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A Two-Phase PCBA Optimization With ILP
Model and Heuristic for a Beam Head
Placement Mac[;:ine

Guangyu Lu

Jiahu Qin ", Senior Member, IEEE, Jianbin Qiu

Abstracti—The optimization of printed circuit board as-
sembly (PCBA) for a beam head placement machine is a
multivariable and multiconstraint combinatorial problem.
Current techniques falter in solving a variety of PCBA prob-
lems since heuristic algorithms lack theoretical guarantees
of optimality, and mathematical modeling methods have
high computational complexity for the whole problem. This
article proposes a novel two-phase optimization for PCBA,
integrating the advantages of mathematical modeling with
heuristic algorithms. We divide the problem into the head
task assignment and the placement route schedule. For
the former, an effective integer linear programming model
with component partition is proposed, encompassing key
efficiency-influencing factors. A recursive heuristic-based
initial solution speeds up the solving convergence, while
the reduction strategies enhance model solvability. For
the placement route schedule, a tailored greedy algorithm
yields high-quality solutions, leveraging the results of the
model, and an aggregated route relink heuristic does fur-
ther optimization. In addition, we propose a selection cri-
terion for the solution pool of the model to pre-evaluate
the placement movement, which builds the connection be-
tween the two phases. Finally, we validate the performance
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of the two-phase optimization, which provides an aver-
age efficiency improvement of 8.66%-21.83% compared to
other mainstream research.

Index Terms—Beam head placement machine, head task
model, PCB assembly optimization, placement route sched-
ule.

[. INTRODUCTION

URFACE mount technology is essential to the electronic

manufacturing industry. The need for higher efficiency in
production lines has become more acute in electronic industries
with the expansion of the manufacturing sector. The placement
machines utilized to execute automated component surface as-
sembly operations are the most crucial equipment in integrated
printed circuit board assembly (PCBA) lines [1]. Developing
surface assembly equipment is a systematic project involving
multiple subjects, including visual recognition and positioning,
advanced motion control, scheduling techniques, etc. In this
article, we study the scheduling optimization techniques of the
PCBA process using mathematical programming and heuristic
algorithms.

The mechanical design of the beam head placement machines
comprises placement heads, feeders, nozzles, and other con-
nected accessories. They collaborate in three steps of the as-
sembly process: component pickup, inspection, and placement.
The heads are equipped with appropriate nozzle types for various
types of components and are designed for pickup and placement
operations. The components are picked up from feeder slots by
linearly aligned heads simultaneously and placed in the PCB
pads, which consist of a pick-and-place (PAP) cycle. When the
nozzle on the head is incompatible with the component type
picked up from the feeders, a nozzle change operation is done
at the auto nozzle changer.

Early PCBA optimization research focuses on modeling sim-
ple machine types, such as single-head sequential PAP ma-
chines [2] and multiheads for single component type placement
machines [3]. The integrated model for PCBA optimization has
characteristics that combine the models for several subproblems.
Studies in [2] formulated a model to solve component sequenc-
ing and feeder assignment simultaneously, and studies in [4]
enhanced the model with nozzle assignment for the multiheads
case.

1551-3203 © 2024 |IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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Fig. 1. Framework of two-phase optimization with the ILP model and
heuristic algorithms.

The high complexity of the problem makes decomposition
modeling necessary. As an extension of [3] for the multiheads
and multicomponent types, a two-stage mixed integer program-
ming model is proposed in [5] to optimize the nozzle component
assignment and assembly route schedule, respectively. In [6],
the problem is decomposed into hierarchical mixed integer
pickup and placement models. Studies in [7] presented a problem
decomposition approach for component machine allocation and
placement sequence problems, which are modeled separately.
Moreover, a few of the studies model the subproblems therein,
such as the nozzle assignment model in [8] and [9] and the feeder
module change model in [10]. Edge-based and route-based mod-
els have been developed in [11] for placement route schedules,
and abranch-and-price method with effective branch rules solves
the latter.

A series of techniques are applied in the modeling process to
enhance its solvability. Studies in [12] presented a mathematical
model based on pickup groups to reduce the scale of the model,
whereas studies in [ 13] proposed an aggregated integer program-
ming based on batches of components. In [14], an augmented ¢
method was proposed to optimize multiple subobjectives by the
curve matching method.

The large space of the solutions leads to the design of im-
proved heuristics [15], and mathematical models are combined
with them for higher computing efficiency. Hybrid genetic [12],
[16], [17], tabu search [3], [18], particle swarm [19], frog leap-
ing [20], [21], and other intelligent optimization algorithms are
integrated to the PCBA optimization. Moreover, multiobjective
optimization is also integrated with intelligent optimization; for
instance, studies in [ 14] presented multiobjective particle swarm
optimization, and studies in [22] integrated intelligent algo-
rithms with curve matching techniques. A cluster-based heuristic
is applied to group components based on their properties with
single gantry [23] and dual gantry [24] placement machines to
optimize the PAP sequence.

In this article, a two-phase optimization method combines
integer linear programming (ILP) models and heuristic algo-
rithms with the framework shown in Fig. 1. In the first phase,
we extract the primary objectives of the ILP model for the head
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task assignment, which is related to the pickup route. A series of
techniques are proposed to improve the efficiency of model solv-
ing. In the second phase, we solve the placement route schedule
problem of the assembly process using heuristic methods. The
combination of mathematical modeling and heuristics ensures
the high-quality of the major subobjectives while taking into
account the overall solving efficiency of the algorithms.

The main contributions of this article are summarized as
follows:

1) An effective integer linear model for the PCB assembly
process is proposed to optimize the primary subobjec-
tives of the assembly process. The model preprocessing
techniques are studied to improve search efficiency.

2) A placement greedy route schedule for linearly aligned
heads is proposed with the constraint of the head task
assignment, and the solution is further optimized by a
route relink heuristic, enabling efficient assembly.

3) A pre-evaluation selection criterion is present for the one
from the solution pool, which overcomes the drawback
that modeling without movement terms may degrade the
quality of the solution.

The rest of this article is organized as follows. In Sections II
and III, respectively, each phase of the proposed framework
is discussed. An ILP model based on the analysis results of
the assembly process and its solving techniques is proposed
in Section II. The placement route schedule heuristics with
determined greedy and random relink heuristic algorithms are
present in Section III. In Section IV, we give the experimental
comparative results with a commercial optimizer Gurobi [25].
Finally, Section V concludes this article.

[I. HEAD TASK MODEL FORMULATION
A. PCB Assembly Problem

The PCBA process comprises several aspects, and the PAP
operations, nozzle change operations, and movements are the
most critical aspects that affect efficiency. The mechanism of
beam heads is specially designed for simultaneous pickup op-
erations to improve efficiency, whereas the placement operation
time is determined by the PCB data. The heads can assemble
different components by changing a compatible nozzle, which
is time-consuming and often discouraged. Beam head move-
ments consist of pickup, placement, and round-trip movements
between the feeder base and PCB. The number of PAP cycles
affects the round-trip movements, and the slots where the com-
ponent feeders are installed affect the pickup movements.

The nozzle types, component types, and pickup slots are the
three basic compositions of the head task assignment. We call
the consecutive PAP cycles with the same head task assignment
as the cycle group. The objective of the model entails the primary
subobjectives, except for the movements of the gantry, which are
optimized by the route schedule method. The PCBA process can
be regarded as a capacitated vehicle route schedule problem [12],
with restriction of a head-accessible point set, which proves it
is an NP-hard problem, and the extra constraints rather increase
the difficulty of solving the problem.

The assumptions for the PCBA process are listed below:
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TABLE |
NOTATIONS SUMMARY OF THE MATHEMATICAL MODEL

Indices & Sets

1€ 1 index of component type, I = {1,2,---}
jed index of nozzle type, J = {1,2,---}
heH index of head, H = {1,2,---}
peP index of placement point, P = {1,2,---}
lel index of cycle group, L = {1,2,---}
s€ 5,5 index of feeder slot, S = {1,2,---}, and Se = {—r-
(H|=1)+1,0,1,2,,[S]}
Parameters
T the average moving time of round trip between PCB and
feeder base
T> the average time of nozzle change operation
T3 the average time of pickup operation
Cip =1 if component type ¢ is compatible with placement point
p, otherwise, (;p =0
bi the number of placement points of component type 4
r the ratio between the interval of adjacent heads and slots
T the interval distance between adjacent heads
M a sufficiently large positive number.

Decision Variables
Uihl = 1 if and only if head h picks up the component type ¢
in cycle group [

Zjnl = 1 if and only if head A is equipped with nozzle type j
in cycle group [

Vshi = 1 if and only if head h picks up component from slot
s in cycle group 1

Isi = 1 if and only if component type ¢ is arranged on slot s

Dsi = 1 if and only there are at least one head h picking up
components from slot s+ (h — 1) -r whose equivalent slot
is s.

nih = 1 if and only if head h changes its equipped nozzle
between cycle group [ and [ + 1

w) the number of PAP cycles in cycle group (

! The subset S, refers to the equivalent slots set containing the aligned
slots of the leftmost head when one head pickups component.

