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ONE CABIN EQUIPMENT LOCATION METHOD BASED
ONTHEVISIBILITY HUMAN-FACTOR POTENTIAL FIELD

METODA ROZMIESZCZANIA PRZYRZADOW POKLADOWYCH OPARTA
NA POJECIACH POTENCJALOWEGO POLA WIDOCZNOSCI
ORAZ POTENCJALOWEGO POLA CZYNNIKA LUDZKIEGO

The visibility is the basic condition for cabin equipment location. For the description of human, object and obstacle, the human-

factor potential field concept is proposed in this paper, concluding the visibility potential field, the reachability potential field. The
cabin equipment layout problem is modeled based on the basic visibility potential field model. The optimal layout optimization
method is studied based on the particle swarm optimization (PSO) algorithm by natural selection. Finally, the applicability of the
proposed idea is illustrated by numerical studies.

Keywords: cabin equipment, the human-factor potential field (HF PF), visibility potential field(VPF), layout
optimization, particle swarm optimization (PSO).

Widocznos¢ jest podstawowym warunkiem przy projektowaniu rozmieszczenia przyrzqdow poktadowych. W przedstawionej pra-
¢y zaproponowano pojecie potencjatowego pola czynnika ludzkiego (human-factor potential field, HFPF), ktore stuzy do opisu
czynnika ludzkiego, przedmiotow oraz przeszkod. HFPF obejmuje pojecia potencjatowego pola widocznosci oraz potencjatowe-
go pola dostgpu. Problem umiejscowienia elementow wyposazenia kabiny zamodelowano na podstawie podstawowego modelu
potencjatowego pola widocznosci. Metode optymalizacji rozmieszczenia elementow wyposazenia badano w oparciu o algorytm
optymalizacji rojem czgstek (PSO), metodq naturalnej selekcji. Zastosowanie proponowanej koncepcji zilustrowano na przykta-

dzie badan numerycznych.

Stowa kluczowe: przyrzqdy poktadowe, potencjatowe pole czynnika ludzkiego (HF PF), potencjatowe pole
widocznosci (VPF), optymalizacja rozmieszczenia, optymalizacja rojem czgstek (PSO).

1. Introduction

Ships, aircraft, armored vehicle, etc. usually consist of cabin struc-
ture, and there are a lot of cabin equipment requires manual inspec-
tion, monitoring, maintenance and operation [10]. In the cabin design
process, visibility is one very important design factor to ensure the
monitored equipment within the visual scope [9]. All the equipment
to be maintained need reasonable operation space, and the determina-
tion of the space distribution of the equipment is an important part of
the product design.

There are a large number of studies analyzing the visibility of
product. However, in most cases the process is based on the graph-
ics method and needs manual participation. Yin adopts visual cone
method to assess the visibility of manufacturing process [12]. Bidault
combines the method of clipping plane and visual cone [3]. In order to
increase the design and analysis efficiency of the space layout design,
the model based on visibility optimization design method is indispen-
sable, but there are very few relative studies at present.

This paper mainly studies the cabin equipment layout method
from the field point of view. To describe the relationship between the
human body, the obstacle and the object, the conception of the human-
factor potential field is put forward in the paper, and the mathematical
model of visibility potential field is established. Then the optimization

design method of space layout based on the visibility target is studied
so as to improve the spatial layout of visual design efficiency and de-
sign quality. The layout optimization design model is established and
solved by the particle swarm optimization algorithm.

2. The Human-factor Potential Field Concept

2.1. The artificial potential field

The artificial potential field (APF) method originated in the phys-
ics field theory [5, 7], which is first proposed by Khatbi in 1986 [7].1t
is artificially built similar to the physics potential field and can be ap-
plied to the study on some non-physics problems. The basic principle
of APF can be summarized as follows. The motion of the manipulator
or mobile robots can be considered in an abstract artificial force field.
Target point X, generates attractive force on the robot X , and ob-
stacle X,p; generates repulsion to the robot, and finally the motion
of the robot is determined according to the composition of the forces.
The direction of non-collision path is gotten by the direction of the
descent potential function. The method has been widely used for real-
time obstacle avoidance and smooth trajectory control.
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Since the artificial potential field is one scalar field and its char-
acteristics are similar to the electric field. The artificial potential field
method creates a potential field U in the motion space of moving
object. The potel}tial field is composed of two parts: one is the attrac-

tive force field Uar , it increases monotonically with the distance of
the moving object and target, and directs to the target point; another
is the repulsive force field U , it decreases monotonically with the
increasing of moving object and obstacle distance and has a maximum

value when the moving object in the location of obstacle. U ep points
to the direction opposite to the target point.

