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Abstract—In inspections of printed circuit boards (PCBs), be solved can be formulated as a precedence-constrained

a test probe has to be moved to a number of PCB wiring traveling salesman problem (TSP) or a generalized pickup
patterns in some order. This paper considers path optimization and delivery TSP.

for minimizing a total path length of testing PCBs arrayed on Our goal is not onlv to pronose a solution algorithm
a plane. Due to the miniaturization of PCBs, the procedure 9 y prop g

of “alignment” has been recently needed in order to know the but also to install the proposed algorithm to real PCB
exact position of each wiring pattern before each of PCB wiring inspection machines which are to be used in the real world.

patterns is electrically tested. Therefore, there is a precedence The efficiency and applicability of the proposed algorithm
constraint that alignment marks of a wiring pattern have to g strictly checked through experiments using benchmark

be captured by a camera before a test probe is moved to the . -
exact position of the wiring pattern. This paper shows that instances based on real PCB wiring patterns. Thus, we shall

the problem to be solved can be formulated as a precedence-Place emphasis on developing a fast heuristic algorithm
constrained traveling salesman problem (TSP). An efficient which can obtain a good approximate optimal solution with

heuristic algorithm is proposed to solve the problem with a a practically reasonable time. From a practical viewpoint, we
practically reasonable time. The proposed algorithm is installed 5|50 discuss the cost reduction effect for PCB makers or PCB

into real PCB inspection machines that have been widely sold in tion factories thr h the pr d algorithm
in the world. Cost reduction effects for PCB inspection factories Spection Tactories throug € proposed aigo :

are discussed.

[I. ELECTRICAL PCBINSPECTION
Index Terms—Printed circuit board (PCB), inspection path : R : :

optimization, alignment marks, precede(nce-():onstfained trgvel- A. PCB inspection jig and inspection method
ing salesman problem, heuristic algorithm In production process of PCBs, various wiring patterns are
etched on PCBs. When a certain problem happens in forming
wiring patterns, PCBs may include some defects such as open
) o ] (disconnection) defects and short defects.
PR'ntEd circuit boards (PCB) have been used in almost|y order to electrically test wiring patterns on PCBs, a test

aII_ electric QeV|ces. Therefore, productive eff|C|ency_ qu’ called aprobe jig, is used. Probe jigs have many of very
PCBs is a very important issue. There are many of previolig a|| pins, as shown in Figure 1. The diameter of pins is
studies on optimization techniques for PCB manufacturing, .t 40~ 130 pm.

processes such as assembly operations [1], [3], [8] and
drilling processes [2]. On the other hand, optimization
techniques for PCB inspections have not been sufficiently
developed so far except for some studies on multi-chip
module substrate testing [7], [10].

In production process of PCBs, various wiring patterns are
etched on PCBs. PCB inspections, which are done through
pattern tests of wiring, are very important processes in PCB
manufacturing in order to enhance the reliability of produced
PCBs. At the same time, efficiency of PCB inspectioné 1 Probe iia with oi
directly influences the productive efficiency of PCBs. '9- % FrobeJig with pins

Due to the miniaturization of electronic devices, the line On the other hand, many of wirings on PCBs have bulged

pitch of wiring on PCBs recently has become narrowef, s callectontact padsas shown in Figure 2. The diameter
rapidly. In order to deal with such narrow pitch of wiringy¢ contact pads is about 100 300 um.

on PCBs, a new inspection method including so-called
alignmentoperation has been recently used, and the method
has been brought to mainstream in PCB electric inspections.
However, there is no article on optimization related to the
new PCB inspection method including alignment processes.
In this study, we tackle a path optimization problem which
is to minimize a path length of testing wiring patterns on
each PCB sheet. As will be shown later, the problem to

I. INTRODUCTION
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pins into contact pads of wirings, as shown in Figure 3. Ithe same wiring pattern which are arrayed in a plane, as
this paper, we deal with the situation that pins of a probe jghown in Figure 5. Figure 5 shows an example of a PCB
correspond one-to-one with contact pads on a PCB wirisfpeet which consists of 4 wiring patterns (2x2). In general,
pattern. the number of the same wiring pattern arrayed in one PCB
sheet is around between 4 and 200.

r-v Since the number of PCB sheets to be inspected per day
| Probe jig | I is more than 1,000, even if the amount of reduced time
- for completing the inspection of a PCB sheet is several

™~ Pin Contact pad 1 percent, the total reduced inspection time a day or a month
N

is significant, which brings a great effect on cost reduction
| Printed circuit board (PCB) |

or on productive efficiency of PCBs. Therefore, optimization
of inspection paths is considerably worth being studied.

