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A b s t r a c t - - T h e  shortest path problem is one of the most important tools for the optimal design 
in the power plant piping CAD. This problem can be solved by modelization of spaces around the 
pipe lines. That  is to say, those spaces are defined as the small spaces divided from the plant space 
and the adjacent relations among spaces are expressed with the graph representation and the shortest, 
path problem is solved by using the power multiplication method to the graph. This paper reports 
an optimal design system for the piping CAD system based on the space model. 

K e y w o r d s - - P i p i n g  layout, Shortest path problem, Space model, Graph representation. 

1. I N T R O D U C T I O N  

The role of piping in a thermal or nuclear power plant is important, and the design and manu- 
facture of the piping have a large influence on the quality and cost of the power plant. Recently, 
systematization has been established in almost all parts of plant piping design, due to the rapid 
progress of CAD, which has become indispensable for design and manufacture working. For 
example, composite drawings and bills of material are perfectly produced by CAD system. How- 
ever, automatic design of piping routes has not yet been established, and a designer must find 
out the optimal route by directly observing piping routes graphically displayed on screen by a 
CAD system (Figure 1). 

A power plant is constructed in a large building. In the case of nuclear power, the plant is 
constructed in a concrete building, which is divided into many rooms enclosed within concrete 
walls for safety and airtightness. 

Since many pipelines are constructed in the divided rooms, the density of the pipelines is very 
high, and the rooms are very crowded. Functions required of the plant have recently increased 
with complicated conditions. 

Under such conditions, the difficulty of designing pipelines significantly increased. As such a 
designer must spend much more time and have much experience to design plant piping. 

The reason why a designer must depend on observations is that space situations around 
pipelines are not modelized for CAD systems. Thus, such systems cannot determine automati- 
cally the space for pipelines, in which automatic design is an almost impossible problem. 

CAD systems presently used by plant makers generally contains data concerning shape and 
position of the pipelines, equipment, and building structures. 
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Figure 1. A sample of nuclear power plant piping. 

Geographical information is mathematically represented by the computational geometry graph 
[1,2] and the solution of the optimal problem for post location is very famous [1]. In the IC 
design field, the space region for parts location and lines and connecting points is mathematically 
represented [3]. The optimal design for an integrated circuit is done automatically. 

In the three-dimensional piping design field, there exists little research that deals with the plant 
space needed for the piping [4,5]. The space dealt with in such research, however, is defined only 
by the equipment and building structures. The spaces occupied by those elements are defined as 
the not-permitted regions for piping routes. 

However, the influence of already installed pipelines as an obstacle region was not considered in 
the above papers. Therefore, we cannot expect preciseness when piping routes are automatically 
designed. 

We can model not only pipelines data, but also data of the space around the pipelines. Thus, a 
total model for the piping can be constructed by using CAD. This total model is represented by 
the same as the above geographical representation. Various kinds of graphs for the applications 
are extracted from this total graph representation. 

We assume that pipelines divide a whole plant space into many small spaces. Spaces among the 
pipelines are defined by the shape of a rectangular solid. This small space is called a "partition 
space". Furthermore, the relation between adjacent partition spaces can be expressed by a 
graphical representation. By using this adjacent relation graph, the designer can draw any line 
from any point to any point. This paper deals with finding the shortest path between two points 
in the plant using available routes. 

The shortest path problem has been solved on a computer by Dijkstra's method [6]. In [4], the 
shortest path of a piping route in a nuclear power plant was also solved by Dijkstra's method. 
In [5], the shortest path of a piping route on a ship's deck was solved by using dynamic program- 
ming, which was based on a visibility graph of deck space. 

An optimal design system for piping routes based on a space model that includes the influence 
of pipelines on the space can be realized by using the power multiplication method. 
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In this paper, optimal design system means the following. It is almost impossible to automati- 
cally find the optimal piping route that satisfies all design conditions and requests. Originally, we 
did not intend to construct such a system, but instead tried to construct a system in which the 
designer could decide the optimal piping route by using information in addition to the shortest 
path offered by a computer, for example, the second and third shortest path. 

In Section 2, we describe the total plant piping model for a CAD system and define the space 
model and its construction procedure. In Section 3, a space model for the shortest path problem 
of piping routes is discussed in detail. In Section 4, a solution method for the shortest path 
problem of a piping route is shown through examples, and distance correction is also mentioned. 
Conclusions are presented in Section 5. 