1) The compatibility between the nozzle and component
types is predetermined.

2) The assembly time of the different types of components
is the same, and the capacity of the feeder base is much
larger than the requirement.

3) The interval between adjacent heads is the integer time
of the interval between adjacent slots for simultaneous
pickup.

4) The time spent moving to the ANC for nozzle change is
included in the nozzle change time, and the number of
nozzle types is less than the number of heads.

B. Integer Linear Programming Model

Aninteger model for the head task assignment is derived based
on [6], where the components are partitioned into different cycle
groups. The notations of the integer model are summarized in
Table I. The objective (1) of the model is the weighted sum of the
number of PAP cycles, nozzle changes, and pickup operations

min 77 -Zwl+T2~ Zanh+T3' Z Zwl " Psl-

leL heH leL seS. leL
(1)

The nonlinear term w; - pg; in the objective can be substituted
by an intermediate variable X;, which represents the number of
pickups from slot s in cycle group [ and can be linearized with

big-M method as

)\sl S M * Dsis
)‘sl S wy,
st > wy — M - (1 —pg),

VseS.,lel. (2

Constraint (3) ensures that the sum of placement points of
component type 7 in all cycle groups equals the number of points

on the PCB
ZZW'WMZ@ Viel. 3)

heH leL

The nonlinear term of constraint (3) can also be linearized,
similar to the linearization of the nonlinear term in the objective
function.

Constraints (4)—(5) convert the pickup slot to the leftmost
head-aligned one, so that the number of pickup operations in a
cycle group can be computed directly

Pst 2 Vst (h—1)rjit Vh € H,s € Se,l € L 4

Z Vst (h—1)r]hl = Pst Vs € Se,l € L. 5

heH
The number of nozzle changes between cycle groups [ and [ +
1 is determined by Constraint (6). Since the boards take over
during the assembly process, we can regard the (| L| + 1)stcycle
as the first cycle of the next board

1
nthE'Z’Zjhl—Zjh(l+l)| VhEH,lEL. (6)
jed

The nonlinear term of absolute value can be further linearized
as present in [13], which is replaced by the sum of two positive
terms n;rhl and nj, as

nip = %Zje] (”;rhz + nﬁw)
Zjnl = Zjh(i4+1) = njhl - n;hl VieJ,he HleL
njhl >0, n;hl > 0.
)
There is a coupling between the two decision variables w;;; and

vshl, and the product of the two ;s determines the feeder
assignment as

fsi>ism Vi€el,s€S,he HleL 8)
ZZ%‘SM > fs VseSiel 9)

heH leL
with the nonlinear term v;sp; = uin; - Vshi, Which represents
whether the head h picks up components 7 from slot s in cycle
group [, is rewritten as

Yishl < WUihi,
Yishl < Ushi,
Vishl = Wil + Vsh — 1,

Viel,se SShe H
le L.

(10)

Component assignment determines the pickup slots, and Con-
straint (11) specifies the relationship between the result of the
pickup operation and component assignment

szhl Zzuihl Vh e H,l € L.

seS el

(11)
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Algorithm 1: Initialized Heuristic for the ILP Model.

Algorithm 2: Implementation of Function recursive.

1 function model_initialize_solution(, )
Initialize L < {1} and H; < 1 for j € J ;
while > ; H; # |H| do
§' argmax;c s {Ziel &ij - ¢)i/7-[j};
end
while true do
Let C be a |L|x |H| matrix, YW be a |L|x 1 matrix;
res <— recursive (max;cy ¢i, ¢, 1, L, H,C,W);
if res = success then
| break;
end
L+ LU{|L|+1};

e e N A R WN

e =
W N =S

end
return C, W, L

[
N

-
wm

end

—
a

Besides the above revised constraints, the constraints on tool
consistency and compatibility are given in [6].

C. Initial Solution With Heuristic Algorithm

The proposed model solving is a complex computing process
in the branch-and-cut framework, and a high-quality initial
solution could eliminate the blindness search and speed up
convergence to the optimal solution. In addition, the number
of cycle groups |L| is still an uncertain hyperparameter, which
has a significant impact on the model complexity and solution
quality. An initialized heuristic is proposed to determine both
the initial solutions and the hyperparameter of the model.

The pseudocode of the initialized heuristic presented in Al-
gorithm 1 consists of two parts. The head nozzle assignment
result is determined in the first part (lines 2-6), i.e., the number
of available heads H; of nozzle type j under the condition
that minimizing the number of cycles without nozzle change.
After that, the algorithm recursively searches for a feasible
solution by adding the placement points of the cycle group set
L (lines 7-14). The heuristic findings workload results WV, and
component assignment C;y, offer the initial solution of the model,
i.e., (12). Cyy, is the component type of head A in cycle [

wz(o) =W, ué?ihz =1 1lelheH a2

The recursive function is implemented as shown in Algorithm 2,
which is to iteratively allocate components in a nondecreasing
order of points, following the cycle group index. There are three
possible cases for the return of the recursive process. Except for
success, which indicates an initial solution has been found, fail
indicates that the model is infeasible for the given cycle group L,
while backtrack indicates that the current workload d for cycle
group [ is unsolvable and another try is executed with a new
workload d — 1.

D. Complexity Reduction Strategies for the Model

When dealing with actual production data, the high com-
plexity of the model makes it difficult to obtain a high-quality
solution in a reasonable time, and it is necessary to appropriately

1 function recursive(d, ¢, I, L, H,C, W)

2 if | > |L| and ) ;. ¢ = O then

3 return success;

4 else if d < 0 and | =1 then

5 | return fail;

6 else if d <0 orl > |L| then

7 | return backtrack;

8 end

9 | ¢ H «H W —d h+0;

10 for j € J do

1 while h < h + 1;H} > 0 do

12 i’ argmin; e {qbi | &ij - di > d};
13 Clh (—il, ¢i’ <—<Z)i/ —d, H; <_H_{j_1;
14 end

15 end

16 res <— recursive(max;cy ¢;, ¢, + 1, L, H,C,WV);
17 if res = success then

18 | return success;

19 else if res = backtrack then

20 | return recursive(d — 1,¢',1, L, H,C,W);
21 end

22 end

reduce the complexity of the model in accordance with the
features of PCBA, which focus on two aspects.

1) Limit the Values of Decision Variables: As the feeders are
densely arranged in an area of the feeder base, slots farther
away from the PCB are always ignored. The consecutive slots
with an equal number of feeders are valid, and we define the
leftmost valid slot as the reference slot, which is decided by the
component assignment and consists of the following steps.

Step I: Average a weighted sum of the assembly heads for
different types of components ¢ with their workload

ISP

leL he H

13)

Step II: Convert the x coordinate of all the placement points to
the position of the leftmost head and average the value

Tezxp_zielgip'ﬁi'T

14
P (14)

peP

where z,, and y,, are the x coordinate and the y coordinate of
placement point p, respectively.

Step I11: Calculate the average number of slots that the heads
crossed by for the pickup process in one cycle on the feeder base

AS%ZR{UShl.(Sih'T)|USM7£O’S€SJ7JEH}

wq
leL

5)

where R{-} denotes the range of the set.

Step IV: Determine the reference slot s®FF based on the
head pickup range (slots crossed by) and the average placement
position of the head

+AS+1J+1 (16)

T o 2
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where s™'! is the 2 coordinate of the leftmost slot on the feeder
base. The feeder slot for component type ¢ is computed from
the solution of the model and the reference slot position, i.e.,
sREE 4 p S o5 fie

2) Reduce the Range of Feasible Domains: The solution
space of the model is cut by adding constraints to further
improve the solving efficiency. Constraints (17)—(19) are not
the necessary condition for model solving but are utilized to
reduce the range of feasible domains further, which round out
inappropriate solutions ahead of time.

Constraint (17) ensures that the lower cycle group has a higher
priority in picking up components with more PAP cycles

w; > wiey Ve L\{|L|}. (17)

The heuristic solution W, gives the worst case for the number
of total PAP cycles without nozzle change, and an optimal case
is that all heads divide components equally; two of these cases
give the upper bound and lower bound of cycle groups in

{Z@/IHIW <Y w <> i

el leL leL

(18)

The empty heads raise the computational effort required for the
nozzle change objective, and Constraint (19) gives a general case
in which all heads have nozzles, even if they do not pick up any

COIIlpOl‘lel’ltS
> zim=I|H| VleL
heH jeJ

(19)

E. Selection Criterion of Solution Pool

Fully modeling the PCBA problem is both complicated and
impractical. The proposed model specifies only the compo-
nent assignment and feeder arrangement. However, its objective
function does not account for pickup movement. There is also
insufficient information on the points and sequence in which
the heads are placed, resulting in different placement pathways.
As the solutions of the model are not unique, and standard
solvers can systematically search for a solution pool, which is a
collection of optimal solutions, we propose a fast pre-evaluation
heuristic criterion for selecting one result from the pool. The
assignment of the head task determines the path of the pickup
process as

T
E‘1 :;.Zwl-R{UShl'(S—h'r)|Ushl7é07
leL

seS,he H}. (20)

The placement points set for each head is constrained by the
component assignment of the model. We evaluate the placement
process by assigning the first w; points of the component type
Zie 1 1 - usp tothe head h, followed by the subsequent w; points,
etc. The placement route is scheduled using the centroids of the
assigned points for each head in the cycle group, and E, denotes
the length of placement movement. Out of all the solutions in
the pool, the one with the minimal F; + E, is selected for the
next phase of optimization.