In order to consider inspection path optimization problems,
we use the concept of graph network in which a probe unit
visits alignment marks and test positions.

Fig. 3. Continuity test of a PCB wiring pattern via a probe jig

B. Necessity of alignment via a camera

To exactly conduct the PCB wiring pattern test, each pin
must hit the corresponding contact pad. On the other hand, o a
due to the miniaturization of electronic devices, the line pitch
of wiring on PCBs recently has becomes narrower rapidly.
Therefore, it is more difficult to bring all the pins of a probe
jig into contact with their corresponding contact pads. o o

In order to deal with such a narrow pitch of wiring on
PCBs, a new inspection method including so-caléidn-
mentoperations has been recently used in PCB inspectioRg. 5. PCB sheet (4 patterns)

In such an inspection method, there is one or two alignment

mark(s) for each of wiring patterns. Through the image Without loss of generality, we regard the reference point
capturing of alignment marks, inspection machines obta@i the probe unit as the center of the probe jig. In the
the information on the exact position (coordinate) of eaatxisting PCB inspection system, inspection paths were not
wiring pattern, which enables a probe jig to properly presgptimized. Figure 6 shows the inspection order that the
onto a PCB wiring pattern so that all the pins of the probexisting inspection system visits the alignment marks and
jig can properly hit the corresponding contact pads. Figuretide test position for the PCB sheet shown in Figure 5.
shows a wiring pattern with two alignment marks. A camera

Initial position of
the probe unit o) O

used for capturing alignment marks is integrated with a probe Initial position
jig, as shown in Figure 4. We call such a unit (a probe jig Q-_O\ 5 ;vo a
with a camera) “a probe unit.” ({ 3\0

Y Y
- NY
\o O

Alignment mark
(captured by a camera)

Test position
(probe jig presses
onto this point)

Fig. 6. Visiting order by the existing inspection system

In the previous inspection system, a probe unit firstly

moves to the alignment mark located at the upper left,
Probe unit and then visits only alignment marks in order. After all
the alignment marks are visited, the probe unit moves to
the nearest test position from the lastly visited alignment
mark, and visits only test positions in the inverse order of
Thus, there are two steps in PCB Wiring pattern test; tml;ignment marks that were already visited. However, not all
first step is the alignment, and the second step is the tdb€ alignment marks are necessarily visited before each of
There is a precedence constraint that alignment marks ofégt positions is visited. Therefore, the previous inspection
wiring pattern must be captured via the camera before tRaths are not optimal.
wiring pattern is tested by a probe jig.

Fig. 4. Alignment points and test position

I11. M ATHEMATICAL PROGRAMMING-BASED MODELING

C. Non-optimized inspection path in the present inspection AND HEURISTIC ALGORITHM
system A. Modelling based on a precedence-constrained TSP

In PCB inspections, a large number of PCB sheets areThis subsection devotes to showing that the problem
inspected per day. Each of PCB sheets consists of manyobffinding an optimal path for inspecting wiring patterns
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with alignment marks can be formulated as a precedence- ?
constrained TSP.
To illuminate the readers’ understanding, we utilize an °
example shown in Figure 5. When alignment marks are ® ®

captured by the camera of a probe unit, the camera must

be moved to alignment marid in Figure 7. This operation © ©
can be achieved by moving the reference point of the probe © o SRS
unit (the center of the probe jig) to vertet’. Thus, the & &

move of the camera of the probe unit tbis equivalent to
the move of the reference point of the probe unit (the center o o
position of the probe jig) tod’.
Fig. 9. \Vertices to be visited by the reference point of the probe unit

CF CF Path length: 766.0mm

o

O O ) |
o/

x|l g l
[ 8 _

Fig. 7. Position of the reference point of the probe unit when alignment
mark A is captured by a camera

In a similar manner, we transfer all the positions ofg 10, previous visiting order
alignment marks, as shown in Figure 8.