2. TOTAL M O D E L  R E P R E S E N T A T I O N  F O R  
A P L A N T  P I P I N G  C A D  S Y S T E M  

The total plant piping model can be expressed by the following graphical representation, which 
is based on computational geometry. 

where 

W = (P,E,V,F, VA, VB, Vc, VD, V~,Vb, Vc, Vd, Ve,Vf, Vg, Vh), (1) 

P is the set of points of parts in the pipelines (Figure 2), 
E is the set of pipeline segments (Figure 2), 
V is the set of small spaces divided by the pipelines in plant space R, 
F is the set of boundary surfaces of the partition spaces, 
VA, VB, VC, VD are the relational functions between pipelines and partition spaces, and 
Va, Vb,..., Vh are the relational functions between pipe parts and partition spaces. 

Z " Y . . . . .~ ,I. ~, . , ,  x ~ .... 

L., e F] jo.L., "--.... 

Figure 2. Plant space and pipeline model. 

This model can completely express all information about all elements that exist in the plant 
except for equipment and building structures. This allows easy handling of the problem and a 
clear explanation of its structure. Such an abbreviation does not influence developing the logic 
of the space model definition. 

The mathematical model expression such as equation (1) is famous in two-dimensional geogra- 
phy. We introduce it into the three-dimensional plant piping field and apply the model to actual 
problems of piping design, i.e., interference checking or the shortest path problem of pipelines. 

Each item of equation (1) is explained in de~ail in the following section. 
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2.1. Graphical  Representa t ion  of  the  P ip ing  M o d e l  GL 

First, we explain the pipeline's mathematical model, which is the base of all mathematical 
models of plant piping. The power plant piping is constructed inside the building, and its final 
layout is shown in Figure 1. Actual plant data is very complex, and simplifying the data is needed 
to develop the logic. The plant used in the definition of the model is shown in Figure 2. 

Inside the plant space R, building structures, equipment, and pipelines are constructed. The 
plant coordinate system and plant original point are settled in the plant space R. The positioning 
and orientation of all plant elements can make it possible by means of the coordinate system. 

The graphical representation of pipeline GL is defined as follows: 

e L . ~ -  (P, E). (2) 

When it is only necessary to design pipelines, the parts of the piping are extracted from the total 
model W. Almost all conventional CAD systems are based on this model. 

The pipeline installed between an outlet nozzle and an inlet is defined as one unit of pipeline 
and a line name is given for identification. In general, the route of a pipeline is designed from 
the center line of a pipe at the planning stage. 

We use the center line of a pipe as the pipeline model. The pipeline represented by a center 
line is composed of the part's points and the line segments connecting the points. And the part's 
point are assumed to be composed of a terminal point, a bend point, and a branch point. By 
using this composition, the piping system can be expressed by the above graphical representation 
of equation (2). The part's point is referred to as the graph node (hereafter, called pipe node) 
and the line segment is referred to as the graph arc (hereafter, called pipe arc). 

Details of equation (2) are as follows. 

Li is the ith pipeline. 
Pit is the jth pipe node expressed by the part's point on Li and the coordinate is denoted 

by (x j, 
elk is the k th pipe arc of the line segment on Li. 

Then, each set of pipe nodes and arcs for all pipelines are shown as follows. 

and 

where 

P = {p~j ]j  = 1, . . . ,np~, i = 1 , . . . , n~} ,  

E = I k = i = 1 , . . . , h i } ,  

npi is the number of pipe nodes of Li, 
ne~ is the number of pipe arcs of Li, and 
nl is the number of pipelines. 

(3)  

(4) 

2.2. Graphical  Representa t ion  of  the  Space M o d e l  Gv 

The definition of a space model and its mathematical representation are described in this 
section, and the procedure for constructing the space model is explained. 

2.2.1.  Def in i t ion  of  part i t ion space V 

A plant space R is divided into small spaces around pipeline segments. These spaces are 
considered to be divided by the pipeline arcs and nodes in order to satisfy the following conditions. 

(1) The shape of a small space is a rectangular solid and the six surfaces are parallel to either 
the plane of X-Y, Y-Z, or Z-X of the plant coordinate system. 

