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Abstract—Surface mount technology is essential to the

Q1
Q2

6
development of the electronic manufacturing industry. This7
article studies optimizing the surface mount process for the8
beam-head placement machine. A mixed-integer program-9
ming (MIP) model is proposed for this problem, which is10
decomposed into three interconnected hierarchical parts:11
feeder allocation; component assignment; and pick-and-12
place (PAP) sequence problems. This article proposes an13
efficient hierarchical framework with three elaborately de-14
signed heuristics to solve the above problem. The design15
of the scan-based algorithms optimizes the subobjectives16
of feeder allocation and component assignment. First, the17
allocation heuristic arranges the feeders into slots as a18
prerequisite for other problems. Then, the component as-19
signment heuristic determines the component type for each20
head with a variety of criteria and long short-term objec-21
tives. Finally, the PAP sequence problem is solved using a22
modified beam search algorithm. The proposed algorithm23
offers advantages in terms of effectiveness, efficiency, and24
extension, which can satisfy various customization de-25
mands. Experiments are conducted on our self-designed26
placement machine using industrial and randomly gener-27
ated data. Computational experiments show that the scan-28
based heuristic algorithm obtains near-optimal solutions29
with a gap of 9.93% averagely compared with the proposed30
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MIP model and provides efficiency improvement over the 31
mainstream studies. 32

Index Terms—Hierarchical decomposition, mixed-integer 33
linear model, printed circuit board (PCB) assembly opti- 34
mization, scan-based heuristic. 35

I. INTRODUCTION 36

NOWADAYS, the widespread use of electronic products in 37

modern life has raised attention to the price and quality 38

of printed circuit boards (PCBs). A complicated collection of 39

production procedures makes up for manufacturing electronic 40

products. PCB assembly is one of the necessary but time- 41

consuming processes among them. The placement machine is 42

a sophisticated computer-controlled apparatus that integrates 43

mechanical, electrical, and optical techniques [1]. The factory 44

uses automatic manufacturing lines to produce high-quality 45

PCB, and the maximum production capacity of the placement 46

machine is the efficiency bottleneck of the whole production line. 47

The application benefit of an effective assembly optimization 48

technique is enormous. 49

This article focuses on the beam-head placement machine, 50

which has a stationary PCB platform, two stationary feeder 51

bases, and a moving gantry with beam heads, as shown in 52

Fig. 1. The feeders loading with components are installed on 53

the feeder base. There are three basic types of feeders for 54

assembling various package component parts: tape, stick, and 55

tray. The gantry moves between the PCB and the feeder base 56

to pick and place the components with vacuum valves. The 57

fly camera is equipped in the heads for chip detection; for 58

some large chips, the gantry moves to the fixed camera for 59

inspection. An auto nozzle changer (ANC) is kept with multiple 60

nozzle types to fulfill the assembly needs for various compo- 61

nent shapes. The primary distinction between the beam-head 62

placement machine and other types is its mechanical design, 63

which enables multiheads to pick up components from feeders 64

simultaneously. 65

As shown in Fig. 2, the surface mount process consists of six 66

different types of operations, and the dashed line framed part 67

includes a pick-and-place (PAP) cycle, which is the fundamental 68

unit. The nozzle change, component pickup, and component 69

placement operations in a PAP cycle take substantial time, and 70
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Fig. 1. Layout of the beam-head placement machine.

Fig. 2. Workflow chart of the surface mount process.