[ll. ROUTE SCHEDULE HEURISTIC

The placement route scheduling problem has a wide solution
space, and on the basis of the mechanical structure of beam-
heads, we propose greedy based and route relink heuristics for
the placement route schedule.

A. Greedy-Based Route Schedule Heuristic

The greedy-based route schedule heuristic consists of the
following steps.

Step I: Compute the x coordinate of left boundary « and right
boundary 3 of the PCB and repeat through the Step II to Step
VII with the search stepd = (8 — «)/(2 - | H|) and three distinct
search directions: from left to right (L — R), from right to left
(R — L), from center to edge (C — E).

Step 11: Generate the starting point list S and head list A,
which are linear sequences based on the search direction

LoRS={a+(h=1)-0|heH},H=H.

RoL:S={—-(h=1)-6|he H},H={|H|+1—h]
heH} X

C—oES={B-a+p)/4+(h—-1)-2/0|hecH}, H
—{[1H| +1/2] ~ (~1)" - ([h/2] — 1/2) = 7/2 | h € H}.

The head list H represents the sequence in which the different
heads are assigned to the search direction.

Step III: Repeat through the cycle index k € K, where K =
{1,2,...,% ,c;, wi} and initialize Py, as a 1 x |H| array with
elements of —1, which represents the placement result.

Step 1V: Repeat through search direction L -+ R,R = L, C
— E with starting point © € S.

Step V: Iterate through all the heads h € FL.If h is the first
one, find the point nearest to the starting point in the horizontal

direction
P (21)

argmin
Pe{p e ()= c; itint,p"€P}

|z — A7), — O

where A7, = (h— 1) -7 and «(p) is the component type of
placement point p. Otherwise, sort the assigned placement points
and calculate the moving distance

X, {l‘pkh —ATh|7th =+ l,hEH}U{xp}
Pk:h 7é 1vh€H}U{yp}

Note ¢ is the index of X’ with the gth smallest coordinate of x
axis, and

(22)
(23)

yp A {ypkh

Xp/_l

p 4= argmin Z max (|Xp/q - Xpr(q+1)|
pIGP/ q:1

|yp’q - yp’(qul)D :

Step VI: Update the placement assignment result Py, < p,
P < P\{p}, go to Step V until Py, # —1,Vh € H.

Step VII: Dynamic programming for route scheduling in
each cycle and storing the Chebyshev moving distance. The x
coordinate of the center point ® equals ), _,; p,, /| H| and its
y coordinate equals the pickup position of the feeder slot. The

(24)
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Algorithm 3: The Flow of ARRH Algorithm.

Input : placement assignment 7 and placement sequence Q.
Output: rescheduled placement assignment P and
rescheduled placement sequence Q
1 calculate the average position Ty, ¥;, and moving distance
Dy, Ty < X nem ory,/ 1H T < X onem yry,/ [HI
Dk —
Z(QI»QQ)EQI« max (‘mpktn T TPy | ‘ypkql T YPrqy )
in each cycle k, k € K = {1,27 e ,ZleLwl};
2 PP, O+ Q;
3 while the terminated time has not been reached do
4 Pr < Py,.n, Where ky « randomyc ¢ (Dy,), hr<—

randomp,e fy (max ( TPy " Thy | s ‘yp,wh —Yg, )) ;
5 ke < argmings ¢ ¢ s 4y, max (|vp, =Ty |, [yp, —Ypr]) 5
6 for h € H do

— Tpr —TPp 1 _ Ypr —YPy 1 _
7 T —gr - TEYS —Er - Tk
8 Up, Fmaf(ﬂxpr 7f|7|ypr 7?') 5
9 foreach b’ € H\ {h} do
on 4 (o, 1y =3 7y 0 7]

10 end
1 he < argmin up,,

€ & he{h/\L(pT):L(PkCh,),h'eH} h

Pe < Prohe
12 Prehe < Prs Pryph, < De s

13 D;c, Qp, < cycle_schedule (Pkc) , wa, O, —
cycle_schedule (Pkr) ;
u | if Dy, + Dy, > D)+ Dj,_ then

15 P+ P, Q« Q Dy, < Dj . Dy, < D :
_ Tpec — TP Yy Ype —YP _
16 mkcg%J’,mkc,ykce%J’,ykc,
— Tpy 71777)6 h _ _ Ypr — k _
v Thr ] Tk Uk ] TR
18 else
19 P+ P, QO+ Q;
20 end
21 _end
transfer equation is written as
F(®,{®}) 0 25)

F (h, H {h}) « min {f (h’, H) +g(h, h’)}
HCH=HU{®} heH (26)

if h# ®and b’ # D,

g (h,h')=max (|zp,, —2p,,, —AThw|,

YPin —YPyps |)
(27)

otherwise

g (hv (I)) = ma‘x(|xpkh - o, - A7_h| ) |y73kh - (I)y|)
with final result equals min, _z {7 (h, H) + g(h, ®)}.

The dynamic programming determines the placement posi-
tion of each head, and the sequence in which the heads are placed
is solved. The placement sequence pair Q is formed by arranging
the two heads sequentially.

Step VIII: Compare the total moving distance and get the
placement assignment result with the minimal one.

(28)
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Fig. 2. Experimental platform of the placement machine.
TABLE I
BAsIC PARAMETERS OF THE PCB DATA
PCB 1 2 3 4 5 6 7 8 9 10
[INf, 1 1 1 2 2 3 2 3 3 4
e 1 2 3 4 5 5 6 1 10

B. Aggregated Route Relink Heuristic (ARRH)

An ARRH is proposed for the placement route improvement,
and its flow is shown in Algorithm 3. The primary principle of
the algorithm is to reallocate the off-center points in each cycle.
The design of the algorithm is based on the average position
and moving distance in each cycle (line 1). The cycle and its
corresponding off-center point are determined based on the
moving distance and offset, respectively (line 4). The swapping
cycle, which is nearest to the off-center point, and the swapping
point are further determined (line 5-11). After performing the
relink operation (line 12), the distribution of the cycle can be
more concentrated. The proposed cycle_schedule relinks the
placement routes with a plain idea for searching faster: sorting
the placement points nondecreasingly w.r.t. the coordinate of x
axis and allocating them on the head from left to right.

IV. EXPERIMENT RESULT
A. Experiment Setup

This article solves the model using Gurobi 10.0 and Python
3.10 on the Intel(R) Core(TM) i5-11400 @2.60 GHz with 16 G
RAM. Five times of runs are implemented with each PCB,
and the average values are recorded as the comparative results.
The proposed two-phase PCBA optimization (TPPO) is com-
pared with four representative decomposition-based algorithms,
including a component placer optimizer (CPO) employed in
industrial software, hybrid genetic algorithm (HGA) [12], ag-
gregated model (AGM) [13], and cell division genetic algo-
rithm (CDGA) [17]. The experimental platform of a self-
developed placement machine is shown in Fig. 2.

In Table II, which lists the basic parameters of the PCB data,
we select ten different PCB data; among them, the first one is an
international standard speed test board IPC9850; the second to
fifth data with relatively fewer component types and randomly
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TABLE IlI
PARAMETER SETTING OF THE TWO-PHASE ALGORITHM
Phase Parameter Setting
Weights T1 | T> | T3 2132
Big-M value |P|
I Pool search mode Multi-optimal solutions
Pool solution capacity 30
Pool gap 10—4
Terminated condition Unchanged in 30 seconds
Search step R ({xplp € P}) /1H]
1I Selection method Roulette wheel
Terminated time 10 seconds

Il trPO I cPO

400 A
< T
S 80
=
40
0
|,, PCBI PCB2 PCB3 PCB4 PCBS PCB6 PCB7 PCBS PCB9 PCBIO
§Q H H H H H H H H H H
S 87
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S : : : !
450, PCBI PCB2 PCB3 PCB4 PCBS PCB6 PCB7 PCBS PCBY PCBIO
2300
3
2150
0
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Fig. 3. Histogram of the subobjectives comparison between the pro-

posed model and other mainstream algorithms.

generated placement points are applied to test the generalization
of the algorithm; and the last five are selected from actual
industrial sites, to validate the application of the algorithm in
practice.

The parameter settings of the proposed algorithm are listed
in Table III. In the first phase, we set the pool parameters and
search mode, as well as the coefficients of the model, based on
the impact of the metrics on assembly efficiency. We specify
the terminated condition as the currently optimal solution has
not changed for more than 30 s because it takes a long time to
solve the model completely. The big-M value for linearization
equals the number of placement points. The search mode is set
to prioritize the 30 best solutions within the gap of 10~#. In the
second phase, the search step is dependent on the PCB layout,
and the route roulette wheel is chosen for the random search of
route relink with the upper 10 s.