(2) There are no gaps and overlaps among the spaces. 
(3) The plant space R is perfectly filled by these spaces. 
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(a) Plan drawing of Figure 2. 
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Figure 3. 
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The small space disected from a plant space R by the following method is defined as the 
part i t ion space. The  shape of the parti t ion space is rectangular solid (Figure 3). 

Step 1 Draw the plan drawing of pipe lines in the plant space R and draw horizontal lines at  the 
node points of the pipe lines (Figure 3a). 
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(d) Creation of rectangular solid. 

Figure 3. (cont.). 

Generate rectangulars between two horizontal lines in the plan drawing by drawing vertical 
lines at the node points on the horizontal lines (Figure 3b). 
Build the quadrate columns on each rectangular and create the rectangular solids by 
cutting the column with the parallel planes to the X-Y plane passed through at the node 
points on the edges of the column (Figure 3d). 

2.2.2. M a t h e m a t i c a l  r ep resen ta t ion  of  a space mode l  

The above mentioned partition spaces are adjacent to each other and have adjacent relation- 
ships with other partition spaces in six directions of the plant coordinate system. Each partition 
space and its adjacent relations are expressed by the following graphical representation. 

Gv = (Pv, Z v ) ,  (5) 

where 

Pv is the set of nodes that represents the partition spaces, and 
Ev  is the set of edges that represents the adjacent relationship between two partition 

spaces. Hereafter, this edge is called the adjacent relation edge. 

3. A S P A C E  M O D E L  FOR S H O R T E S T  P A T H  P R O B L E M  

In plant piping CAD, the model of plant piping W expresses all information about piping and 
can be applied to any design. For example, it is possible not only to design a new pipeline, but 
also to check mutual interference among plant elements and to search a space for maintenance of 
the plant elements. 

When systematization of piping CAD advances to automatic design of a piping route, it will 
be necessary to add physical meaning to the space model and to arrange it to satisfy various 
kinds of design conditions. 

3.1. A r r a n g e m e n t  of  the  Space Mode l  for the  Shor tes t  P a t h  P r o b l e m  of  a P ipe l ine  

The space model mentioned in Section 2.2 is a general form. When the graph is applied to the 
shortest path problem of a pipeline, it must be arranged by considering the following conditions. 

(1) If plant equipment or building structures exist in the layout, the partition space must be 
deleted from the general space model. Furthermore, the edge connected to the partition 
space must also be deleted. 

(2) When a common rectangular surface to which two partition spaces are adjacent (hereafter, 
called an adjacent common face) does not have an area large enough for new piping to 
pass through the adjacent relation edge between the two partition spaces must be deleted. 

The method of deleting and preserving a partition space will be explained in detail. However, 
before that explanation, the physical characteristics of the partition space for the shortest path 
problem are defined 
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Figure 4. A sample of an adjacent relation graph. 

3.1.1. Phys ica l  charac te r i s t ics  of  the  pa r t i t i on  space 

When the mathematical model is applied to an actual problem of piping design, particular 
physical meanings are given to the space model (5). That is to say, the piping route design must 
define the position of the partition space node in the plant space R; the pipeline node is assumed 
to pass through the position of the node. The position of the node is defined as the center of 
gravity of the partition space node. 

The coordinate (xvi, yV,  z"i) of the position of the node pvi is defined as follows: 

(xVi, Y'i, zVi) = (xai, Yci, zai) ,  (6) 

where (xai, Yvi, zai) is the center of gravity of the partition space Pvi. 
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Figure 5. Distance between two parti t ion space. 

Next, the distance between adjacent partition spaces is defined by the following equation, which 
is essential to solve the shortest path problem (Figure 5). Let d~j be the distance between two 
partition spaces, then 

(7) 

3.1.2. Delet ion of a pa r t i t ion  space node by equipment  or bui lding s t ruc tu res  

In the above explanation, the partition space is divided from the plant space R by the pipelines. 
The influence of existing plant equipment or building structures on creating the space model was 
not considered. 

Consideration of such influence is realized by deleting partition spaces from the space model 
in which the equipment or building structures exist. 