the algorithm can optimize the first two operations. More specifi-71

cally, by combining multiple head motions, the pickup operation72

could be more effective, and the nozzle changes are connected73

to the sequence of component pickup. The component dumping74

operations caused by image processing errors are exceptions and75

are not considered in this article.76

The surface mount optimization problem has multiple vari-77

ables with significant coupling and is an NP-hard problem [2].78

A general technique for this complex optimization problem is79

the hierarchical decomposition method [3], [4]. This challenging80

combinatorial optimization problem is made up of the location 81

problem, the assignment problem, and the route schedule prob- 82

lem. In the locating problem, the depots are feeders assigned 83

for the assembling process [5]. The assignment problems are 84

concerned with determining the type of component picked up 85

by the placement head, which must take into account the tool 86

compatibility of the nozzle component [6], [7] and its influence 87

on simultaneous pickup [8], [9], both of which are essential 88

factors influencing assembly efficiency. The PAP route sched- 89

ule is covered in studies [10] and [11] utilizing heuristic and 90

mathematical programming, respectively. 91

Surface mount optimization has been solved by a variety of 92

algorithms, such as mathematical programming, evolutionary 93

algorithms, tailored constructive heuristics, etc. The mathemat- 94

ical programming method is limited by the complexity of the 95

problem, and the subproblem is the subject of multiple stud- 96

ies [12], [13], [14]. Medium-size problems can be solved using 97

mathematical programming combined with the aggregation [6] 98

approach and the augmented technique for multiobjective [15]. 99

Evolutionary algorithms have been widely used in surface mount 100

optimization problems [16], [17], [18], [19], [20], such as the 101

genetic algorithm, particle swarm algorithm, shuffle leapfrog 102

method, etc. Complex optimization problems may have multiple 103

subobjectives, and research has been done to combine multi- 104

objective optimization with evolutionary algorithms to find the 105

Pareto fronts of the problems [21], [22]. Some studies provide 106

constructive heuristics, which solve the problem based on the 107

structure of the problem and significantly improve the quality of 108

solutions [23]. 109

To summarize, there is still a long way to industrial de- 110

ployments. Current research is flawed by irrational assump- 111

tions or inadequate examination of the factors influencing as- 112

sembly efficiency. The algorithm needs to be constructed to 113

work in various application scenarios. In this article, we pro- 114

pose a mathematical model and a novel hierarchical scan- 115

based heuristic framework for the surface mount optimization 116

problem. The contributions of this article are summarized as 117

follows. 118

1) A mixed-integer model for the PCB assembly process 119

is proposed. The model fully incorporates the factors 120

affecting assembly efficiency and decomposes the assem- 121

bly process into pickup and placement parts. The pickup 122

model takes into account the impact of simultaneous 123

pickup on efficiency for the first time, and the placement 124

model is modeled as a variant of the multiple traveling 125

salesman problem (MTSP). 126

2) The hierarchical decomposition approach reduces the 127

complexity of the problem. Based on the problem charac- 128

teristics for each subproblem, three elaborately designed 129

heuristics combined with the scanning concept are pro- 130

posed, which can obtain a nearly optimal solution and 131

perform better on the search efficiency compared to other 132

approaches. 133

3) The proposed algorithms demonstrate substantial exten- 134

sions, which are adaptable enough to satisfy the operators’ 135

various customized requirements. The algorithm opti- 136

mization process simulates the pickup process, which can 137

Lu
高亮
related

Lu
高亮
mathematical programming and heuristic



IE
EE P

ro
of

LU et al.: SCAN-BASED HIERARCHICAL HEURISTIC OPTIMIZATION ALGORITHM FOR PCB ASSEMBLY PROCESS 3

be adapted to the actual situation of the feeder allocation138

and component pickup operation tasks.139

The rest of this article is organized as follows. Section II140

presents a mixed-integer mathematical model, and Section III141

proposes a scan-based hierarchical heuristic algorithm to pro-142

vide a satisfying PCB assembly solution. In Section IV, the143

experiment results are introduced and compared with the main-144

streaming study. Finally, Section V concludes this article.145

II. MATHEMATICAL MODEL146

A. Problem Description147

The surface mount optimization is to solve the scheduling148

problem of the PCB assembly process and get an efficient149

