairway 

 

      

 

Figure 17  Wheelchair carrying on a stairway 

 

  

 

Figure 18  Other transportation examples (a) 

 

      
 

Figure 19  Other transportation examples (b) 

 

6. Simulation Results and Discussion 
 The cooperative evacuation models developed herein have been 
investigated through simulation. Although the same simulation plat-
form and other primary conditions explained in Section 2 were used, 
in the following, the behavior of KDH cooperative models in stair-
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 de-
fined to be 50% of the evacuee agent speed used in Section 4. When 
L1 = 2.2 m and the injection tube length is 2 m, three transporters 
carry the stretcher down a stairway while maintaining adequate sep-
aration for careful cooperation. The lead transporter, followed by the 
injection holder and the rear transporter move down stairway, as 
shown in Fig. 16. After the lead transporter reaches a landing, the 
stretcher, and then the rear transporter, reaches the landing. Mean-
while, the injection holder on the stairway comes to a halt in order to 
adjust the walking pace to be compatible with the other transporters. 
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The lead transporter makes a wide turn in the landing and the rear 
transporter follows the leader with a slight time lag. Note that the 
injection holder can realize a cooperative motion naturally by mak-
ing a small turn as well as adjusting his/her walking speed on the 
landing. A similar cooperation motion can be observed for wheel-
chair carrying, except for the injection holder. On the other hand, in 
the stretcher-less transportation shown in Fig. 18(a), similar coopera-
tive motion, such as stretcher carrying is realized, except for the dif-
ference of L1.   
    The above simulation results revealed that the application of 
KDH models to patient transportation motions is effective for simu-
lating a variety of cooperative evacuation motions. The developed 
simulation is being investigated experimentally for the purpose of 
verification. It has been demonstrated that it is difficult for two 
transporters to carry a large, heavy patient. Therefore, further study, 
including experimental verification, is important.  
 
7. SUMMARY  
   The present paper introduces a three-dimensional 
mass-evacuation simulation using digital human models. The de-
veloped multi-agent-based simulation with a detailed 
three-dimensional infrastructure uses kinematic digital human mod-
els with precise human joints. This digital human model is used to 
generate adequate motion primitives of the evacuee agent and is 
used to realize the behaviors of crowds that consist of autonomously 
walking evacuee agents in mass-evacuation simulations. The simu-
lation has been extended to cooperative evacuation considering not 
only non-handicapped evacuee but also the evacuee agents, includ-
ing patients and their transporters. The patients and the transporters 
can be expressed by the digital human model so that several exam-
ples, such as stretcher carrying, have been investigated.  
  The simulation results of the mass-evacuation drill at a high 
school were verified by the experimental drill results. Moreover, the 
extended simulation can be applied to evacuation from houses and 
hospitals. The proposed method is effective for mixture 
mass-evacuation planning and crowd behavior prediction. 
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APPENDIX A:  Joint Transformation Matrix for the KDH 
model 
    In the present study, simple homogeneous transformation ma-
trix has been used as the joint transformation matrix 

i
Tj(ɗj). Here, the 

joint variable ɗj and the related link length lj represent the transfor-
mation from the i-th joint to the j-th joint. Therefore, the following 
are obtained: 
                      7 

HB
TRAB = 

HB
T1(ɗ1) ʇ 

j-1
Tj (ɗj )

7
TRAB      (1) 

                                   j=2 

                                   6 
HB

TLAB = 
HB

T1(ɗ1) ʇ 
j-1

Tj (ɗj )
6
T8(ɗ8)

 8
TLAB   (2) 

                                  j=2 

                                  6 
HB

ThB = 
HB

T1(ɗ1) ʇ 
j-1

Tj (ɗj )
6
T8(ɗ8)