When deciding whether deletion is necessary or not, the minimum rectangular solid that en- 
velopes the equipment or building structure is considered. If overlapping between the rectangular 
solid and any partition space is known as a result of a Boolean operation between them, the par- 
tition space must be deleted from the original space model. 

3.1.3. Deciding pipe diameter 

The method of model construction was developed in Section 2.2.1, and it was assumed that an 
edge is generated between two adjacent partition spaces. However, the model is applied to the 
shortest path problem of a pipeline, it must be decided whether a new pipeline can pass through 
an adjacent common face or not 

As mentioned above, if a pipeline passes through a partition space, the pipeline needs to pass 
through the center of gravity of the partition space. Thus, the adjacent common face must have 
an area large enough for the pipe. If the area is insufficient, the edge between two partition 
spaces should be removed from the graph. 

At the same time, preventing interference with existing pipelines is considered. In order to 
make this decision, the following function is introduced. 

Fd = rain {td -- rdmax -- rp, tl -- rlrnax -- rp, t2 -- r2max -- rp}, (8) 
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where 

The 

td is the 
tl is the 
t2 is the 
rd  max is 

r l  max is 

r2 max is 

rp is the 

decision 

half-length of the diagonal of an adjacent common face, 
length of face's longer side, 
length of face's shorter side, 
the maximum pipe radius of piping parts existing on face corner, 
the maximum pipe radius of piping existing on longer side of face, 
the maximum pipe radius of piping existing on shorter side of face, and 
pipe radius of newly installed piping. 

is made as follows. 

If F d  > 0, then the partition space edge is set on the graph. 
If F d  < O, then the partition space edge is not set on the graph. 

gl 

t2 t2 

Figure 6. A pattern of adjacent common face. 

One example of F d  is illustrated in Figure 6. In the left figure, F d  = min{td -- r d  - -  r p ,  t2  --  

r2  --  rp ,  t l  - -  r p } .  In the right figure, F d  = min{td -- r d  --  rp ,  t l  - -  r l  - -  rp ,  t2  - -  r2  - -  r v } .  

4. S O L U T I O N  OF T H E  S H O R T E S T  PATH P R O B L E M  
U S I N G  T H E  SPACE M O D E L  

The method to solve the shortest path problem for a pipeline is explained by using the space 
model mentioned above. We consider a problem where a pipeline is installed from an outlet 
nozzle to an inlet nozzle in a space where several pipelines already exist. 

The conditions are as follows. 

(1) The newly installed pipeline does not interfere with other pipelines. 
(2) The total path length of the pipeline is as short as possible. 
(3) When there exist more than two shortest paths, the path with the smallest number of 

bends is selected as the shortest path. 

Hence, the main subject is to solve the problem by applying the power multiplication method 
to the distance matrix decided from the space model. This space model is the model arranged by 
the physical and design conditions mentioned above. The method is explained in the following 
section. 

4.1. Solv ing  the  P ip ing  Shortest  Pa th  Prob lem 

Step 1 Create partition spaces within the range of the space by using existing pipelines, and 
include the outlet nozzle (start node) and inlet nozzle (finish node). 

Step 2 At the same time, set the adjacent relation among the partition spaces. 
Step 3 Calculate the value of the decision function for each adjacent common faces. 

The above steps are done in the preparatory stage. The following are the actual execution 
steps for solving the shortest path problem. 

Step 4 Delete the nodes and the arcs of the partition space according to the following conditions. 
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Step 4-1 

Step 4-2 

Step 5 

Step 6 

Conditions based on the layout of plant equipment and building structure. Delete the 
partition space nodes and the edges from the original space model, that overlap with 
plant equipment and building structures. 
Physical condition of the pipe diameter. Delete the partition space edges from the 
original space model when the decision function is less than zero. 

Calculate the distance matrix between adjacent partition spaces from the final space model 
of a graphical representation. The position is the center of gravity of the partition space 
shown in equation (6); the distance between adjacent partition spaces is obtained from 
equation (7). 
Calculate the shortest path from the start node to the finish node by applying the power 
multiplication method to the distance matrix between adjacent partition spaces. 

4.2.  A d d i n g  F u n c t i o n  t o  t h e  M u l t i p l i c a t i o n  M e t h o d  

For the purpose of the optimizing the piping route design system, some functions are added to 
the algorithm of the power multiplication method. This allows calculation of routes other than 
the shortest path. 