The total potential field is the sum of attractive force part and
repulsive force part. The force of one moving object in the artificial

potential field is the negative gradient of U :

F(X)=Uait (X)+Urep (X)=-VU (X)

(1
The attractive force field in the whole area is defined as:
) Leom @)
Uatt(X) = Eép (X,ngaz)
Where, & is the proportional coefficient, p(X X goal) is the dis-

tance of moving object X to the object X m=2.

goal >
The attractive force of the moving object is the negative gradient
of attractive potential energy:

Fatt(X):_VUatt(X):é(X’Xgoal) 3)

The force linearly goes to zero when the moving object approach-
es the target.
One general formula for the repulsive force field is:

1 1
. Ll ()20
Urep(X): 2 p(X’Xgoal) ”

0"'p(X=Xobs)>p0

4)

The resultant of force is the composition of attraction and repul-
sion forces, i.e.:

Ftutal = Fatt + Frep (5)

The next movement of the moving object can be determined by
the force magnitude and direction.

2.2. The Human-factor Potential Field concept

Based on the definition of artificial potential field, the human-
factor potential field (HFPF) is an artificial field to describe the im-
pact of operator to the product. It reflects the interaction mechanism
between operator and product operability features, and it includes the
independent and complex field of human visibility, accessibility and
comfort, potential field.

In the HFPF, each design unit structure will have some human-
factor potential energy, the body and optimal human performance re-
gion produce attractive force to the unit, while the repulsion forces are
produced between the different structures. Thus the dynamic change

of the product structure and layout can be driven, and the best location
for the design unit can be found to maximize the attractive force.

Definition 1: The HFPF refers to the artificial field interaction
between various human factors and environment subjects. It can be
formulated as (6):

U(X) = u(h(X),e;(X)) (6)

Where, %(X) is the human factor parameter of space point
X=(xyz),and e (X ) is the environmental parameter of X . Ac-
cording to the artificial potential concept, the HFPF can be divided into
the gravitational potential field U, and the repulsive potential field
Uep > and the former is produced by the target and operator, while the
latter is produced by the interactions of obstacles and operator.

The human-factor ability includes a lot of factors. Visual, auditory,
tactile, olfactory, proprioceptive, etc. are associated with the feeling,
and working space, comfort, etc. are associated with exercise capac-
ity. So the HFPF includes visibility potential field, auditory potential
field, tactile potential field, olfactory potential field, accessibility and
other potential field, etc. This paper mainly focuses on the visibility
potential field.

Definition 2: The visibility potential field U~ (X) describes the
interaction of eyes and all space points. It represents the space obser-
vation ability of eyes and can be formulated as (7):

Uc(X) = u(he;(X), e (X)) (N

Where, h,;(X) represents the parameters associated with visibility,
such as visual acuity, visual field, visual range and visual fatigue [1,
2,4,8,11]. e, (X) represents the environment parameters associated
with visibility, such as light environment, obstacles between the target
point and the human eye.

3. The modeling of visibility potential field

3.1. The visibility potential model

The visibility potential field (VPF) can be expressed as the sum of
the attractive filed function and repulsion field function as follows:

UC(XP):UCiatt(XP)+UC7rep(XP) (3

Where, U- ,,(Xp) is the attractive visibility potential field. The in-
fluence factor of the eye enginery includes the amount of visual field,
the visual distance and so on. The influence factor of the environment
concludes obstacle, light and so on[9]. For simplicity, the visual field
and visual distance are to be considered in the paper.

Uc an(Xp)=u(Cy(Xp),C(Xp),Cligrs (X p)) = 1= Co(Xp)C1(Xp) (9)

Where, Gg(Xp), C;(Xp) are the eye visual function. They can de-
note the relationship of visibility with the visual field and visual dis-
tance respectively. Xp = {xp,yp,zp }is the coordinate of the point P.

Uc ,ep(Xp)is the repulsion visibility potential field. It can be
expressed as follows:

Uc 1op(Xp) =U(Co(Xp), Gy (Xp),Ci(Xp),Cops(Xp))

(10)
=Co(Xp)Gy (Xp)Cr(Xp)Cops (Xp)
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Then ,the visibility potential energy function is formula (11):

UC(XP):Ucicat(XP)"'UCirep(XP) (11)
=1-Co(X)=Cy(Xp)Ci(Xp)(1 = Cpps(Xp))

Where C,,,(Xp) represents the effect function of the obstacle
to visibility.