B. Comparative Experiments

The subobjectives of the PCBA process, which include the
number of cycles, nozzle changes, and pickup operations, with
the comparative histogram are shown in Fig. 3. It can be seen that
the TPPO is more comprehensive than conventional approaches.
The cycle scheduling difficulties are better handled by TPPO,
AGM, and CPO, whereas evolutionary-based CDGA and HGA
typically have more PAP cycles. AGM and HGA forbid changing

TABLE IV
COMPARISON OF THE OBJECTIVES’ Z VALUE OF THE PROPOSED MODEL
WITH MAINSTREAM ALGORITHMS

PCB TPPO CPO HGA AGM CDGA
1 —-0.448 -0.448 1.789 -0.448 —0.446
2 -0.845 -0.679 1.650 0.153 -0.279
3 -1.089 -1.089 0.677 0.603 0.898
4 -0.864 —-0.318 -0.864 1.420 0.625
5 -0.942 0.211 -0.942 1.461 0.211
6 -0.996 1.208 —-0.840 0.883 —0.254
7 -0.527 -0.370 -0.527 1.783 —0.360
8 -1.470 —-0.104 0.238 1.331 0.005
9 -1.100 —-0.936 0.763 1.147 0.127
10 -0.715 —0.431 —0.293 1.764 —0.325

AVG -0.900 —0.295 0.165 1.010 0.020

TABLE V

COMPARISON OF THE MODEL OBJECTIVE VALUE FOR DIFFERENT TCS

PCB 1 2 3 4 5 6 7 8 9 10
BASE| O, 934 312 336 396 432 390 288 158 164 196
TC-1 O1 934 312 336 396 432 390 288 158 168 218

Gi1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.44 11.22
TC Oz 934 312 336 396 432 390 288 162 - -

G2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.53 - -
TCA O3 934 312 336 396 432 390 288 172 192 220

Gz 0.00 0.00 0.00 0.00 0.00 0.00 0.00 8.86 17.07 12.24

the nozzle, which prevents some of the simultaneous pickup op-
erations from being carried out and lowers the overall efficiency.
Both TPPO and AGM are model based algorithms; however, the
former takes into account the mechanical characteristics and has
a greater pickup efficiency.

Table IV shows more general and comparable results of
Z-values for weighted subobjectives that are directly related to
assembly efficiency. When dealing with a single type of compo-
nent data (PCB1), TPPO, CPO, and AGM perform equally well.
As the PCB becomes more complicated with more component
types, the TPPO outperforms other mainstream algorithms, and
there is also a tendency to increase gaps between the proposed
algorithm and other research.

Three test cases (TCs) are constructed to compare the solving
efficiency for different model settings in Table V. We call the
model with component partition, complexity reduction strate-
gies as the improved model, and the model without the proposed
techniques as the original model. We utilize the known optimal
solution as a benchmark since it is hard to find the optimal
one for an NP hard problem for all PCBs. The benchmark
value O;, of PCB1-PCB3 are the optimal result for solving the
original model. As the size of the data increases, the original
model cannot find an optimal solution in an acceptable time.
The solutions of PCB4-PCB10 are obtained after solving the
proposed model with a sufficient amount of time (at least 6 h)
and without the terminated conditions, which are also the best
results from the proposed and comparative methods.

The TCs follow the settings: TC-1 represents the solution
of the improved model; TC-2 represents the solution of the
improved model without the initial solution; and TC-3 rep-
resents the solution of the improved model without the com-
plexity reduction strategies. The formula for the TC t’s gap is
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TABLE VI
COMPARISON OF THE ROUTE SCHEDULE AND ASSEMBLY TIME OF THE PROPOSED HEURISTIC WITH MAINSTREAM ALGORITHMS

PCB TPPO CPO HGA AGM CDGA

DT DY 7T DF TP ATP  DH TH ATH DA T4 ATA  DC T¢  ATC
1 34793.6 34676.1 114.63 35063.0 114.25 -0.33 1314579 20557 79.34 451109 134.82 17.62 358659 122.73  7.07
2 20304.0 20059.8 53.31 20207.5 5299 —0.60 446529 7533 4129 25808.2 61.40 15.16  25711.8  59.09 10.84
3 28652.0 28390.1 66.69  27127.4 6557 —-1.68 407224 80.88  21.29 35627.2 76.89 1529 39437.7  77.29 15.90
4 368250 36690.1 82.02 35870.2 8651 547 482928 9330 1376 52397.8 101.16 2334 430129 9662  17.81
5 40952.0 40707.8 95.83  44026.4 100.20 4.56  56680.0 109.98 14.77 55825.1 11475 19.74 584453 109.31 14.07
6 39096.8 389052 90.68 41211.0 117.99 30.12 463665 98.36 847 554939 11773 29.84 54717.3 107.02 18.03
7 33676.7 332772 7297  32253.8 76.56 492 356409 77.98 6.87  52810.7 124.17 56.46 421334  80.46 10.27
8 19799.6 196622 4597 25177.6 5131 1162 257455 4978 830 27170.6 49.85 845 245332 5235  13.88
9 199384 195354 41.31 211425 53.81 30.26  23629.5 46.00 11.35  23376.5 48.49 17.39  23444.1  49.29 19.31
10 260248 258143 5282  25959.3 5403 229 25563.6 5274 -0.15 307958 60.76 15.03 264335 5528  4.65
AVG 300063 297718 71.59 308039 7736  8.66 478752 88.99 2053 404417 89.00 21.83 373735 80.94 13.18

TABLE VI

COMPARISON OF THE SOLVING TIME OF THE PROPOSED MODEL WITH
MAINSTREAM ALGORITHMS

PCB TPPO HGA AGM CDGA| PCB TPPO HGA AGM CDGA
1 0.4 1382 0.3 - 6 347 2642 05 30.1
2 42 2182 02 41.0 7 320 942 1.1 30.1
3 159 373.0 02 35.7 8§ 676 880 09 20.1
4 315 1346 03 36.8 9 464 1589 04 23.0
5 315 1728 04 33.5 10 953 1539 1.2 27.0

Gy = (0/O, — 1) - 100%, ¢t = 1,2,3. As can be shown, the
improved model’s highest gap from the benchmark is 11.22%.
The model-solving process can be quickly iterated with the aid
of the initial solution, and under the terminated condition, the
feasible solutions for PCB9 and PCB10 are not even attainable.
TC-3 achieves worse solutions since the model iterates more
slowly in practice and has a larger gap than the improved model
under the terminated condition.

The movement distance and assembly time are compared
next, as shown in Table VI. The notations D and T represent the
moving distance and assembly time, while the superscripts 7', P,
H, A, and C'represent the TPPO, CPO, HGA, AGM, and CDGA,
respectively. AD and A7 correspond to the improvement rates
of D and T, respectively, relative to TPPO compared with other
research. DI and DI represent the moving distance without
and with the route relink heuristic. The route relink mainly
adjusts the placement movement that makes up a small portion
of the whole, so it does not result in a high improvement in the
overall movement. For the TPPO method, the assembly process
can be more effective with fewer pickups and nozzle changes,
even without the shortest movement distance for PCB3, PCB4,
and PCB7. Compared to CPO, HGA, AGM, and CDGA, the
proposed method improves by 8.66%, 20.53%, 21.83%, and
13.18% in assembly efficiency, respectively.

Finally, we compare the solving time in seconds. CPO is
not included in the comparison since the way the algorithms
are implemented, which is not publicly available for CPO, has
a great impact on the running time. As shown in Table VII,
compared with the TPPO, we can conclude that the component
partition is an effective way to improve the search efficiency.
The model without component partition can only be applied to

solving small-scale data; for PCB1-PCB3, the solving time is
21.41, 70.18, and 193.23 s, respectively, which is much larger
than the proposed model. As a modeling method, TPPO is solved
longer for the inclusion of pickup constraints compared to AGM,
but it is significantly faster than HGA except for PCB10. Even
though it requires more time for TPPO, its assembly efficiency
is higher, and the time is within an acceptable amount.

