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Abstract Based on the use of dedicated software tools, Knowledge Based Engineering
(KBE) techniques are able to capture and reuse engineering product and process knowledge
to reduce time and cost during product development. In this paper a conceptual design of an
automatic wire harness routing application is proposed, based on KBE. As the core of this
application, the wire harness routing algorithm is discussed in detail. Through comparison
with related methods and existing algorithms, a suitable algorithm, named A* is selected. In
order to comply with the complex aircraft specific routing environments, the selected
algorithm is enhanced with so-called wall-attraction capabilities. The resulting algorithm is
called the wall-attraction A* (W*) algorithm, and features a settable parameter that controls
the balance between performance and admissibility of the solution. By conducting a set of
experiments the influencing parameter is optimized. A case study is finally presented,
featuring a conceptual aircraft environment that validates the above theories. Applying the
W* algorithm, the wire harness routing application can connect any source and destination
nodes satisfying according the relevant constraints meanwhile the valuable time and
resources are saved.

. Introduction

OWADAYS with increasing complexity of aircraft sgshs, the design process also become increasingly

complicated. Hence, a method which can provide tisfaatory design conforming to the customer
requirements eagerly need to be proposed. This adesfould not only provide business opportunitiath w
decrease the consumed time, cost and error fogmidsit also support engineers to increase thenymtivity and
creativity and release the workload.

Facing this new challenge, the Knowledge Based r&wging (KBE) system is adopted. KBE, defined by La
Rocca, is a technology that bases on the use idated software tools which are able to capturerande product
and process engineering knowledge. The main obgedi KBE is reducing time and cost of product depment
by means of the following:

* Automation of repetitive and non-creative desiggks

* Support of multidisciplinary integration from tkenceptual phase of the design process

Traditionally, KBE has some features similar asrgetsic modeling in CAD environments, allowing gedrye
to be rapidly created and modified using rules.ddadly KBE systems allow the instantiation of eaahigle object
of the series by using different parameter valagsyell as different parameters, since each objeitie series can
be the instantiation of a different class. The whéBE model is dynamic by nature.

Wire harness design is a highly complex task in diveraft design area and mainly finished by engise
manually. This is typically behind the nowadayguieement of the customer and market such as rapigkting
into the market, saving valuable time and moneys Tépresents a huge challenge that taking advardtbiBE to
automate the wire harness design process in oodsaivte the money and time of aircraft design psacBase on
KBE an automatic routing system for electric wirgrress is presented in this paper. Firstly, thkdracind of
automatic wire harness design in aeronautics fisldyiven. Secondly, the methodology and existedtimgu
algorithms are introduced and analyzed, and theuitable algorithm named A* for rule based routmgthod is
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chosen. Thirdly, in order to comply with the complarcraft specific routing environments, the seddcalgorithm
is enhanced with so-called wall-attraction captibgi So a modified algorithm, wall-attraction Algarithm (W¥),
is introduced. Furthermore, through experiments,itifluence factor in evaluation function of the \attjorithm is
discussed and the parameter of evaluation funddioptimized. After that, a case study presentauzge of above
theory in a conceptual routing environment. Theoclusion is given.

1. Praoblem background

It is generally believed that as a part of a whateraft design, wire harness design is a time-gomsg job and
has kept lots of manual processes. As one of thet wmmplicated system in the whole aircraft, eleciviring
harnesses are comprised of hundreds of cables randsands of wires. It is necessary to provide etadt
connectivity between all the mission and vehiclstegns ensuring sufficient redundancy and religbilihe manual
way for designing wire harnesses typically involwesiting for a hardware prototype of a whole ortpasf an
aircraft, manually measuring wire paths and prdogssumerous engineering change orders. The preaoessimes
a lot of time and materials, and is often costlexpedite. Indeed design wire harnesses traditipimhigh-stake
and need to deal with huge data including weighttred wiring, the space requirements, electromagneti
interference, corrosion, resistance to environmédv@aards and maintainability. It is generally knthat the partial
reason of delivery delay for Airbus A380 is the dem of wire harness. According to a variety ofdme it's
tangled in a bunch of electrical wire harnessé&s86km of cables, 100,000 wires and 40,300 conngctoibe exact.
So it is undoubted that wire harness design ishydidr automation and its complicated, repetitimee consuming
and rule-based nature make it a well-suited fieldi¢velop KBE design applications. The gains franomation
should outweigh the costs of any new hardware aftivare which are used to develop the novel autmmat
system. Moreover the case that this system canlempfality products to get to market faster will decepted
without question.