3.2. The visual field function

The visual field is the space that can be seen by eyes when the en-
vironment and head remain stationary. According to the relationship
between visual field and visibility in literature 5, visual field function
is defined as follows:

Co(X) = Cy, (X)=Cp(X) (12)

When the head remained stationary but eye in the rotation, verti-
cal field of human normal sight direction is horizontal line of 15 de-
gree down, which is the human natural angle of sight. The line of sight
of the upper and lower 15° is the comfortable vertical visual field, and
the maximum vertical field of view is the region of above the normal
sight line of sight 40° to 20° below [9]. Some representative point
values of vertical visual field can be gotten as Table 1.

Table 1. Some representative direction values of vertical visual field

Direction number Angle (degree) Visibility value
1 -20 0
2 -15 0.8
3 0 1
4 15 0.8
5 40 0

Based on Table 1, the relationship between Cy, and vertical sight
angles can be gotten by polynomial fitting. It can be formulated as
follows:

3 2
Cp, =2.81200,7-4.98016, +0.58926,, +1.0495 (13)

Similarly, the scope between 15° left and right of the center line
is the best horizontal vision scope of both eyes, while the scope be-
tween 13° left and right of the center line is the maximum field of
view. Some representative point values of horizontal visual field can
be gotten as Table 2.

Table 2. Some representative direction values of horizontalvisual field

Direction number Angle (degree) Visibility value
1 -35 0
2 -15 0.8
3 0 1
4 15 0.8
5 35 0

The horizontal visual field Cy_ can be formulated as(14):

Cy, =-0.20890, 3-2.75800,% +0.11030, +1.0596 (14)

Where 6, is the horizontal visual angle of sight.

3.3. Visual distance function

The visual distance in operation directly affects the reading speed
and accuracy, it should be determined by the size and shape of obser-
vation object. Usually, the most suitable visual region is 38~76 cm,
less than 38 cm can cause dizziness, more than 76 cm may lose de-
tails. Using 4 order polynomial fitting, visibility distance function & i
can be gotten as:

C;=9.9531x1078/% —2.0927 x107%+/% + 0.0011x 1072412 —2.7047 x 10™*+/ + 0.0038

(15)
Where, n is the visual distance.

3.4. Obstacle influence function

Among the environmental factors, the impact of obstacles is
mostly concerned. When people are watching the object, the obstacle
blocked area cannot be seen. The obstacle influence function should
be formulated according to the geometric relations of human, obstacle
and space point. Suppose the eye locates at point O, and the obstacle
locates at point O', the obstacle is simplified to a circular area of ra-

dius R,y . Ips = OO’ is the distance between the obstacle and eye,

0O is angel between obstacle edge and eyesight baseline. For space
point P, the distance to eye is (¥;,;). Then the obstacle visibility
function C,;, can be expressed as follows:

0 if [Ip|> [fons| and 0p <0
Cops =11 if [Ip|> [lops| and 0p > 65 (16)
Uit o] <o

In order to ensure C,,, can be continuous and differentiable, the
obstacle surrounding area is looked as the transition region. Suppose
C,ps changes from 1to 0 between Oy and 6, . Then C,,; can be
smoothed as formula (17).

0 if [Tp| > fons| and 0p <6
o a-(ep 70R)3 +b-(9P 79,?)2 +c-(9P 79R)3 +d if [Ip|> [l | and 6x <0, <0y,
o 1 if [Ip] > [fops] and 0p > 6y
1 if [7p] <[l
(17)
Where:

_-1
a=
%91%4 — 03 30263, + 36 — 303,05 +36,,65 — 363, +36%,62)

_3(-63 +03)
b= MR 33 253 4 4 3 s 2 92
(=0 +0R)(Oyr — O —30303; +30g —30,,0p +30,,0r — 363 +303,0%)

= _3000r Oy )
(=6 +0R)(O3; — O —30303, + 307 — 301,05 +30,,0% — 303 +30%,03)

4 = 00 (3OR — 603,07 — 03, + 303, ~0x03), . ,
(~0y; +6)(O3 — 03 — 30303, +367 — 36,05 +36,,03 — 363, +363,63)

Using MATLAB software, the space distribution of VPF can be
drawn based on the VPF model. Different color can demonstrate the
potential difference of every space point in the three-dimension map.
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Fig. 2. Distribution of VPF with obstacle

Choose 8, =1.10; . The lower potential ,the better visibility. The
cross section perpendicular to the eyesight line can reflect the VPF
of certain visual distance. Fig. 1. shows the VPF when the distance is
56 cm. When an obstacle exits at (0,0,50) with a radius of 10 cm, the
VPF can be shown as Fig. 2., from which we can see that the VPF of
blocked area is or close to 1, which means very poor visibility.