V. CONCLUSION

This article presents a two-phase optimization approach for
handling the head task assignment and placement route schedule
after breaking the PCBA process down into two parts. By opti-
mizing the primary subobjectives at the modeling phase and
developing heuristic algorithms at the route schedule phase,
the two-phase framework combines the advantages of both
mathematical models and heuristic algorithms. We compare
the weighted subobjectives, which are related to the overall
assembly efficiency, with both heuristic-based and model-based
algorithms. The results show that the proposed algorithms are
more comprehensive than previous research. A series of special-
ized TCs validate the necessity of the preprocessing technique,
including the component partition approach, initial heuristics,
and reduction strategies, to solve the model. Furthermore, we
compare the moving distance and assembly time with other
research. Although the placement path of our proposed al-
gorithms is not the shortest for all PCB data, it improves
assembly efficiency when combined with optimization in the
first phase. The solving time of the two-phase algorithm is
within acceptable bounds, even though it is not faster than all
the compared algorithms because more assembly factors are
incorporated. Overall, the experimental results show that the
proposed two-phase optimization effectively solves PCBA prob-
lems, balancing the quality of the solution and computational
cost.
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A Two-Phase PCBA Optimization With ILP
Model and Heuristic for a Beam Head
Placement Machine
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Abstract—The optimization of printed circuit board as-
sembly (PCBA) for a beam head placement machine is a
multivariable and multiconstraint combinatorial problem.
Current techniques falter in solving a variety of PCBA prob-
lems since heuristic algorithms lack theoretical guarantees
of optimality, and mathematical modeling methods have
high computational complexity for the whole problem. This
article proposes a novel two-phase optimization for PCBA,
integrating the advantages of mathematical modeling with
heuristic algorithms. We divide the problem into the head
task assignment and the placement route schedule. For
the former, an effective integer linear programming model
with component partition is proposed, encompassing key
efficiency-influencing factors. A recursive heuristic-based
initial solution speeds up the solving convergence, while
the reduction strategies enhance model solvability. For
the placement route schedule, a tailored greedy algorithm
yields high-quality solutions, leveraging the results of the
model, and an aggregated route relink heuristic does fur-
ther optimization. In addition, we propose a selection cri-
terion for the solution pool of the model to pre-evaluate
the placement movement, which builds the connection be-
tween the two phases. Finally, we validate the performance
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of the two-phase optimization, which provides an aver-
age efficiency improvement of 8.66%-21.83% compared to
other mainstream research.

Index Terms—Beam head placement machine, head task
model, PCB assembly optimization, placement route sched-
ule.

[. INTRODUCTION

URFACE mount technology is essential to the electronic

manufacturing industry. The need for higher efficiency in
production lines has become more acute in electronic industries
with the expansion of the manufacturing sector. The placement
machines utilized to execute automated component surface as-
sembly operations are the most crucial equipment in integrated
printed circuit board assembly (PCBA) lines [1]. Developing
surface assembly equipment is a systematic project involving
multiple subjects, including visual recognition and positioning,
advanced motion control, scheduling techniques, etc. In this
article, we study the scheduling optimization techniques of the
PCBA process using mathematical programming and heuristic
algorithms.

The mechanical design of the beam head placement machines
comprises placement heads, feeders, nozzles, and other con-
nected accessories. They collaborate in three steps of the as-
sembly process: component pickup, inspection, and placement.
The heads are equipped with appropriate nozzle types for various
types of components and are designed for pickup and placement
operations. The components are picked up from feeder slots by
linearly aligned heads simultaneously and placed in the PCB
pads, which consist of a pick-and-place (PAP) cycle. When the
nozzle on the head is incompatible with the component type
picked up from the feeders, a nozzle change operation is done
at the auto nozzle changer.

Early PCBA optimization research focuses on modeling sim-
ple machine types, such as single-head sequential PAP ma-
chines [2] and multiheads for single component type placement
machines [3]. The integrated model for PCBA optimization has
characteristics that combine the models for several subproblems.
Studies in [2] formulated a model to solve component sequenc-
ing and feeder assignment simultaneously, and studies in [4]
enhanced the model with nozzle assignment for the multiheads
case.

1551-3203 © 2024 |EEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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Fig. 1. Framework of two-phase optimization with the ILP model and

heuristic algorithms.

The high complexity of the problem makes decomposition
modeling necessary. As an extension of [3] for the multiheads
and multicomponent types, a two-stage mixed integer program-
ming model is proposed in [5] to optimize the nozzle component
assignment and assembly route schedule, respectively. In [6],
the problem is decomposed into hierarchical mixed integer
pickup and placement models. Studies in [7] presented a problem
decomposition approach for component machine allocation and
placement sequence problems, which are modeled separately.
Moreover, a few of the studies model the subproblems therein,
such as the nozzle assignment model in [8] and [9] and the feeder
module change model in [10]. Edge-based and route-based mod-
els have been developed in [11] for placement route schedules,
and a branch-and-price method with effective branch rules solves
the latter.

A series of techniques are applied in the modeling process to
enhance its solvability. Studies in [12] presented a mathematical
model based on pickup groups to reduce the scale of the model,
whereas studies in [ 13] proposed an aggregated integer program-
ming based on batches of components. In [14], an augmented
method was proposed to optimize multiple subobjectives by the
curve matching method.

The large space of the solutions leads to the design of im-
proved heuristics [15], and mathematical models are combined
with them for higher computing efficiency. Hybrid genetic [12],
[16], [17], tabu search [3], [18], particle swarm [19], frog leap-
ing [20], [21], and other intelligent optimization algorithms are
integrated to the PCBA optimization. Moreover, multiobjective
optimization is also integrated with intelligent optimization; for
instance, studies in [14] presented multiobjective particle swarm
optimization, and studies in [22] integrated intelligent algo-
rithms with curve matching techniques. A cluster-based heuristic
is applied to group components based on their properties with
single gantry [23] and dual gantry [24] placement machines to
optimize the PAP sequence.

In this article, a two-phase optimization method combines
integer linear programming (ILP) models and heuristic algo-
rithms with the framework shown in Fig. 1. In the first phase,
we extract the primary objectives of the ILP model for the head
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task assignment, which is related to the pickup route. A series of
techniques are proposed to improve the efficiency of model solv-
ing. In the second phase, we solve the placement route schedule
problem of the assembly process using heuristic methods. The
combination of mathematical modeling and heuristics ensures
the high-quality of the major subobjectives while taking into
account the overall solving efficiency of the algorithms.

The main contributions of this article are summarized as
follows:

1) An effective integer linear model for the PCB assembly
process is proposed to optimize the primary subobjec-
tives of the assembly process. The model preprocessing
techniques are studied to improve search efficiency.

2) A placement greedy route schedule for linearly aligned
heads is proposed with the constraint of the head task
assignment, and the solution is further optimized by a
route relink heuristic, enabling efficient assembly.

3) A pre-evaluation selection criterion is present for the one
from the solution pool, which overcomes the drawback
that modeling without movement terms may degrade the
quality of the solution.

The rest of this article is organized as follows. In Sections II
and III, respectively, each phase of the proposed framework
is discussed. An ILP model based on the analysis results of
the assembly process and its solving techniques is proposed
in Section II. The placement route schedule heuristics with
determined greedy and random relink heuristic algorithms are
present in Section III. In Section IV, we give the experimental
comparative results with a commercial optimizer Gurobi [25].
Finally, Section V concludes this article.

[I. HEAD TASK MODEL FORMULATION
A. PCB Assembly Problem

The PCBA process comprises several aspects, and the PAP
operations, nozzle change operations, and movements are the
most critical aspects that affect efficiency. The mechanism of
beam heads is specially designed for simultaneous pickup op-
erations to improve efficiency, whereas the placement operation
time is determined by the PCB data. The heads can assemble
different components by changing a compatible nozzle, which
is time-consuming and often discouraged. Beam head move-
ments consist of pickup, placement, and round-trip movements
between the feeder base and PCB. The number of PAP cycles
affects the round-trip movements, and the slots where the com-
ponent feeders are installed affect the pickup movements.

The nozzle types, component types, and pickup slots are the
three basic compositions of the head task assignment. We call
the consecutive PAP cycles with the same head task assignment
as the cycle group. The objective of the model entails the primary
subobjectives, except for the movements of the gantry, which are
optimized by the route schedule method. The PCBA process can
be regarded as a capacitated vehicle route schedule problem [12],
with restriction of a head-accessible point set, which proves it
is an NP-hard problem, and the extra constraints rather increase
the difficulty of solving the problem.

The assumptions for the PCBA process are listed below:
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TABLE |
NOTATIONS SUMMARY OF THE MATHEMATICAL MODEL

Indices & Sets

1€l index of component type, I = {1,2,---}
jed index of nozzle type, J = {1,2,---}
he H index of head, H = {1,2,---}
p€EP index of placement point, P = {1,2,---}
lelL index of cycle group, L = {1,2,---}
s €8,8e!  index of feeder slot, S = {1,2,---}, and Se = {—r
(HI=1)+1,0,1,2,--, |}
Parameters
T the average moving time of round trip between PCB and
feeder base
T> the average time of nozzle change operation
T3 the average time of pickup operation
Cip =1 if component type ¢ is compatible with placement point
p, otherwise, (;p =0
bi the number of placement points of component type @
r the ratio between the interval of adjacent heads and slots
T the interval distance between adjacent heads
M a sufficiently large positive number.
Decision Variables
Uihl = 1 if and only if head h picks up the component type ¢
in cycle group [
Zjhl = 1 if and only if head h is equipped with nozzle type j
in cycle group [
Vshl = 1 if and only if head h picks up component from slot
s in cycle group [
Isi =1 if and only if component type % is arranged on slot s
Psi = 1 if and only there are at least one head h picking up
components from slot s+ (h — 1) -7 whose equivalent slot
is s.
nih = 1 if and only if head h changes its equipped nozzle
between cycle group [ and [ + 1
wy the number of PAP cycles in cycle group [

! The subset S, refers to the equivalent slots set containing the aligned
slots of the leftmost head when one head pickups component.

1) The compatibility between the nozzle and component
types is predetermined.