On the purpose of automatic designing the wire ésgnall the multidisciplinary data which are irnxgd in the
current manual design process should be understdedhanical, electrical and manufacturing inputsstmioe
considered. Accurate and detailed manufacturinguistmust then be generated automatically to ptelveman
error. This merger of data can be considered awwlkdge base, which understands all wiring elemant their
relation to each other, as well as the design amdufiacturing processes. Some of this knowledge sdingen
design handbooks published by different institioAlso the formalized experience drawing from ficacl
engineers is vital for this knowledge base.

Knowledge Base — —
(Rules) Update
YES 3D CAD software
3D CAD software l (e.g. CATIA)
(e.g. CATIA)
3D Virtual Prototype
l Redo NO

Figure 1. Flow chart of automatic wire harness design system.

Fig.1 shows a conceptual design of an automatie thdirness design system. Different from the trawatdi wire
harness design, automatic wire harness desigrtlgetsiechanical model from 3D CAD software. The suMhich
are stored in the Knowledge Base and include tlmvledge from handbooks and experienced enginedrdevi
used to generate the wire harness automaticalyDh, which is an acronym for the General-purposel&mative
Language and will be explained in next sectiongprmming environment. A virtual prototype of wirarhess will
be finished far in advance of any hardware prottypombining with rules, this virtual prototype da@ used to
determine wire bundles, paths and lengths, andinonate the process of manual measurements. Tree vdirness
need redesign if it does not according with theumegnent. Otherwise the information regarding towitl be
uploaded to the Knowledge Base which will be updiaterrespondingly, and the 3D model of wire harreass
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going to transform to mechanical model in 3D CADtware for next procedure. This paper concentratigs the
development of the automatic wire harness desifmvae. The other parts of the whole system aregdd be
discussed on the next research stage.

I11. Theroutingtoolkit and algorithms

In order to fulfill the automatic wire harness dgsisoftware, the automatic routing should be addefirstly.
As the core of the automatic wire harness desigicgss, automatic routing in the aircraft environtrisra time
consuming and repetitive job. In order to autonthi® procedure, we should take advantage of comjauig design
excellent software to take over this arduous jaimfiengineer’s hand. To complete this, we have tldofask, first
choose a programming language, and second pick suitable algorithm.

A. Routing toolkit

As a KBE based problem, routing should be solvezbaing KBE outline. GDL, a programming language
derived from Common Lisp, represents a “next gaimraKBE toolkit and provides all the benefits thaatter
from the legacy “pioneer” systems. It is a supeceANSI Common Lisp, and consists mainly of auttimaode
expanding extensions to Common Lisp implementettiénform of macros. Also GDL is object-orienteddanhas
all the features you would normally expect fromoéject-oriented language, such as

 Separation between the definition of an object am instance of an object;

« High levels of data abstraction;

* The ability for one object to “inherit” from othe

* The ability to “use” an object without concern fts “under-the-hood” implementation.

As successful bidder software for automation waeness design, GDL has the following specific progpe

» Organizing and interrelating large amounts ofoinfation in ways not possible or not practical gsin
conventional languages or conventional relatiomhldase technology alone;

» Evaluating many designs or engineering altereatiand performing various kinds of optimizationghiwi
specified design spaces;

« Capturing the procedures and rules used to sepetitive tasks in engineering and other fields;

» Applying rules to achieve intermediate and fioaltputs, which may include virtual models of wiggfre,
surface, and solid geometric objects.