Cﬁ In contrast to the previous non-optimized inspection path
shown in Figure 10, the optimal inspection path (Figure 10)

° does not include the crossing of edges in the path. The
D D optimal inspection path length is 4.2 % shorter than the

previous non-optimized inspection path. The reduced amount

= = of the path length is not so large because this problem size
SSENe o is very small. However, as will be shown later, the reduced
5 5 amount is several tens of percent in real instances.
o o

B. Integer programming-based problem formulation

Fig. 8. Vertices to be visited by a probe unit Here, we formulate PCB inspection path optimization
problem as a precedence-constrained TSP based on the

By considering such a graph in which all the positions diodel proposed by Sarin et al. [14]. We use the following
alignment marks are transferred, all the inspection paths &f@thematical notation throughout this subsection and the
regarded as the cycles in which each of vertices shown Xt subsection:

Figure 8 must be visited once in some order by the probe {0}: Initial point of a probe unit

unit. o o B:  Index set of wiring patterns on each PCB sheet
For the sake of visibility of graphs, we give Figure 9 defined by{1,2,...,1}

in wh|ch the pictures of PCBs are deleted, I_n this figure, A,:  Set of alignment marks gjth PCB (pe B)
dotted_ lines represent preceder_u_:e orders, which means that; . Set of test positions gith PCB € B)

two alignment marks of each wiring pattern must be visited : Set of all points to visited by a probe unit
pefqrg the corresponding test position of the wiring pattern defined byN = Uéfl (A,U 1)

is visited. _ _ _ ei;:  Edge between verticesandj (i, € N U {0})

F|gure 1Q _s_hows the mspecﬂo_n pe_lth corresponding t_o the p. Set of all the edges,;, Vi,j € N U {0}
previous visiting order shown in Figure 6. As described
before, in Figure 10, firstly all the alignment marks are
visited, and secondly all the test positions are visited. In otherin this paper, we introduce two types of decision variables
words, a set of alignment marks and that of test positions;s andy;;s as follows:
are completely divided when inspection paths are made in {

cij:  Length ofe;; (ei; € E)

1 if j is visited immediately aftet is visited

the previous inspection system. Tij = .
o - . 0 otherwise
However, it is not necessary to visit all the alignment
marks before test positions. In this sense, it is apparent that 1 if j is visited after: is visited
previous inspection path (or previous visiting order) is not Yij = (not necessarily immediately)
optimal. Actually, the optimal path is shown as Figure 11. 0 otherwise
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Since the formulated problem is a 0-1 integer program-
ming problem, solvers for mathematical programming such
o as CPLEX and Gurobi can be used to solve the problem.
TT—e—— However, computational time rapidly increases with increas-

ing size of problems. In the case of 2 alignment marks,

/C\‘EB when the number of wiring patterns on a PCB sheet is

beyond 10, solvers cannot obtain the optimal solution within

a practically reasonable computational time. Furthermore,

since our goal is to install the proposed algorithm into real

inspection machines, from the viewpoint of cost reduction,

it is not good to use solvers which are free for academic

Fig. 11. Optimal inspection path use. Therefore, we construct a heuristic algorithm in the next
subsection.

? Path length: 733.8mm

Decision variabler;; is used to represent inspection pathgs  Heyristic algorithm
namely, construct a path by connecting all edges wijth=
1.

On the other handy;; is used to express precedenc
constraints among vertices corresponding to alignment ma
and test positions. In contrast 1g;, even ify;; = 1, vertex
j is not necessarily visited immediately after vertexs
visited. This corresponds the fact that an test position is
necessarily visited immediately after an alignment mark

In this subsection, we construct a heuristic algorithm
gﬁ order to obtain a good approximate optimal inspection

th within a practically reasonable time (within around 10
seconds).

There have been an enormous number of research papers
oIy heuristic algorithms for solving TSPs. In this paper, we
n :

e very simple and fast but good local search such as 2-opt
visited even if there is a precedence constraint between leand Or-opt [ll_]' It Sh.OUId be_ noted here_thgts!mple use of

-opt and Or-opt in the inspection path optimization problem

test position and the alignment mark. ield h hich d ¢ al " d
Then, the problem to find an optimal inspection path fof €'ds paihs which o not always sa sty a precedence

testing all the wiring patterns on a PCB sheet is formulatceg(?nsna'm between alignment marks and the test position

: : i the wiring pattern. In the past studies on precedence-
as the following precedence-constrained TSP [14]: . . : .
gp [14] constrained TSP, Psaraftis [12] developed an iteratively edge

exchange-based local search by which only feasible paths are

min f(x) 2 Z Z CijTij (1) generated. On the other hand, Renaud et al. [13] proposed

ieNU{0} jeNU{0} a fast heuristic algorithm for a pickup and delivery TSP
(7#1) (PDTSP) which is a special type of precedence-constrained

s. t. Z zy; =1, Vie Nu{0} (2) TSP. In their method, firstly it does not consider whether
jENU{0} obtained solutions (paths or cycles) satisfy precedence con-
(G#9) straints or not, and secondly the algorithm checks precedence

Z z; =1, Vj € NU{0} (3) constraints only when it can find a solution of which length
iENU{0} is shorter than the current best solution. If the solution does
(i#3) not satisfy precedence constraints, the algorithm discards the