solution with complicated constraints and multiple decision150

variables. The typical subproblems of the assembly process151

are the feeder allocation problem and the head task assignment152

problem. The former solves the problem of the arranged slots153

of feeders, while the latter determines the assembly sequence.154

The component assignment problem and the PAP route schedule155

problem are further decompositions in this article for the head156

task assignment. There is a progressive relationship between157

the two subproblems, and the complexity of the problem can158

be reduced by determining the component type and then the159

placement point of each head.160

The underlying subproblems are tightly coupled. The feeder161

allocation affects component assignment for maximizing the162

number of simultaneous pickups, i.e., combining more pickup163

operations. The pickup slots of the assembly process and the164

assembly sequence determine the overall movement distance165

of the gantry. There may be redundant movements for pickup166

operations and nozzle changes for the consistency of the nozzle167

type, component type, and feeder slot.168

This article makes the following assumptions about the op-169

timization problem with litter impact on the optimality of the170

solution.171

1) The X- and Y -axis motor movement is simplified to an172

independently controlled trapezoidal profile.173

2) The interval distance between adjacent heads is integer174

times the interval distance between two adjacent feeder175

slots.176

3) Only an appropriate type of nozzle can pick up the com-177

ponent.178

4) The ANC configuration is predetermined, and the move-179

ment at different holes is ignored.180

5) Tray and stick feeders have predetermined arrangements181

and are not incorporated into the optimization process.182

B. Optimization Objective and Constraints183

The surface mount process is accomplished by a complex184

series of motions that work together. The target of minimiz-185

ing the assembly time depends on the distance of the gantry186

traveling, the number of pickup operations, and the number187

of nozzle change operations, which are the subobjectives. The188

coupling of subobjectives is reflected in combining the pickups189

of multiple heads, which may bring additional nozzle change,190

and the distance of the gantry traveling relies on the pickup and 191

nozzle change operations. 192

The constraints for surface mount optimization problems can 193

be divided into four categories: job completion constraint, me- 194

chanical restriction, tool requirement, and artificial constraints. 195

Job completion is essential for surface mount tasks, and each 196

component must be assembled accurately on the corresponding 197

PCB pads. The mechanical restriction concerns the structural 198

characteristics of the placement machine, such as each head 199

having unreachable pickup slots. Another type of mechanical 200

constraint is positional interference caused by feeders occupying 201

multiple slots. The restricted number of nozzles and feeders 202

available will also impede optimizing assembly efficiency. Tool 203

consistency is a critical assurance for the assembly process. 204

In terms of artificial limits, operators may want to prearrange 205

feeders, prohibit some feeder slots, and set prohibited heads. 206

C. Mixed-Integer Programming (MIP) Model 207

Mathematical programming methods to solve the surface 208

placement task must deal with the problems of numerous de- 209

cision variables and intricate constraints. The route scheduling 210

of the gantry is constrained by the type of component, nozzle, 211

and slot that corresponds to each head, which greatly increases 212

the complexity of the model. This article proposes a hierarchical 213

MIP model to solve the problem effectively by decomposing 214

the surface mount process into two parts: the pickup model 215

and the placement model. The pickup model is a prerequisite 216

for the solution of the placement model, which determines 217

the movement time parameters and the placement head task 218

in the placement model. The notations of the proposed model 219

are shown in Table I. The table describes the type of decision 220

variables, all of which are nonnegative. 221

1) Pickup Model:

min tc ·
∑
k∈K

gk + tn ·
∑
h∈H

dh + tp ·
∑
s∈S′

∑
k∈K

esk + tm ·
∑
k∈K

uk

(1)

gk ≥ gk+1 ∀k ∈ K\{|K|} (2)∑
i∈I

∑
s∈S

xiskh ≤ gk ∀k ∈ K,h ∈ H (3)

∑
j∈J

∑
i∈I

∑
s∈S

μij · xiskh ≤ 1 ∀k ∈ K,h ∈ H (4)

∑
s∈S

∑
h∈H

∑
k∈K

xiskh = ψi ∀i ∈ I (5)

dh =
1
2

∑
k∈K\{|K|}

(∑
j∈J

∣∣∣∑
i∈I

∑
s∈S

μij · xiskh −
∑
i∈I

∑
s∈S

μij · xis(k+1)h

∣∣∣− 1

)
∀h ∈ H (6)

esk ≤
∑
i∈I

∑
h∈Hs

xi[s+(h−1)·τ ]kh ≤M · esk ∀s ∈ S ′, k ∈ K

(7)
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TABLE I
SUMMARY OF NOTATIONS

uk ≥ s · esk − r · erk ∀k ∈ K, s, r ∈ S ′ (8)

fsi ≤
∑
h∈H

∑
k∈K

xiskh ≤M · fsi ∀s ∈ S, i ∈ I (9)