4. Space visibility optimizing layout

4.1. Modeling

Layout optimization modeling includes the determination of the
optimization variables, objective function and the constraints.
(1) Objective function
It can be approximated considered that the visibility potential en-
ergy of one equipment is the sum of all the face points. Since not
every point on the equipment has visibility requirement, the visibility
potential energy can mainly concentrate on the highly required points
that is the critical visual point. Then, the i-th object visibility function

m
can be Uc(i)125ijUC(Xzy‘) , where, m is the number of critical
j=1

visual points on the target, ‘gij represents the weight of the j-th key

m
visual point, 0<¢& i <1, and Zgij =1. Uj represents the visibility
Jj=1

potential energy of j -th critical visual point.
The comprehensive visibility potential energy represents the vis-
ibility of space layout design, which is the weighted sums of the visi-

n

bility of all objects in the layout space, as Up=p y;*Uc (i) , where,
i=1

n expresses the number of layout objects, y; is the weight of i-th

n
object, 0 <y <1, and Z‘/’j =1, Uq(i) specifies the visibility po-
i=1
tential energy of i-th object.
Therefore, the objective function can be expressed as follows:

n m
max U, =max} y; 3. & ;U ;
izl j=1

(18)

n m
0<y; <L0<& <Ly y, =12 & =1
i=1 Jj=1

(2) Representation of geometric objects

In this paper 2D plane layout problem is studied. Layout objects
are simplified as rectangles or circles. The center coordinates (x;,y;)
, length /; and width b; size of rectangle is used to express geomet-
ric information of objects. The center coordinates (x;,y;) and radius
R; of rectangle are used to express geometric information of objects,
which are showed in the Fig. 3.

(x,,¥,) (x;,),)
A
i \\__ - /-'
i

Fig. 3. Geometric information of object

(3) Constraint conditions
Constraint conditions mainly include the geometric constraint.
Geometric constraint contains non-interference and boundary condi-
tions. Non-interference conditions require that there is no overlapping
part. Boundary conditions require that any object cannot beyond the
given layout space.
The constraint conditions is defined as follows:
s.t.{gi(x)” (19)
hi(x)=0

Where, g;(x)>0 and A;(x)=0 respectively represent the inequali-
ties and ebullition of the constraint conditions.

4.2. Algorithm of layout optimization

The model solution belongs to a NP problem, which could be
solved by genetic algorithm, simulated annealing algorithm and par-
ticle swarm optimization. In this paper, the particle swarm optimiza-
tion with advantage of simple structure and fast convergence speed
has been adopted. The flow chart of layout optimization algorithm is
shown in Fig. 4.

The first step is importing the information of layout. The second
step is modeling the layout optimization. The third step is solving the
layout optimization model. The last step is outputting the result of lay-
out optimization [6]. Parameter setting includes the size, the number
of key point and visibility weight of the objects. The position and
speed updating method is defined as follows:

Vi @+ D=wv; (O +onlp; ;=% O+ conlp; j—x; ;(0)]

) (20)
X j(t+)=x; ;@) +v; ;(¢+1),j=12,...d
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| Import data of Layout problem ‘

| Modc‘_lr VPF ]

v
| Generate initial position and speed |
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| Calculate VPF of layout ]
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v

, Meet? R i = No
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| Calculate VPF of layout ]

h 4
| Update the best position |

4

- Stop? P

ch+
Output the best position

Fig. 4. Particle swarm optimization of layout optimization

Where, x and v respectively represent the position and speed of
particles. ¢; and ¢, represent the learning factor. 1 and », represent
the random numbers.

When updating the best particle position and speed, the particle
swarm is sorted by the fitness value, the position and speed of the half
of the poorest particles are replaced by half of the best particles. The
stopping criterion is the iterative times and iterative accuracy.