B. Discussion of path-finding

1. Inspiration

Finding a suitable path is common encountered lot af industry field, such as 2D/3D computer gamesy
large scale integration (VLSI) circuits, global fiimning system (GPS) navigation, printed circuitabds (PCBs),
and so on.

The highlight of path finding in video games istime, especially in real-time strategy games. Riatting in
the context of video games concerns the way in kivhienoving entity finds a path around an obstactomling
different rules. Path finding has grown in impodaras games and their environments have becomeaoongex.
The engineers in this domain take lots of inspirai from Artificial Intelligence (Al). One of thergatest
challenges in the design of realistic Al in compugames is agent movement. Path finding strategjiesusually
employed as the core of any Al movement systenh fading strategies have the responsibility ofifirg a path
from any coordinate in the game world to anothegst&ns such as this take in a starting point addsdination;
they then find a series of points that together mise a path to the destination. The game Al padefi usually
employs some sort of pre-computed data structuguige the movement. However, we all agree thdt fiatling
of video games is not a real three dimensional Iprob Traditionally, detailed routing was considerzsi a 2-
dimensional problem and the engineers always sthilgerouting problem through projection mapping. Ahe
situation is similar in the filed of VLSI circuitdesign, for the number of layers was very small pared to the
length and the width of the board. In spite of tlis the mature industry fields with developmentdefades, this
also provides us a good origin to route the wirenkss and electrical loom in 3D aircraft routingriemnment.
Many relevant algorithms can be used directly ahwinprovements to fulfill the aerospace vehiclating task of
both global and detailed.

2. Routing algorithm analysis
There are lots of algorithms for path finding swuah breadth-first, depth-first, best-first, A*, Hitlimbing,
Dijkstra's algorithm and so on. All of them aredyg] to graph searching category and can be cledsifiughly by
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non-information search and heuristic search. $igftiom conveniences of programming and analyze pteadth-

first algorithm is chosen firstly.
8-
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Figure 2. Breadth-first routing algorithm

Breadth-first search algorithm is a form of exhawgssearch in which each of the nodes at a paatidehel is
systematically explored before going to the nexeleuntil the goal state is attained. It also banconsidered as a
flooding algorithm for distributing to every part @ connected network. For the routing environniemeshed and
treated as combination of small mazes, the Brefudthalgorithm is implemented by 2D maze to sinelshe
routing procedure in aircraft surrounding. Fig 2wk a simple 2D maze. During this process, the ireothe start
node is expanded first, all the nodes which are lime the root are expanded next, and then theicessor will
repeat this, and so on. Below shows the breaddigsttithm.

* *kkkkkk *kkkkk *% *kkk

,,,Pseudocode of Breadth first searchalgonthm

*kkkkkk *kkkkk *kkk

2 Gg| =G0, (GO=s), Open:=(s), Closed:=();

3 loop: fOpen () then eX|t(fa|I)

4 n:=first(O

5 if Goal(n) then exit(success);

6 remove(n) from Open, aag (0 Closed;
7 expand {m}, add. m to G;

8 ad to Open;
9 go Ioop
10 End

Here ‘G’ means graph search, and‘'s’ means starésid@pen and Closed represent ‘open list’ and éclizs’
separately. Firstly, the open list contains stadenand only start node, and the closed list istgmp is the current
node. The sefm;} is child nodes of node m; is the nodes which are not stored in open list @mdi list and it

will be added to the open list. This process immata iteratively until reaching the end nodes @& dpen list
become hollow. During this, the obstacle shouldidrored, and treated as unreachable nodes. Aftdr the
algorithm moves from the end node to start node lrmckward direction. And the path which will beirid if it is
existed, lookes like the gray nodes in fig. 2. Tiedght of the maze is concerned with the distanamfthe current
maze to the root. In this paper the weight is seéfLla This means the weight of all the nodes gitden in the maze
arenx1, and nodes in next depth &ret1)x1, and so on. With the breadth-first routing aldurit the path between