2) The assembly time of the different types of components
is the same, and the capacity of the feeder base is much
larger than the requirement.

3) The interval between adjacent heads is the integer time
of the interval between adjacent slots for simultaneous
pickup.

4) The time spent moving to the ANC for nozzle change is
included in the nozzle change time, and the number of
nozzle types is less than the number of heads.

B. Integer Linear Programming Model

Aninteger model for the head task assignment is derived based
on [6], where the components are partitioned into different cycle
groups. The notations of the integer model are summarized in
Table I. The objective (1) of the model is the weighted sum of the
number of PAP cycles, nozzle changes, and pickup operations

minTwalJrTZ' Zznlh+T3~ Z Zwl * Psl-

leL heH leL seS. leL
(1)

The nonlinear term w; - pg; in the objective can be substituted
by an intermediate variable X;, which represents the number of
pickups from slot s in cycle group ! and can be linearized with

big-M method as

)‘sl S M * Psiy
Ast < wp,
)\sl > wy - M- (1 _psl)7

Vs € Se,l € L. 2)

Constraint (3) ensures that the sum of placement points of
component type ¢ in all cycle groups equals the number of points

on the PCB
o> wi-uim=¢ Viel. 3)
heH leL

The nonlinear term of constraint (3) can also be linearized,
similar to the linearization of the nonlinear term in the objective
function.

Constraints (4)—(5) convert the pickup slot to the leftmost
head-aligned one, so that the number of pickup operations in a
cycle group can be computed directly

Pst = Vst (h—1)rjut Vh € H,s € Se,l € L “4)

Z Uls+(h—1)-r]hl > Psi Vs € Se7l €L ©)
heH
The number of nozzle changes between cycle groups [ and [ +
1 is determined by Constraint (6). Since the boards take over
during the assembly process, we can regard the (|| + 1)stcycle
as the first cycle of the next board

1
nyy, = E 'Z‘Zjhlfzjh(l-‘rl” Vh e H,l € L. (6)
jedJ
The nonlinear term of absolute value can be further linearized
as present in [13], which is replaced by the sum of two positive

+ —
terms n,, and n, as

1 + -
Nih = 3 ZjeJ (njhl + njhl)
s [
Zjhl = Zjh(i+1) = My — My

+ —
Nip = 0, Ny = 0.

Vie Jhe HIleL

(N

There is a coupling between the two decision variables w;;,; and

vshi, and the product of the two ~;4p; determines the feeder
assignment as
fsi = Yisy Viel,se SShe HleL )
ZZ%shszsi VseS,iel 9)
heH el

with the nonlinear term ~y;sp; = w;ng - Ushi, Which represents
whether the head h picks up components 7 from slot s in cycle
group [, is rewritten as

Yishl < WUihi,
Yishl < Ushi,
Vishl = Winl + Vsh — 1,

Viel,se SShe H
le L.

(10)

Component assignment determines the pickup slots, and Con-
straint (11) specifies the relationship between the result of the
pickup operation and component assignment

szhl Zzuihl Vh € H,l € L.

seS el

(1)
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Algorithm 1: Initialized Heuristic for the ILP Model.

Algorithm 2: Implementation of Function recursive.

1 function model_initialize_solution(, &)
Initialize L < {1} and H; < 1 for j € J ;
while 3 ; H; # |H| do
g argmax;c ; {3;cr &ij - 0i/Hj )
Hj/ — Hj/ +1;
end
while true do
Let C be a |L|x |H| matrix, YW be a |L|x 1 matrix;
res < recursive (max;cy ¢;, ¢, 1, L, H,C,W);
if res = success then
| break;
end
L+ LU{|L|+1}

N-RE-T RS - U A 8

= =
N o= 2

—
w

end
return C, W, L

[
N

—
wm

end

=
a

Besides the above revised constraints, the constraints on tool
consistency and compatibility are given in [6].

C. Initial Solution With Heuristic Algorithm

The proposed model solving is a complex computing process
in the branch-and-cut framework, and a high-quality initial
solution could eliminate the blindness search and speed up
convergence to the optimal solution. In addition, the number
of cycle groups |L| is still an uncertain hyperparameter, which
has a significant impact on the model complexity and solution
quality. An initialized heuristic is proposed to determine both
the initial solutions and the hyperparameter of the model.

The pseudocode of the initialized heuristic presented in Al-
gorithm 1 consists of two parts. The head nozzle assignment
result is determined in the first part (lines 2-6), i.e., the number
of available heads H; of nozzle type j under the condition
that minimizing the number of cycles without nozzle change.
After that, the algorithm recursively searches for a feasible
solution by adding the placement points of the cycle group set
L (lines 7-14). The heuristic findings workload results WV, and
component assignment Cyy, offer the initial solution of the model,
i.e., (12). Cyp, is the component type of head A in cycle [

wz(o) =W, u((j?})zhl =l leLlheH (12)

The recursive function is implemented as shown in Algorithm 2,
which is to iteratively allocate components in a nondecreasing
order of points, following the cycle group index. There are three
possible cases for the return of the recursive process. Except for
success, which indicates an initial solution has been found, fail
indicates that the model is infeasible for the given cycle group L,
while backtrack indicates that the current workload d for cycle
group [ is unsolvable and another try is executed with a new
workload d — 1.

D. Complexity Reduction Strategies for the Model

When dealing with actual production data, the high com-
plexity of the model makes it difficult to obtain a high-quality
solution in a reasonable time, and it is necessary to appropriately

1 function recursive(d, ¢, I, L, H,C, W)

2 if I > |L| and ), ¢; = 0 then

3 return success;

4 else if d < 0 and [ = 1 then

5 | return fail;

6 else if d <0 orl > |L| then

7 | return backtrack;

8 end

9 | ¢ ¢ H —H, W, d, h+0;

10 for j € J do

1 while i < h+ 1;H) > 0 do

12 i/ — argminiel {(ﬁl | &j . ¢z > d},
13 Cin i, ¢y = ¢y —d, Hj — H; — 1;
14 end

15 end

16 res < recursive(max;cg ¢;, ¢, + 1, L, H,C, W);
17 if res = success then

18 | return success;

19 else if res = backtrack then

20 | return recursive(d — 1,¢',1, L, H,C, W),
21 end

22 end

reduce the complexity of the model in accordance with the
features of PCBA, which focus on two aspects.

1) Limit the Values of Decision Variables: As the feeders are
densely arranged in an area of the feeder base, slots farther
away from the PCB are always ignored. The consecutive slots
with an equal number of feeders are valid, and we define the
leftmost valid slot as the reference slot, which is decided by the
component assignment and consists of the following steps.

Step I: Average a weighted sum of the assembly heads for
different types of components ¢ with their workload

T Z Z Uinl wfll Wi

leL heH

(13)

Step II: Convert the x coordinate of all the placement points to
the position of the leftmost head and average the value

f%zxp—ziezél‘p'ﬁi”

14
P (14)

peP

where z,, and y,, are the x coordinate and the y coordinate of
placement point p, respectively.

Step II1: Calculate the average number of slots that the heads
crossed by for the pickup process in one cycle on the feeder base

AS(_ZR{USM'(S—}L'T)\Ushz?éO,SGSthH}

w
leL !

5)

where R{-} denotes the range of the set.

Step IV: Determine the reference slot s®FF based on the
head pickup range (slots crossed by) and the average placement
position of the head

+A5+1J+1 (16)

T o 2
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where 57! is the 2 coordinate of the leftmost slot on the feeder
base. The feeder slot for component type 7 is computed from
the solution of the model and the reference slot position, i.e.,
SREE 4 p N a5 fin

2) Reduce the Range of Feasible Domains: The solution
space of the model is cut by adding constraints to further
improve the solving efficiency. Constraints (17)—(19) are not
the necessary condition for model solving but are utilized to
reduce the range of feasible domains further, which round out
inappropriate solutions ahead of time.

Constraint (17) ensures that the lower cycle group has a higher
priority in picking up components with more PAP cycles

wy > W41 vl € L\{|L‘} (17)

The heuristic solution W, gives the worst case for the number
of total PAP cycles without nozzle change, and an optimal case
is that all heads divide components equally; two of these cases
give the upper bound and lower bound of cycle groups in

{Z@/IHJ <SS w<Y w

el leL leL

(13)

The empty heads raise the computational effort required for the
nozzle change objective, and Constraint (19) gives a general case
in which all heads have nozzles, even if they do not pick up any

components
Z ZZjhl = ‘H| Vi e L.
heH jeJ

19)

E. Selection Criterion of Solution Pool

Fully modeling the PCBA problem is both complicated and
impractical. The proposed model specifies only the compo-
nent assignment and feeder arrangement. However, its objective
function does not account for pickup movement. There is also
insufficient information on the points and sequence in which
the heads are placed, resulting in different placement pathways.
As the solutions of the model are not unique, and standard
solvers can systematically search for a solution pool, which is a
collection of optimal solutions, we propose a fast pre-evaluation
heuristic criterion for selecting one result from the pool. The
assignment of the head task determines the path of the pickup
process as

T
Elz;'Zwl'R{vshp(sfhor)|vshl7é0,
leL

seS,heH}. (20)

The placement points set for each head is constrained by the
component assignment of the model. We evaluate the placement
process by assigning the first w; points of the component type
Zie 11 - usp to the head h, followed by the subsequent w; points,
etc. The placement route is scheduled using the centroids of the
assigned points for each head in the cycle group, and F, denotes
the length of placement movement. Out of all the solutions in
the pool, the one with the minimal E| + Fj is selected for the
next phase of optimization.