Yij = Tij, Vi,j EN, i F# ] (4)  solution.
Yij + Y =1, Vi,jEN, i#] (5) In a manner similar to the method by Renaud et al., we

check precedence constraints only when our algorithm can

g+ Uik Yri + 250 <2 _ ; _ .
Yig T Yjk T Yk T L8 = 2 find a new solution of which length is shorter than the

Vi,jik €N, i g, jFk, k#i ®6) currently obtained best path. However, in contrast to the
yij =1, Vi€ Ap, Vj €Iy, p=1,2,...,1 (7) method by Renaud et al., we do not immediately discard
z;; €{0,1}, Vi,j € NU{0}, i #j a new solution which has a shorter length than the current
yi; >0, Vi, j e NU{0}, i #j best one. To be more specific, if the solution of which

length is better than the currently obtained best path is not
where (1) represents the total moving distance of the ifeasible, namely, does not satisfy precedence constraints,
spection path. Constraints (2) and (3) express flow balang@n our algorithm transforms such an infeasible solution
constraints, which means that there exists only one vertgxo a feasible solution by transferring the position of the
with which each vertex connects in the path. Constraint (#st position violating the constraint to a certain position after
is the constraint that ifj is visited immediately afteg is the corresponding alignment marks, so that the precedence
visited (z;; = 1), theni must precedej (y;; = 1), and constraint can be satisfied. We call this operatmmler
(5) represents the constraint that for any two nodgs exchange operatign
either i or j precedes the other node. Constraint (6) is a The outline of the proposed algorithm consists of the
sub-tour elimination constraint, whete;; is added in the following three phases:
left-hand side to strengthen the constraint, which is effective
to reduce the computational time. Constraint (7) express@stline of the proposed heuristic algorithm
the constraint that alignment marks of a wiring pattern muste Phase 1: Generation of an initial solution
be visited before the corresponding test position of the wiring« Phase 2 Local search using 2-opt and order exchange
pattern is visited. operation
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« Phase3: Local search using Or-opt and order exchange In the above algorithmz® is a current best solution,
operation f () is a current best path lengtff*” is a best path length
that was obtained in the past search, &l is a best path
An initial solution in Phase 1 is constructed based on thength that is obtained in the current search. In Step 7, a
nearest neighbor method. In Phases 2 and 3, local sediehsible solution is constructed from an infeasible solution
is performed; order exchange operation, which is explainéy the order exchange operation. This part of the proposed
later in detail, is used in both phases, but the differenedgorithm is completely different from the previous study
between these two phases is that 2-opt is used in Phasby2Renaud et al. [13]. Experimental results show that the

and Or-opt is used in Phase 3. new operation is effective for obtaining a good approximate
At first, we explain the procedures in Phase 1. optimal solution with a short computational time.
We do not describe the detailed procedures of steps in
[Phase 1: Generation of an initial solution] Phase 3, because Phase 3 is similar to Phase 2. The difference

Step liLet the start point be the initial position of thdetween Phases 2 and 3 is Step 1 and the method of local
probe unit. Construct a path in which only alignsearch. To be more precise, Step 1 in Phase 2 starts from
ment marks are visited using the nearest neighbthve initial solutionz®. On the other hand, Step 1 in Phase
method. 3 starts from the solution:® which is lastly obtained in

Step 2:Add to the path obtained in Step 1 a path in whidbhase 2. Other procedures of steps in Phase 3 are obtained
only test positions are visited using the neares$ly replacing “2-opt” in Phase 2 by “Or-opt.”
neighbor method. As for Phase 1, there are some other comparative meth-

Step 3:Add to the path obtained in Step 2 the edge betwemtts for obtaining an initial solution, such as the greedy
the lastly visited test position and the initial pointmethod, the nearest insertion method and the furthest in-
of the probe unit. Let the currently obtained patisertion method. We employ the nearest neighbor method
be an initial solutionz®. because preliminary experimental results show that the near-

est neighbor method is better than any other comparative

Next, local search using 2-opt and order exchange operaethods. As for Phases 2 and 3, there are other options. One

tion in Phase 2 is described as follows: is that the order of Phases 2 and 3 is exchanged, namely, Or-
opt is firstly applied in Phase 2 and secondly 2-opt in Phase

[Phase 2: Local search using 2-opt and order exchange 3. Another option is that the combined use of 2-opt and Or-

operation ] opt is used in one phase. We do not employ these options

Step 1lLetz® « x°, fP* « M (M is a sufficiently large because our preliminary experimental results show that these
positive constant). Lef™® « f (z°) and go to options are not good in comparison to the proposed algorithm
Step 2. described above.