(1) If two or more paths exist, the system can list all routes with same length as the shortest 
path. 

(2) The system can calculate the second shortest path. 

Function (1) was added to allow selection of path with the smallest number of bends. Func- 
tion (2) was added because the shortest path is not necessarily optimal. There are many factors 
that allow optimizing the piping route, and deciding the optimal is left to the designer. There- 
fore, the system must offer the designer maximum information related to the shortest path. The 
shortest path is Pv8 --* Pvj -* Pve because of fewer bends. 

i VI  

V9 

.::::L'." 

:.:""--... I T  / I  v,., 

Figure 7. Sample model for shortest path problem. 

4.3.  S h o r t e s t  P a t h  P r o b l e m  

We will explain the application of the above method to a case in which a pipeline is installed 
among already existing pipelines that is shown in Figure 7. The point S in the partition space P~I 
denotes the start point of the new pipeline L0, and the point in the partition space Pv4 denotes 
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Table 1. Space model of Figure 7. 

Cv={Pv,Ev} 
{ Pv1,Pv 2,Pv 3,Pv 4,Pvs,Pv 6,Pv T ,Pv s,Pv9, PVIO 

PV Pvl l}  

{ev12,ev21,ev19,evgl,ev15,ev51,ev23,ev32,ev21o,evlo2 
Ev  ev26,ev62,ev34,ev43,ev37,ev73,ev311 ,ev113,ev47 

ev 74 ,ev411 ,evll4} 

Table 2. The pat tern  types of common faces and function values. 

Part .  Space Func. Val. Part .  Space Func. Val. Part.  Space Func. Val. 
(Distance) (Distance) (Distance) 

Vl -- V2 V2 - V3 V3 - V4 
30 10 I0 

(225) (150) (125) 

Vl - V5 V2 - V6 V3 - V7 
-72 I0 10 

(200) (200) (200) 

V4--V8 Vl - V 9  V2 - Vlo 
72 15 15 

(200) (150) (150) 

V3 - V l l  V4 - Vll V s - V 6  
- 2 5  15 10 

(100) (150) (225) 

V6-  V7 vT-  Ys 
95 95 

(150) (125) 
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Step  1 T h e  space 

L2. 
S tep  2 T h e  space  

S tep  3 T h e  value 

t he  finish point .  Two pipel ines,  L1 and  L2, a l r e a dy  exist ,  whose d i a m e t e r  is 20 cm and  60cm,  

respect ively.  

Then ,  t he  p rob l em is solved a b o u t  the  case where  the  d i a m e t e r  of  L0 is 60 cm. T h e  so lu t ion  

will be exp la ined  accord ing  to  t he  p rocedure  descr ibed  in Sect ion 4.1. 

shown in F igure  7 is d iv ided  into 11 p a r t i t i o n  spaces,  p ~ , . . .  , p v l l  by  L1 and  

mode l  of  F igure  7 is shown in Table  1. 

of  the  decis ion funct ion a t  each common  face be tween two ad j acen t  p a r t i t i o n  

spaces  are  shown in Table  2. 

S tep  4 In F igu re  7, t he re  is ne i the r  equ ipmen t  nor  bu i ld ing  s t ruc tures ,  therefore,  all 11 p a r t i t i o n  

spaces  are  no t  de le ted  from the  or iginal  space model .  

S tep  5 T h e  d i s t ance  be tween  two ad jacen t  pa r t i t i on  spaces  and the  ca lcu la t ed  value  of  t he  decis ion 

funct ion  is shown in Table  2. 

S tep  6 T h e  d i s t ance  m a t r i x  for L0 = 60 cm 

0 225 

225 0 

c~ (x) 

c~ oo 

200 oo 

oo 200 

oo oo 

150 oo 

oo 150 

oo oo 

is shown below. 

oo oo 200 c~ oo c~ 150 oo c~ 

co oo oo 200 oo c~ c~ 150 oo 

0 125 oo c~ 200 oo oo cx~ cc 

125 0 oo c~ c~ 200 c~ c~ 175 

c~ oo 0 225 oo oo c~ oo oo 

c~ oo 225 0 150 cx~ oo oo cc 

200 c~ oo 150 0 125 oo oo c~ 

c~ 200 oo c~ 125 0 oo c~ oo 

oo c~ co c~ oo ~ 0 225 c~ 

c~ c~ oo c~ oo oo 225 0 250 

oo 175 oo c~ co oo oo 250 0 

STEP 7. T h e  shor te s t  p a t h  p rob l em is solved based  on the  above  mat r i ces  by  means  of  t he  power  

mu l t i p l i c a t i on  me thod .  T h e  so lu t ion  is as follows. 