Ill. ROUTE SCHEDULE HEURISTIC

The placement route scheduling problem has a wide solution
space, and on the basis of the mechanical structure of beam-
heads, we propose greedy based and route relink heuristics for
the placement route schedule.

A. Greedy-Based Route Schedule Heuristic

The greedy-based route schedule heuristic consists of the
following steps.

Step I: Compute the x coordinate of left boundary « and right
boundary 3 of the PCB and repeat through the Step II to Step
VII with the search stepd = (8 — «)/(2 - | H|) and three distinct
search directions: from left to right (L — R), from right to left
(R — L), from center to edge (C — E).

Step 11:  Generate the starting point list S and head list A,
which are linear sequences based on the search direction

LoRS={a+(h=1)-0|heH},H=H.

R-L:S={—-(h—1)-6|he H},H={|H|+1—h
he H}.

C—ES={B-a+p)/4+(h—-1)-2/6|heH}, H
={[lH[+1/2] = (=1)" - ([h/2] = 1/2) =7/2 | h € H}.

The head list H represents the sequence in which the different
heads are assigned to the search direction.

Step II1: Repeat through the cycle index k € K, where K =
{1,2,...,%",c, wi} and initialize Py, as a 1 x |H| array with
elements of —1, which represents the placement result.

Step 1V: Repeat through search direction L - R,R = L, C
— E with starting point © € S.

Step V: lterate through all the heads h € H. If h is the first
one, find the point nearest to the starting point in the horizontal

direction
P 2n

argmin
pe{p"(p") =2 i t-win1,p"€P}

|z — A7), — O]

where A7, = (h— 1) -7 and «(p) is the component type of
placement point p. Otherwise, sort the assigned placement points
and calculate the moving distance

XP — {xpkh — ATy, | Prn 7é I,h e H}U{mp}
ype{ypkh |th # 1,h€H}U{’yp}

Note ¢ is the index of A with the gth smallest coordinate of x
axis, and

(22)
(23)

Xp/—l
p < argmin E max (|Xp/q — Xp/(q+1)|
plepl q:1

Vorg = Yoign)) - (24)

Step VI: Update the placement assignment result Py < p,
P < P\{p}, goto Step Vuntil Py, # —1,Vh € H.

Step VII: Dynamic programming for route scheduling in
each cycle and storing the Chebyshev moving distance. The x
coordinate of the center point ® equals ), _;; p,, /| H| and its
y coordinate equals the pickup position of the feeder slot. The
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Algorithm 3: The Flow of ARRH Algorithm.

Input : placement assignment 7 and placement sequence Q
Output: rescheduled placement assignment P and
rescheduled placement sequence Q
1 calculate the average position Ty, ¥, and moving distance
Dk’ T < ZhEHkah/ |H|7 yk — ZhEH ypkh/ |H"
Dk: “—
Z(quz)GQk max (‘Qf'pkql T TPhyy | ‘ypkql ~ YPryy )
in each cycle k, k € K = {1,2,---,> . w }:
2 PP, QO+ Q;

3 while the terminated time has not been reached do

4 Dr 4 Pi,.h, Where ky < randomyc ic (Dy,), hr<

randomy, ¢ py (max ( TPy = Thy | ‘ypkrh —Yk, )) ;
5| ke<argming e e g, max (|zp, =T | [Ypr =Yg 1) 5
6 for h € H do

_ mprfzpk h _ yprfypk h _
7 T < ] = +xk,y<—7|H‘ =+ YL
8 up, < max (|zp, — T/, lyp, —7|) ;
9 foreach 1’ € I\ {h} do
on - -+ (e, — 7] 7))

10 end
11 he < argmin Up,,

¢ & he{h’\b(pr):L(PkCh/),h’EH} h

Pe < Prehe s
12 Prche < Prs Prph, < De

3 D;y Qp, < cycle_schedule (Pkc) , chw Qp,. <
cycle_schedule (Pk,«) ;
14 if Dkr + ch > D;cr + D;CC then

15 PP, Q< Q Dy, < Dy, Dy, < D :
_ Tp.—Tp Ny Ype —YP _
16 mkce%"_mkmyh(—%"_ykc’
- Tpp—TPy o _ Yor =YPr h. | —
17 T, < TH] = ATk Yk, [H] =4k,
18 else
19 P+P, QA+ Q;
20 end
21 end

transfer equation is written as

F(®,{®}) <0 (25)

F (th’ T {h})  min {f (h’,?—l’) +g (h,h')}
H CH=HU{®} heH (26)

ifh# ®and b/ # P,

g (h,h')=max (’.’I}’pkh —xp,,, —AThp ],

YPen —YPyp ’)
(27)

otherwise

g (h, ®) = max (|zp,, — Po — ATl |yp,, — Pyl)  (28)
with final result equals min, _z{F (h, H) + g(h, ®)}.

The dynamic programming determines the placement posi-
tion of each head, and the sequence in which the heads are placed
is solved. The placement sequence pair Q is formed by arranging
the two heads sequentially.

Step VIII: Compare the total moving distance and get the

placement assignment result with the minimal one.
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Fig. 2. Experimental platform of the placement machine.
TABLE I
BAsIC PARAMETERS OF THE PCB DATA
PCB 1 2 3 4 5 6 7 8 9 10
[N] I 1 1 2 2 3 2 3 3 4
|C| 1 2 3 4 5 5 6 71 8 10
|P| 400 216 288 352 432 384 336 198 170 196

B. Aggregated Route Relink Heuristic (ARRH)

An ARRH is proposed for the placement route improvement,
and its flow is shown in Algorithm 3. The primary principle of
the algorithm is to reallocate the off-center points in each cycle.
The design of the algorithm is based on the average position
and moving distance in each cycle (line 1). The cycle and its
corresponding off-center point are determined based on the
moving distance and offset, respectively (line 4). The swapping
cycle, which is nearest to the off-center point, and the swapping
point are further determined (line 5-11). After performing the
relink operation (line 12), the distribution of the cycle can be
more concentrated. The proposed cycle_schedule relinks the
placement routes with a plain idea for searching faster: sorting
the placement points nondecreasingly w.r.t. the coordinate of x
axis and allocating them on the head from left to right.

IV. EXPERIMENT RESULT
A. Experiment Setup

This article solves the model using Gurobi 10.0 and Python
3.10 on the Intel(R) Core(TM) i5-11400 @2.60 GHz with 16 G
RAM. Five times of runs are implemented with each PCB,
and the average values are recorded as the comparative results.
The proposed two-phase PCBA optimization (TPPO) is com-
pared with four representative decomposition-based algorithms,
including a component placer optimizer (CPO) employed in
industrial software, hybrid genetic algorithm (HGA) [12], ag-
gregated model (AGM) [13], and cell division genetic algo-
rithm (CDGA) [17]. The experimental platform of a self-
developed placement machine is shown in Fig. 2.

In Table II, which lists the basic parameters of the PCB data,
we select ten different PCB data; among them, the first one is an
international standard speed test board IPC9850; the second to
fifth data with relatively fewer component types and randomly
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TABLE Ill
PARAMETER SETTING OF THE TWO-PHASE ALGORITHM
Phase Parameter Setting
Weights T | T2 | T3 2132
Big-M value |P|
I Pool search mode Multi-optimal solutions
Pool solution capacity 30
Pool gap 10~4
Terminated condition Unchanged in 30 seconds
Search step R ({xplp € P}) / |H]
1I Selection method Roulette wheel
Terminated time 10 seconds

400
2
Q
e
v
)
§ gLt
-~
<
N i
R T i i
S | | |
s L 1 L. 1
450, PCBI PCB2 PCB3 PCB4 PCBS PCBG PCB7 PCBS PCBY PCBIO
£300
3
3,150
PCBI PCB2 PCB3 PCB4 PCB5 PCB6 PCB7 PCB8 PCB9 PCBI0
Fig. 3. Histogram of the subobjectives comparison between the pro-

posed model and other mainstream algorithms.

generated placement points are applied to test the generalization
of the algorithm; and the last five are selected from actual
industrial sites, to validate the application of the algorithm in
practice.

The parameter settings of the proposed algorithm are listed
in Table III. In the first phase, we set the pool parameters and
search mode, as well as the coefficients of the model, based on
the impact of the metrics on assembly efficiency. We specify
the terminated condition as the currently optimal solution has
not changed for more than 30 s because it takes a long time to
solve the model completely. The big-M value for linearization
equals the number of placement points. The search mode is set
to prioritize the 30 best solutions within the gap of 10~*. In the
second phase, the search step is dependent on the PCB layout,
and the route roulette wheel is chosen for the random search of
route relink with the upper 10 s.