start node and end node is found easily. Intuifivitlis one of the shortest paths between thentualy, breadth-
first search always finds the shortest path to ¢hd nodes for it always reach all the nodes atl lavbefore
searching on level n+1. And this is generally ategin the Artificial Intelligence field.
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However, as a non-information search algorithmrmeieds flooding over nearly all the nodes in thedeag
space. This makes us have to take care of thedimsumption and memory space requirement. Theiddgocan
be improved by different ways, for example, chogsime node farther from the center of the searchpage as the
start node, start searching from both start nodkerd node as shown in Fig. 3, and so on. Thesesaan the
consumption time and memory in a certain extent tBa inner property of this algorithm makes itl dtie an
inefficient algorithm especially in a lager scal@ ®uting environment.

8
7 8
6 7 8

2 1 2 3 4 5 6 7 8 ¢

1 2 3 4 5 6 7 8

Figure 3. Improved breadth-first routing algorithm

In order to overcome the disadvantage of the néorsimation search algorithm, the heuristic searclalygrithm
is adopted. Heuristic searching makes use of theidte information which is contained by the prefnl itself to
guide the searching procedures to reduce the segrsbope and decrease the complexity of the seayg@nocess.
As an outstanding one in heuristic searching metAdds discussed here. A* described by Peter Hdits Nilsson,
and Bertram Raphael in 1968 derived from best-fiestrch and can find the lowest cost path betweeistart and
end nodes. Using A* we can easily find the balgmzi@t between finding the optimum solution throwgthaustive
searching and finding a satisfactory solution vatlvest searching cost. Next, a detailed explanatiitirbe given.

3. Routing algorithm in aircraft wire harness design

Using A* algorithm, because of taking advantagéhef heuristic information, the ineffective ergodmecesses
are obviously decreased. And its properties, sielga@d performance of searching in maze, the mefbod
calculation value of g, h and f, and the evolvaépilthich means the new rules can be easily addedddifying the
weight function, make it becomes the suitable aigor for solving the wire harness routing problemaircraft
design.

In A* the evaluation function i$(n)=g(n)+h(n). Here, n is the current node, and g(n) means thement cost

of moving from the source to the current node anghid. The h(n) is a estimated movement cost ofingpfrom
current node on the grid to the destination. Ireotd improve the calculation efficiency, generalig g(n) and h(n)
are round to integer. Below is peseudocode of Afrc@ng algorithm.
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*% *kkkkkkhkkk

,,,Pseudocode of A* searching algorithm

1 Begm
2 Give start, goal,
enlist =(), Closedlist =();
étart) =0, h(start) =heuristic- -diatance(start, goal); f{stag(start) + h(start

2
3
4 ove start to O enlist;
g While(Openlist = nil)
7
8

Get node n which is first node in Openlist;
if(n == goal)
{brea i}
10 Remove(n) from Openlist;
11 Add (n) to Closedlist;
12 foreach y in nei hbor- -nodes(n)

©

13 if ((y in closedlist) or (y is unwalkable))
14 continue;

15 eles if (y not in Openlist)

16 Ad dg y) to openlist;

17 Set father-node(y) =n;

18 g g(n) + dist between(n yg

19 % —heunstlc d|atance(y goal

g(l) f(y) =g(y) + (y), ;| openlist)

22 |f n) + dist between n.y)) <

23 ((ggat)father node(y) = ( ) <90)
%g ?( ) = g(n) + dISt between(n y);
%g sort Openllst rom small to big according f value;

28 ;;;ergodic father-node to get optimized path
29 if(optimized-path-existed)

31 n = goal, Pathlist = (goal);
32 while(n != start)

34 n= Get-father-node(n);
35 Add(n) to Pathlist;

Fig. 4 shows the evaluation of f(n), g(n) and h{n)this algorithm, f(n) is used to keep the sesrglon the rails
and g(n) makes sure that the final path is optinsamtion and h(n) is charge for finding the satiséay solution