∑
i∈I

fsi ≤ 1 ∀s ∈ S (10)

∑
h∈H

∑
i∈I

∑
s∈S

μij · xiskh ≤ ζj ∀k ∈ K, j ∈ J (11)

∑
s∈S

fsi ≤ φi ∀i ∈ I. (12)

The objective of the pickup model (1) consists of four terms: 222

the number of cycles; nozzle change operations; pickup oper- 223

ations; and pickup moving distance; where the pickup moving 224

distance is represented by the number of slots the gantry crosses 225

over. Constraint (2) ensures that the first few cycles of the surface 226

mount process are given top priory for completion. The heads 227

and work cycle are consistent with Constraint (3). Constraint (4) 228

ensures that each head is equipped with at most one nozzle 229

type. The completion of the surface mount process for each 230

component type is guaranteed by constraint (5). Constraint (6) 231

calculates the number of nozzle changes of each head, and con- 232

straint (7) converts the pickup slot of each head to the leftmost 233

head to calculate the number of the pickup operations in each 234

cycle. Constraint (8) calculates the number of slots crossed over 235

by the gantry for the pickup process in each cycle. Constraint (9) 236

ensures the consistency of head pickup operations and feeder 237

allocation. Constraint (10) ensures that each slot is assigned at 238

most one feeder. Constraints (11) and (12) indicate the limited 239

number of available nozzles and feeder base, respectively. 240

2) Placement Model:

min
∑
k∈K ′

⎧⎨
⎩
∑
p∈P

∑
h∈H

λFW
pkh · ypkh +

∑
p∈P

∑
q∈P

∑
a∈A

λPL
pqa·

wpqka +
∑
p∈P

∑
h∈H

λBW
pkh · zpkh

⎫⎬
⎭ (13)

∑
q∈P

∑
a∈Ah

wpqka =
∑
i∈I

∑
s∈S

ηip · xiskh

∀p ∈ P, k ∈ K ′, h ∈ H (14)∑
p∈P

∑
q∈P

∑
a∈Ah

wpqka ≤ 2 ∀k ∈ K ′, h ∈ H (15)

∑
p∈P

(ypkh + zpkh) ≤ 1 ∀k ∈ K ′, h ∈ H (16)

∑
q∈P

∑
a∈At

h

wqpka + ypkh =
∑
q∈P

∑
a∈Af

h

wpqka + zpkh

∀k ∈ K ′, h ∈ H, p ∈ P (17)

ypkh ≤
∑
q∈P

∑
a∈Af

h

wpqka ∀k ∈ K ′, h ∈ H, p ∈ P (18)

zpkh ≤
∑
q∈P

∑
a∈At

h

wqpka ∀k ∈ K ′, h ∈ H, p ∈ P (19)

∑
p∈P

∑
h∈H

ypkh = 1 ∀k ∈ K ′ (20)

∑
p∈P

∑
h∈H

zpkh = 1 ∀k ∈ K ′ (21)

∑
k∈K ′

⎛
⎝∑

h∈H
ypkh +

∑
q∈P

∑
a∈A

wpqka

⎞
⎠ = 1 ∀p ∈ P (22)
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∑
k∈K ′

⎛
⎝∑

h∈H
zpkh +

∑
q∈P

∑
a∈A

wqpka

⎞
⎠ = 1 ∀p ∈ P (23)

mp +
∑
q∈P

vpq − np −
∑
q∈P

vqp = 1 ∀p ∈ P (24)

vpq ≤
∑
k∈K ′

∑
a∈A

(|P | − |K ′|+ 1) · wpqka ∀p, q ∈ P (25)

np ≤
∑
k∈K ′

∑
h∈H

(|P | − |K ′|+ 1) · ypkh ∀p ∈ P (26)

mp ≤
∑
k∈K ′

∑
h∈H

(|P | − |K ′|+ 1) · zpkh ∀p ∈ P. (27)