B. Comparative Experiments

The subobjectives of the PCBA process, which include the
number of cycles, nozzle changes, and pickup operations, with
the comparative histogram are shown in Fig. 3. It can be seen that
the TPPO is more comprehensive than conventional approaches.
The cycle scheduling difficulties are better handled by TPPO,
AGM, and CPO, whereas evolutionary-based CDGA and HGA
typically have more PAP cycles. AGM and HGA forbid changing

TABLE IV
COMPARISON OF THE OBJECTIVES’ Z VALUE OF THE PROPOSED MODEL
WITH MAINSTREAM ALGORITHMS

PCB TPPO CPO HGA AGM CDGA
1 —-0.448 —-0.448 1.789 —-0.448 —0.446
2 -0.845 -0.679 1.650 0.153 -0.279
3 -1.089 -1.089 0.677 0.603 0.898
4 -0.864 -0.318 -0.864 1.420 0.625
5 -0.942 0.211 -0.942 1.461 0.211
6 -0.996 1.208 —-0.840 0.883 —0.254
7 -0.527 -0.370 -0.527 1.783 —0.360
8 -1.470 —-0.104 0.238 1.331 0.005
9 -1.100 —-0.936 0.763 1.147 0.127
10 -0.715 —0.431 —0.293 1.764 —0.325

AVG -0.900 —0.295 0.165 1.010 0.020

TABLE V

COMPARISON OF THE MODEL OBJECTIVE VALUE FOR DIFFERENT TCS

PCB 1 2 3 4 5 6 7 8 9 10
BASE| O, 934 312 336 396 432 390 288 158 164 196
TC-1 O1 934 312 336 396 432 390 288 158 168 218

G1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.44 11.22
TC Oz 934 312 336 396 432 390 288 162 - -

G2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.53 - -
TC3 O3z 934 312 336 396 432 390 288 172 192 220

Gz 0.00 0.00 0.00 0.00 0.00 0.00 0.00 8.86 17.07 12.24

the nozzle, which prevents some of the simultaneous pickup op-
erations from being carried out and lowers the overall efficiency.
Both TPPO and AGM are model based algorithms; however, the
former takes into account the mechanical characteristics and has
a greater pickup efficiency.

Table IV shows more general and comparable results of
Z-values for weighted subobjectives that are directly related to
assembly efficiency. When dealing with a single type of compo-
nent data (PCB1), TPPO, CPO, and AGM perform equally well.
As the PCB becomes more complicated with more component
types, the TPPO outperforms other mainstream algorithms, and
there is also a tendency to increase gaps between the proposed
algorithm and other research.

Three test cases (TCs) are constructed to compare the solving
efficiency for different model settings in Table V. We call the
model with component partition, complexity reduction strate-
gies as the improved model, and the model without the proposed
techniques as the original model. We utilize the known optimal
solution as a benchmark since it is hard to find the optimal
one for an NP hard problem for all PCBs. The benchmark
value O;, of PCB1-PCB3 are the optimal result for solving the
original model. As the size of the data increases, the original
model cannot find an optimal solution in an acceptable time.
The solutions of PCB4-PCB10 are obtained after solving the
proposed model with a sufficient amount of time (at least 6 h)
and without the terminated conditions, which are also the best
results from the proposed and comparative methods.

The TCs follow the settings: TC-1 represents the solution
of the improved model; TC-2 represents the solution of the
improved model without the initial solution; and TC-3 rep-
resents the solution of the improved model without the com-
plexity reduction strategies. The formula for the TC t’s gap is
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TABLE VI
COMPARISON OF THE ROUTE SCHEDULE AND ASSEMBLY TIME OF THE PROPOSED HEURISTIC WITH MAINSTREAM ALGORITHMS

PCB TPPO CPO HGA AGM CDGA

DY 2 7T DF TP ATP  DH TH ATH DA TA  ATA DO T¢ AT
1 34793.6 34676.1 114.63 35063.0 114.25 -0.33 1314579 205.57 79.34 451109 13482 17.62 358659 122.73  7.07
2 203040 20059.8 5331  20207.5 5299 —0.60 446529 7533 4129 258082 6140 1516 257118 59.09  10.84
3 28652.0 28390.1 66.69  27127.4 6557 —1.68 407224 80.88  21.29 356272 76.89 1529 39437.7  77.29 15.90
4 368250 36690.1 82.02 35870.2 8651 547 482928 9330 1376 52397.8 101.16 2334 430129 9662  17.81
5 40952.0 40707.8 95.83  44026.4 100.20 4.56  56680.0 109.98 1477 55825.1 11475 19.74 584453 109.31 14.07
6 39096.8 389052 90.68 41211.0 117.99 30.12 463665 98.36 847 554939 117.73  29.84 54717.3 107.02 18.03
7 33676.7 332772 7297 322538 76.56 492 356409 77.98 6.87  52810.7 124.17 56.46 421334  80.46 10.27
8 19799.6 19662.2 4597  25177.6 51.31 11.62 257455 49.78 830  27170.6 49.85 8.45 245332 5235 13.88
9 199384 195354 4131 211425 5381 3026 236295 4600 1135 233765 4849  17.39 234441 4929 1931
10 26024.8 25814.3 52.82  25959.3 54.03 229  25563.6 52.74 -0.15 30795.8 60.76 15.03 264335 55.28 4.65
AVG 30006.3 29771.8 71.59 308039 77.36 8.66 478752 88.99  20.53 40441.7 89.00 21.83 37373.5 80.94 13.18

TABLE VI

COMPARISON OF THE SOLVING TIME OF THE PROPOSED MODEL WITH
MAINSTREAM ALGORITHMS

PCB TPPO HGA AGM CDGA| PCB TPPO HGA AGM CDGA
1 0.4 1382 03 - 6 347 2642 05 30.1
2 42 2182 02 41.0 7 320 942 1.1 30.1
3 159 373.0 02 35.7 8§ 676 880 09 20.1
4 315 1346 03 36.8 9 464 1589 04 23.0
5 315 1728 04 33.5 10 953 1539 1.2 27.0

G: = (0:/O, — 1) - 100%, t = 1,2,3. As can be shown, the
improved model’s highest gap from the benchmark is 11.22%.
The model-solving process can be quickly iterated with the aid
of the initial solution, and under the terminated condition, the
feasible solutions for PCB9 and PCB10 are not even attainable.
TC-3 achieves worse solutions since the model iterates more
slowly in practice and has a larger gap than the improved model
under the terminated condition.

The movement distance and assembly time are compared
next, as shown in Table VI. The notations D and T represent the
moving distance and assembly time, while the superscripts 7', P,
H, A,and C represent the TPPO, CPO, HGA, AGM, and CDGA,
respectively. AD and A7 correspond to the improvement rates
of D and T, respectively, relative to TPPO compared with other
research. DI and DI represent the moving distance without
and with the route relink heuristic. The route relink mainly
adjusts the placement movement that makes up a small portion
of the whole, so it does not result in a high improvement in the
overall movement. For the TPPO method, the assembly process
can be more effective with fewer pickups and nozzle changes,
even without the shortest movement distance for PCB3, PCB4,
and PCB7. Compared to CPO, HGA, AGM, and CDGA, the
proposed method improves by 8.66%, 20.53%, 21.83%, and
13.18% in assembly efficiency, respectively.

Finally, we compare the solving time in seconds. CPO is
not included in the comparison since the way the algorithms
are implemented, which is not publicly available for CPO, has
a great impact on the running time. As shown in Table VII,
compared with the TPPO, we can conclude that the component
partition is an effective way to improve the search efficiency.
The model without component partition can only be applied to

solving small-scale data; for PCB1-PCB3, the solving time is
21.41, 70.18, and 193.23 s, respectively, which is much larger
than the proposed model. As amodeling method, TPPO is solved
longer for the inclusion of pickup constraints compared to AGM,
but it is significantly faster than HGA except for PCB10. Even
though it requires more time for TPPO, its assembly efficiency
is higher, and the time is within an acceptable amount.

V. CONCLUSION

This article presents a two-phase optimization approach for
handling the head task assignment and placement route schedule
after breaking the PCBA process down into two parts. By opti-
mizing the primary subobjectives at the modeling phase and
developing heuristic algorithms at the route schedule phase,
the two-phase framework combines the advantages of both
mathematical models and heuristic algorithms. We compare
the weighted subobjectives, which are related to the overall
assembly efficiency, with both heuristic-based and model-based
algorithms. The results show that the proposed algorithms are
more comprehensive than previous research. A series of special-
ized TCs validate the necessity of the preprocessing technique,
including the component partition approach, initial heuristics,
and reduction strategies, to solve the model. Furthermore, we
compare the moving distance and assembly time with other
research. Although the placement path of our proposed al-
gorithms is not the shortest for all PCB data, it improves
assembly efficiency when combined with optimization in the
first phase. The solving time of the two-phase algorithm is
within acceptable bounds, even though it is not faster than all
the compared algorithms because more assembly factors are
incorporated. Overall, the experimental results show that the
proposed two-phase optimization effectively solves PCBA prob-
lems, balancing the quality of the solution and computational
cost.
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