H=40 | H=30 | H=20 [ H=10
G=126 | G=122 | G=126 | G=136
F=166 | F=152 | F=146 | F=146

H=60 | H=50 | H=40 | H=30 | H=20
G=112 | G=108 | G=112 [ G=122 | G=140
F=172 | F=158 | F=152 | F=152 | F=160
H=80 | H=70 | H=60 | H=50 | H=40
G=98 | G=94 | G=98 | G=108 | G=126
F=178 |F=1164| F=158 | F=158 | F=166
H=100 | H=90 | H=80 | H=70 | H=60
G=84 | G=80 | G=84 | G=94 | G=112
F=184 | F=170 | F=164 | F=164 | F=172
H=120 | H=110 | H=100 | H=90 | H=80
G=70 | G=66 | G=70 | G=80 | G=98
F=190 | F=176 | F=170 | F=170 | F=178
H=120 | H=110 | H=100
G=56 | G=66 | G=84
F=176 | F=176 | F=184
H=130 | H=120
G=52 | G=70
F=182 | F=190
H=140
G=56
F=196

Figure 4. A* algorithm (with diagonal searching)
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with minimal search effort.

Acturally, A* algorithm is already widely used ihe field computer games, VLSI circuits, GPS. Howea®
mentioned before, A* is only popular in 2 dimengbproblem. Considering the future usage, it isautded that
the A* algorithm should be extended to 3D applimatin order to comply the requirement of the autiberaircraft
wire harness design. For the algorithm it is coiento using the evaluation function to transfatrfrom 2D to
3D. However when applying the A* algorithm in 3Dhet complexity of analyze and calculation will inase
explosively especially for the very large scaler@bting environment with some obstacles. Becaudienitiition of
the time and computer memory, some optimized methalli be proposed in next section to overcome shigckles
of 3D automatic routing.

IV. Improvement and optimization

A. Wall-attraction A* algorithm

In the real aircraft, the wire harnesses is routi
along the planes and surfaces such as deck
fuselage skin. This is reasonable for some of dloenr
inside the aircraft be left for luggage and passag
Also this is convenient for the cables to be fixad
maintained in the future. Here this kind of surkage
the planes such as deck, ribs and spars are na
“wall”. In order to make the wire harness be rout
along the wall to according the requirement of tl
aircraft design, a so-called wall-attraction A
algorithm is proposed, i.e. W*. Using of W* algdmit
can guarantee the wire harness be routed along
wall with the advantage of A* algorithm. At the sarr
time, because the room far away from the wall i ve
rare for the wire harness to go through, W* aldomit
can concentrate the nodes near the wall. This \
obviously decrease the searching time with findhneg
optimized solution satisfactorily. Fig. 5 shows &
applied case for W*. Intuitively, the routed cabie
this case corresponds with the requirements
following the wall and becoming the shortest pal
When the requirements are modified e.g. sol
segment of the wire harness should be routed faya
from the wall to avoid be damaged, as a rule-ba:
algorithm W= can also modify its rules slightly trjgure 5. Applied case for W*
according the changed requirements.

B. Optimization

As discussed in part B of charpter lll, the evahmtfunction f(n)=g(n)+h(n) is the core of A* and W*
algorithm. g(n) is the cost from source to currgate and related to optimum solution and h(nharge for finding
the satisfactory solution with minimal search effdf we weight the value of g(n) i.e. emphasizitige cost
information, this algorithm is going to find a aptim solution but takes a lot of time. On the cantifithe value of
h(n) is weighted i.e. emphasizing the heuristi@iinfation, the searching speed will be increasedeker the
optimal solution can not be insured. In order talgre the relationship between optimum solution sadng run
time and try to find the most feasible solution tims specified situation, a improved evaluation clion
f(n)=ulg(n)+wlh(n) is proposed. w is the factor of h(n). If it becansg, the weight of heuristic becomes big

correspondingly. g(n) is similar to this. Here lietu and w equal to 1, tHdn) becomedf(n). Usingf{(n) the

property of A* and W* algorithm is reserved. Mearilgtthe weight of cost and heuristic can be charegeily.
Herein the ratio of w and u i.e=w/u is used to evaluate the weight of different pattsthe heuristic

information takes more share on the whole evalodtie value of r will increase, and vice verse.dfjual 0 the A*

and W* algorithm will become the Dijkstra’s algdmih. At the other extreme, if r is very high relatito g(n), then
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only heuristic information plays a role, and A* nisrinto Best-First-Search. Here for the convenieotelata
acquisition and analysis, u is identically equaba.r equals to w.