5. Example and analysis

5.1. Problem Description

Assuming a certain type of cabin is circular with a radius of 50cm,
there is a fixed internal obstacle. Within the spare space, the equip-
ment (named A, B, C, D) layout problem is to be considered. The
position to be monitored is at each geometric center of the equipment.
The operator is parallel to the cabin plane with a distance of 60 cm,
and the eyesight is perpendicular to the cabin plane. Between the op-
erator and the cabin there is a circular visual obstacle, with a radius
of 10 cm, and the distance from the cabin floor is 40 cm. The position
relationship between each other is shown in Fig. 5. For simplicity,
assume the body posture and eyesight are fixed. The initial layout is
shown in Fig. 6. The size, initial position and weight of the key view-
point are shown in Table 1.

Table 1. Parameters of object

Serial number Length /(cm) Width b{cm) Initial Position
1 30 20 (0,30)
2 R,=10 (35,0
3 20 20 (0,-25)
4 16 16 (=20, 3)

equipment eyesight
plane obstracle
plane
\\; \ Eye
"\_\ \ } o
|\ Equipment to >
be located
location visual
obstracle abstracle

Fig. 5. The relationship of the equipment to be optimized

11| OSSOV SIS SRS RS SO UM RURRS SRR 19 I Equipment A
------- Equipment B
40 - Equ!prnent o]
i Equipment D
i I L ccation obstracle
2 P ----=-= Location Border
) 1 H 1 - —
20/ et S — i

10} b H i H H e

D0 b b I

B0

504
50 40 30 20 10 0 10 20 30 40 50
X

Fig. 6. Initial Position of all objects

The layout of the equipment must meet that there is no collision
between each equipment and the barrier, and the visibility of the
monitor points is the best. The HFPF method is applied for the op-
timal solution. It can be calculated that the VPF of the initial layout
is 1.1348.

5.2.  Modeling

According to the visibility model, the objective function is estab-
lished as follows:

4
minUc =min Y ¢;*U¢;
i=1

The constraint condition is determined as follows:
Li+1;
2

(1) Non-interference condition is determined as |xi -Xx j| >

bi+b; )
5 i=A4,B,C,D,E; j=A4,B,C,D,E

or |yi _yj|>

(2) Boundary Conditions:
Boundary conditions are determined as follows:

\/xiz +y+ \/liz +b /2 < R (Rectangular) /x;” + y;> + R, < R (Circle)
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5.3. Simulation results and analysis

The MATLAB software is used to obtain the layout designed
scheme with the best VPF index. Particle number, learning factor
and the iterative times are respectively set at 40, 2 and 1000. Let
0y =1.10p in formula (17). Inertia weight uses adaptive weight
method and the nonlinear dynamic inertia weight.

(1) When no visual obstacle exits, the layout result based on the

particle swarm optimization method is showed in Fig. 7. Com-
pared with the VPF of initial layout, the VPF of layout reduces

greatly to 0.2452.
50 — Equipment A
%0 [ R ST Equipment B
[ Equipment C
30l Equipment D
| vision obstracle
20 b I L ocation obstracle
Location Border
10+ —
- 0
10|
20|
230 |
-40 |
50k
-50 0 50
X
Fig. 7. The result of layout optimization without obstacles
50 i = Equipment A
e SO s Equipment B
Equipment C
a0l Equipment D
[ lvision obstracle
20} I Location obstracle
Location Border
10} —
> 0
-10/|
.20/
.30 |
40!
50|
50 0 50
X

Fig. 8. The result of layout optimization with the obstacles

(2) When the visual obstacle located at point (0,0,60), the layout
optimization result is shown in Fig.8. The VPF of layout is
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0.4124, we can see that all the key visual points of objects can
avoid the invisible area caused by the visual obstacle.

(3) The convergence speed of fitness value is shown in Figure
9. The VPF reaches 0.2452and become stable while iterative
times are 252. It can also be demonstrated that PSO method
with adaptive weight has strong convergence ability, which not
only can avoid finding the local optimal value, but also has
very fast convergence speed.
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Fig. 9. Convergence speed of PSO

6. Conclusion

The human-factor potential field concept is proposed based on
the traditional artificial field, concluding the visibility potential field,
the reachability potential field and so on. It can describe the relation-
ship of human, object and obstacle. The basic visibility potential field
model is composed of vertical visual field, horizontal visual field, ob-
stacle influence and so on. In order to realize optimization of visibil-
ity, the layout optimization method based on the VPF is put forward.
The particle swarm optimization based method on natural selection is
applied to solve the model, which can obtain the optimal solution with
faster convergence speed. However only the plane layout is concerned
in this paper, the complex three-dimensional layout should be studied
in the future.
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