The objective of placement model (13) is the total of the241

moving times except for the pickup movement, which has been242

solved in the pickup model. The parameters of moving time λ243

in the objective are obtained based on the solution of the pickup244

model. Constraint (14) ensures that the solutions of the pickup245

model and the placement model are consistent. Constraints (15)246

and (16) ensure that each head is placed at most one placement247

point. Constraints (17)–(19) ensure the continuity of the place-248

ment task, i.e., the placement head is unique for each point.249

Constraints (20) and (21) mean that the path of the placement250

head from the feeder base to the PCB and from the PCB back251

to the feeder base is unique for each cycle. Constraints (22)252

and (23) ensure that the entry edge and the leave edge of each253

point are unique, respectively. Constraints (24)–(27) are utilized254

to eliminate the subtour for each cycle.255

The pickup model (1)–(12) and placement model (13)–(27)256

involve an assignment problem and a restricted MTSP problem,257

which are two well-known NP-hard problems. Therefore, the258

proposed model above can be solved only for small-scale data259

in a reasonable amount of time. In Section III, we will further260

decompose the problem following the optimization objective,261

and an efficient hierarchical framework will be proposed to solve262

this problem.263

III. HIERARCHICAL HEURISTIC OPTIMIZATION264

A. Scan-Based Heuristic Hierarchical Framework265

Hierarchical decomposition is a common method for solving266

complicated optimization problems. A direct solution to the267

whole problem may bring on a dimensionality disaster because268

of the numerous constraints and decision variables. It makes269

sense to design the algorithm by the relevance of the subobjec-270

tive. The constructive scan heuristic algorithm [5] is the basis of271

the proposed method in this article, which overcomes the short-272

comings of the lengthy solving time and greedily maximizes the273

pickup efficiency.274

This article decomposes the surface mount optimization prob-275

lem into the feeder allocation problem, component assignment276

problem, and PAP sequence problem. We prioritize feeders since277

ignoring them will significantly increase pickup operations and278

longer moving routes. Furthermore, if the feeder arrangement279

must be changed each time the PCB changes, the labor cost280

Algorithm 1: Feeder Allocation Heuristic.
Input: PCB data, component data, feeder data, and nozzle
pattern N

Output: feeder assignment FCP and FPT

1: Initialize FCP as the component type prearranged on the
feeder base (−1 for empty), FPT as the number of the
placement points, and S as an empty stack;

2: while
∑

i∈I ψi �= 0 do
3: Initialize Vb ← 0 as the best allocation value;
4: for s← 1 to |S| − (|H| − 1) · τ do
5: foreach s′ = s+ (h− 1) · τ, h ∈ H do
HCP(h)← FCP(s′),HPT(h)← FPT(s′)
I ′ ← I;

6: for j ← N (h), h ∈ {h′
∣∣HCP(h′) > 0} do

7: if ψi = 0, ∀i ∈ {i′
∣∣ξi′j �= 0, i′ ∈ I ′} then

8: push i← argmaxi′∈I ′ {ψi′ } into S;
9: else

10: i← argmaxi′∈I ′ {ψi′
∣∣j · ξi′j > 0}

HCP(h)← i,HPT(h)← ψi;
11: end
12: I ′ ← I ′\{i};
13: end
14: Pop components from S and assign them to the

heads h ∈ {h′
∣∣HPT(h′) = 0};

15: if
∑

h∈H HPT(h) > Vb then
16: Vb ←

∑
h∈H HPT,HPT

b ← HPT,HCP
b ← HCP,

sb ← s
17: end
18: end
19: δ = min{HPT

b (h)
∣∣HPT

b (h) �= 0, h ∈ H};
20: for s′ ← sb + (h− 1) · τ , h ∈ H do
21: if FPT(s′) = −1 then
22: FCP(s′)← HCP