Step 2:f fP0 £ 7t then let fP* < f™*, p «+ 0 and go
to Step 3. Otherwise, output” and f (), and V. NUMERICAL EXPERIMENTS AND APPLICATION TO
terminate. REAL-WORLD PROBLEMS

Step 3iLely < ¢g+1.1f p > |[N|-2 (|N]is a cardinality of A Numerical experiments
E), then return to Step 2. Otherwise, fet— g+ 1
and go to Step 4.

Step 4:Letr « r + 1. If » > |N|, then return to Step 3.
Otherwise, go to Step 5.

Step 5:Forc®, apply 2-opt such thajth edge andth edge

In order to show the efficiency of the proposed heuristic
algorithm, we apply the proposed algorithm to 8 benchmark
instances constructed based on real PCB wiring patterns. In
the 8 benchmark instances, the numbers of wiring patterns on
are exchanged. Letggpt be the obtained solution each PCB sheet are between 12 and 200. Every PCB wiring

through the edge change. Check whethét pattern in all instances has two alignment marks. Table |
satisfies precedence constraints of alignment mar} ci[vtvﬁ the eﬁperlr?er'lt'al resm:tlts. n thlsPtébBiezﬁathefgs d
and test positions. If it satisfies the constraints, the atthe number of wiring patterns per  Sheetis 1z, an
go to Step 6. Otherwise, go to Step 7. that there are two alignment marks per wiring pattern. We
Step 6if [ > f (mzom) the,n let 2 < @200t and YS€ the personal computer with Intel Core i7 Processor 2.8

ar Pq . RYY .

fm < f (x20r'). Otherwise, return to Step 4. v(\31i|t—|hz,Mli:i?ol\g.o?‘?\,/ioslvgziogvoslg I(E?(A'?It)’ and make a code

Step 7:For infeasible solutiom?lﬁpt, specify an test po- sua press.
sition of a wiring pattern which precedes the

corresponding alignment marks. Transfer the teg‘ Experimental results show that the proposed heuristic

position to a position posterior to the correspondinggomhm ch:an weldfgocﬁ apllproxmattla solut;)?ns W'tlh aﬁoufd
alignment marks, in which the transferred positiof seconds even for Ine 1arge scale probiems. t shou
of the test position is selected among all possib e stresseod here that the propoged algorithm are averagely
positions so as to minimize the total path Iengtha.lround 40% better than the existing method.
This procedure is continued until there is no test

position that precedes the corresponding alignmeBt Installation of the proposed algorithm into real inspection

marks. Letr2"/ be the obtained feasible solutionmachines

If fm* > f(a2op™7), then leta® <« x297%/,  The proposed algorithm has been installed into real PCB

f™ « f(x"), and return to Step 4. Otherwise,nspection machines that are widely used in the world. The

return to Step 4. effect on the installation of the proposed algorithm is that
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EXPER,J@EI{ELIRESULTS The proposed heuristic algorithm has been installed into
— Proposed real PCB inspection machines, and it has great effects on
Instance 'iféstﬂgg algorithm 'mprg’tzme”t cost reduction for real PCB inspection factories.

(time (s)) In this paper, as a first trial, we have employed very simple
nl2 a2 | 24275 (20182'2% 13.5% local search such as 2-opt and Or-opt. It is expected that the
—8 a2 3606 1 6076 5789, proposed algorithm can be improved by using other more

(0.12) efficient heuristics such as Lin-Kernighan method [9] and its
n30_a2 7427.8 4583.8 38.3% variants [6]. On the other hand, as for exact algorithms, new
—5 =515 ég;?s ST, formu!ation gnd exact solution algorithms can be proppsed

- 0.72) by using lifting [14] and network flow-based formulation
n50_a2 8351.9 47225 43.5% [15]. In addition, it is interesting to consider branch-and-

0.73) cut methods by extending polytope of pickup and delivery
n100_a2 16150.5 1?2%;'7 35.4% problem [5]. These extensions will be discussed elsewhere
w150 a2 | 2313901 12130.8 376% in near future.

(11.8)
n200_a2 | 31508.0 1(271é5).8 61.5% REFERENCES
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Considering the fact that the number of wiring patterns
to be tested is at most around 200, in order to exploit
a method of finding a good approximate optimal solution
with a practically reasonable time, we have proposed an
efficient heuristic algorithm. We have shown efficiency of the
proposed algorithm through experiments using benchmark

instances based on real PCB wiring patterns.
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