• Resu l t s  of  ca lcu la t ion  by  the  power  mul t ip l i ca t ion  m e t h o d  are  shown in Table  3. 
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• Shortest path: No. I: Pul '~ Pu2 ~ PulO --d Pull ---4 Pu4. No. 2: Pul ,-.-d, Pu9 '~ Pulo ....4 

P u l l  - '+  Pu4. 
* Number  of bends: No. 1 is three and No. 2 is two. 

Therefore, the shortest  pa th  is the No. 2 route. The total  pa th  length of the shortest  pa th  is 

800cm. The second shortest  pa th  is P~I ~ Pus --* Pus --* PuT --* Pu8 --* pu4 and the total  pa th  
length of the second shortest  pa th  is 900 cm. 

Table 3. Calculation results of the distance matrix. 

No.  P12 P13 P I 4  P15 P I 6  P17 P18 P19 P110 P I l l  

2 2 5  o o  c o  2 0 0  c o  c o  o o  150 o o  o o  
(1) 

12 15 19 
225 co co 200 425 co co 150 375 co 

(2) 2 6 2 10 
56 910 

225 co co 200 425 575 co 150 375 625 
(3) 6 7 1011 

225 co 800 200 425 575 700 150 375 625 
(4) 

114 7 8 
225 775 800 200 425 575 700 159 375 625 

(5) 7 3 (900) 
84 

(6)  2 2 5  775 800 200 425 575 700 150 375 62 

Note 1: Plj denotes the shortest path length from point 1 to i. 
Note 2: The second line and third line in each frame denote the previous node num- 
ber to the current node. The third line means that there axe more than two paths 
whose lengths axe the same. For example, in frame 2, there exist two paths for the 
shortest path to node 10; one from node 2 and one from node 9. 
Note 3: The description (900) shown in frame 5 denotes the second shortest path to 
node 4 from node 1. 

5. C O N C L U S I O N S  

In  considerat ion of  the  above described theory, the  following two points  will be mentioned.  

(1) Effectiveness of  the  power mult ipl ication method  for this purpose.  

(2) Pract icabi l i ty  of  a C A D  sys tem installed automat ica l ly  varies methods  for solving distance 
matr ices  which have been proposed and used in practice. 

The  reasons for selecting the  power mult ipl ication method  are as follows. 

(1) The  a lgor i thms are very  simple and trial and error is not  necessary. 
(2) Matr ix  calculat ion processing is very clear and function addi t ion is easy. 
(3) Not  only the  shortest ,  but  also the second and third  shortest  pa ths  between two points  

can be obtained.  

As for the  practicabil i ty of  using a CAD system, it is not  considered t h a t  au tomat ic  design of  
all p lant  piping can be initially accomplished using this au tomat ion  technique. I t  is not  intended 
to  say t h a t  this theory  obtains  the opt imal  shortest  pa th  design for all plant  pipelines. I t  is also 
fair to  say t h a t  this is the  only deficiency of  this report .  

This  theory  is sufficiently practical  and is effective for the opt imal  shortest  pa th  problem over 
a part ial  range. W h e n  piping routes have been designed to  some degree using a piping C A D  
sys tem and the pipelines are to  be filled into complicated spaces, efficiency and accuracy  will be 
improved by carrying out  space division over the  required range, prepar ing adjacent  graphs  and 
obta in ing  solutions by the  power multiplication method.  I t  is shown t h a t  the  au toma t ion  sys tem 
based on this theory  is very  effective. 
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By  pursuing compactness  of  the au tomat ion  system, m a n y  practical  applications will be found. 

Apa r t  from discussing the system, we want  to  conclude this considerat ion wi th  the unders tand ing  

t h a t  propr ie ty  and practicabil i ty of  this theory  have been fully shown. 
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