w10 Relationship between r and calculation time Relationship betwieen rand nurmber of nodes
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Figure 6. Relationship between r and calculation time  Figure 7. Relationship between r and number of nodes

In order to find a suitable value of w for aircrafire harness design, some experiments are implethemd
analyzed. Based on this an automatic wire harregmg system will be built. Fig. 6 and Fig. 7 shtive curve of
experiment outcome. In Fig. 6, the x axis is r #mely axis is the run time of implementing the nogtsoftware.
Here, the run time dramatically drop down untiguel 1. When r is bigger than 15 the run time isdexrrease any
more. It is meaningless to increase the r any marEig. 7, the axis is r and y is the number oflem The number
of the nodes means the summation of all the nodesden the source and destination through the finti wire
harness. Using the number of the nodes, we camgmewhether or not the solution is optimal. Dgrthe harness
design process, different requerments will be exfelby our customers such as a feasible solutioa optimal
solution. Through the two charts, it is very conean to find the suitable r to accord the requiratacbetween the
admissibility of the solution and performance cdreding process.

V. Results

In this section a case study of
automatic path-finding in a conceptue
routing environment is presented. |
order to apply this 3D wire harnes
routing method, a concept geometi
model of a wing is adopted as the routir
environment. For using grided-based W
algorithm, the model is meshed into a s
of small cubes. Fig. 8 gives the outline ¢
the routing environment and the meshe¢
cubes. These cubes contains not only t
geometry information but also propertie
such as coming from ribs, spar:
hydraulic pipe, and so on. Thes
poperties will be used in the futur
combining with rules such as harnes
turing radius, Min/Max clearance

distinguish, movement restriction and s__
on. Figure 8. Geometry model and meshed cubes
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At this momentment, only the geometr
information of cubes is used for routing
Here the automatic wire haness routir
software which is developed in GDL i
used. Accroding the information of twi
given harness connectors, which are
translated to start and end point of
algorithm, the program can automatical
find the optimial path between tw
connectors. Fig.9 is a piece of harne
routed in the wing. It comes out directl
from GDL. This geometry model also b
stored into neutral file such as STEP al
IGES with property. This method
facilitates commercial 3D modal softwar
to inspect and modify them.

Figure9. A piece of wire harness

V1. Conclusion

This paper has discussed the application of auiormate harness design. Based on KBE, a automaitie w
harness design system is proposed. As the corkiokystem, the automatic routing software is dgwedl. The
methods and algorithms which are able to be useduting application are analyzed separately. Thhothis, the
A* algorithm is selected for path-finding. When tA& is used to implement the routing applicationviery large
scale 3D routing environment, the time consuming aremory limitation compel us to improve this regulit
algorithm. In addition, according the requiremeatshe real case i.e. most of the wire harness ldhbe routed
along the wall in the aircraft environment. Based these two situations, an improved A* algorithm *j\is
proposed. W* is the most suitable for automatidirmuin the very large 3D routing environment.

Based on W*, some experiments are conducted. Thdtseof the experiments represent the admissitmfitV*
algorithm. Also the evaluation function is be asaly graphically through the results of the expenisieAnd the
concrete parameters of the evaluation functiorregeesented for the specific routing problem inahreraft design.
A case study is finally presented, featuring a epgal aircraft environment that validates the a&btheories. The
wire harness routing application can connect anyc® and destination nodes satisfying accordingréfievant
constraints meanwhile saves the valuable time esaurces.
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