 8
ThB   (3) 

                                 j=2 

7 
RAB

TRHP = 
RAB

T1(ɗ1) ʇ 
j-1

Tj (ɗj )
 7
TRHP    (4) 

j=2 

7 
LAB

TLHP = 
LAB

T1(ɗ1) ʇ 
j-1

Tj (ɗj )
 7
TLHP   (5) 

 j=2 

8 
HB

TRFP = 
HB

T1(ɗ1) ʇ 
j-1

Tj (ɗj )
8
TRFP   (6) 

j=2 

8 
HB

TLFP = 
HB

T1(ɗ1) ʇ 
j-1

Tj (ɗj )
8
TLFP   (7) 

j=2 

   6 
hB

T6 = 
hB

T1(ɗ1) ʇ 
j-1

Tj (ɗj )   (8) 

 
j=2 

where HB denotes the Human Base, RAB stands for the Right Arm 

Base, hB stands for the Head Base, RHP stands for the Right Hand 

Point, and RFP stands for the Right Foot Point (Replace R with L for 

the corresponding left side components). For example, as the joint 

coordinate frame k1, 
HB

T1(ɗ1) is given as follows: 
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             (9) 

where l1 is the link length of Joint-1.   

 

APPENDIX B:  Joint Trajectory Interpolation for KDH 
    In the following, Joint-i is defined as the joint coordinate frame 
ki. Walking motion can be considered as motion in which the right 
and left legs contact the ground alternately. Hence, Joint-8 is similar 
to a base link in robotics. Here, the trajectory interpolation is ex-
plained using the simple straight walking shown in Fig. 20. 
    First, the left leg is defined as the supporting leg. Then, the ini-
tial and final posture angles are determined for the desired motion. In 
this case, the initial posture is (a) and the final posture is the stepping 
forward posture with a step angle of 30 degrees, as shown in (b). For 
the right half of the KDH, the Joint-1 angle is set to 15 degrees, 
whereas the joint angle for right-ankle, i.e., Joint-6, is set to 15 de-
grees. On the other hand, the corresponding angle for the left half of 
the KDH is -15 degrees. An angle of 0 degrees is added to all of the 
other joint angles, 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 contribution.  
    The distance between the initial posture and the final posture is 
obtained based on the walking speed and the sampling time as fol-
lows. Based on the current value of ɆLLB (Left Leg Base), a tentative 
value of ɆLFP (Left Foot Point) is computed using Eq. (7). At this 
step, the tentative location of the origin of ɆLFP is computed to be one 
half step behind the desired location of ɆLFP. Therefore, ɆLLB should 
be shifted forward because, under the supporting constraint, the left 
foot must remain at the initial position. Thus, by adding the distance 
between the current position and the next interpolated position to 
ɆLLB, a new ɆLLB is created, as shown in (c). Consequently, ɆRLB can 
be determined using the created ɆLLB. Then, ɆRAB, ɆLAB, and ɆHB can 
be determined by Eqs. (1) through (3). Hence, solving the entire 
forward kinematics of the KDH model yields the interpolation tra-
jectory to the target posture (d) shown in Fig. 19. A similar proce-
dure can be applied to each walking segment. Therefore, a continu-
ous walking motion can be realized by sequentially connecting each 
determined trajectory.   
 
APPENDIX C:  Example of KDH Model Verification  
    Figure 21 shows the KDH motions compared to real human 
motion examples. The KDH specifications are as described in Sec-
tion 4.1. The step length is 0.4 m, and the step angle is 30 degrees. 
Figure 22 shows the KDH running motion as compared to an exam-
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 postures interpolated in 
24-ms intervals agree well with the actual running motions.  
 
APPENDIX D:  Example of the Modification of the KDH 
Model 

    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 an ordinary adult 
model of 1.7 m in height. Aged persons tend to have a somewhat 
bent-over posture and sway slightly from side to side during walking, 
and the corresponding link and joint parameters have been changed 
appropriates. This modification is especially important for realistic 
three-dimensional simulation. Figure 23 shows a simulation exam-
ple of the KDH walking motion for adult and aged persons. Both 
models begin to walk for five steps simultaneously. The walking 
speed and walking distance of the aged model were 55% and 67%, 
respectively, 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. 
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   Figure 20  Trajectory generation process for straight walking 

 

      

   Figure 21  Human model verification with actual human motion  

 

        
     
     Figure 22  Human model verification by running motion 

 
 

 
  Figure 23  KDH walking motion examples for adult and aged per-

sons 

 