b (h);
23: end
24: FPT(s′)← FPT

b (s′)− δ;
25: N (h)← j, ψi ← ψi − δ where i = HCP

b (h),
j =

∑
j′∈J j

′ · ξij′ ;
26: end
27: end

associated with reoptimizing the algorithm could increase. The 281

PAP route schedule is the final subproblem to be solved since 282

the moving distance of the placement heads has less impact on 283

assembly efficiency than other factors. 284

The relationship among subproblems, subobjectives, and con- 285

straints is shown in Fig. 3. The feeder allocation and component 286

assignment problems impact the nozzle changes and simulta- 287

neous pickups, while the route schedule problem is relatively 288

independent. It can be expected that there are certain similarities 289

in the algorithm design of feeder allocation and component 290

assignment. The superscripts NZ, CP, and PT of the notations 291

in the algorithm description are the abbreviation of nozzle type, 292

component type, and the number of placement points, respec- 293

tively. 294
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Fig. 3. Relationship of surface mount process optimization subobjec-
tives, subproblems, and constraints.

B. Feeder Allocation Heuristic Algorithm295

Feeder allocation is a prerequisite for other subproblems, and296

an appropriate arrangement will significantly enhance pickup297

efficiency, which determines the component pickup slot. The298

basic idea of feeder allocation heuristic described in Algorithm 1299

is assigning the feeders while scanning the feeder base under the300

constraint of the nozzle pattern, which can maximize the number301

of pickup points allocated in a round and avoid nozzle change.302

The algorithm assigns feeders to the empty slots in the different303

rounds, reserving the component types already arranged in the304

head-aligned slots. The component types that can be allocated305

in the head-aligned slots are determined by the nozzle pattern.306

The nozzle pattern helps to reduce the number of nozzle changes307

for subsequent pickup operations. The type of component with308

more placement points that do not meet the nozzle pattern re-309

striction is stored in component stacks to guarantee a comparably310

concentrated position of the feeder allocation. At the end of the311

assignment, the algorithm assigns components in the stack to312

slots.313

C. Component Assignment Heuristic Algorithm314

The algorithmic framework for feeder allocation and com-315

ponent assignment is similar, and both are based on heuristic316

scanning. The feeder allocation solves the problem of compo-317

nent pickup position, and the component assignment solves the318

problem of pickup sequence. The scanning heuristic efficiently319

optimizes the simultaneous pickups, which significantly reduces320

the overall pickup operations by integrating the pickup opera-321

tions of multiheads. Similar to feeder allocation produces, each322

head aligns to a slot starting from different pickup slots, the323

component assigned to the head should satisfy the following324

criteria.325

1) Pickup feasibility: The head-aligned slot contains un-326

picked placement points.327

2) Pickup constraint: The head-equipped number of nozzles328

does not exceed the number available.329

3) Pickup prejudgment: The component being picked up330

does not lessen the number of subsequent simultaneous331

pickups of the prejudgment.332

4) Pickup objective: The efficiency gain from pickup out-333

weighs the efficiency loss from nozzle change.334

Algorithm 2: Component Assignment Heuristic.

Input: PCB data, feeder allocation FCP and FPT

Output: component assignment C and cycle group K
1: Initialize a 1× |H| matrixM of None as the initial

nozzle assignment;
2: while

∑
s∈S FPT(s) �= 0 do

3: Initialize Vb ← 0 as the best assignment value;
4: for N ∈M, s← 1 to |S| − (|H| − 1)τ do
5: for h ∈ H do
6: s′ ← s+ (h− 1)τ , i← FCP(s′);
7: Calculate v ← e1 · v1 − e2 · v2 where

v1 = minh′∈H{HPT(h′) > 0} ∪ {FPT(s′)},
v2 =

∑
h′∈H |N (h′)−

∑
j ξHPT(h′)·j |;

8: if FPT(s′) > 0 and v > 0 then
9: HCP(h)← FCP(s′),HPT(h)← FPT(s′);

10: end
11: end
12: Calculate short-term objective Vs and long-term

objective Vl with Algorithm 3;
13: if e · Vl + (1− e) · Vs > Vb then
14: Vb ← e · Vl + (1− e) · Vs, sb ← s;
15: (HPT

b ,HCP
b ,HNZ

b )← (HPT,HCP,HNZ)
16: end
17: end
18: k ← minh∈H{HPT

b (h) > 0};
19: foreach h ∈ H do

s′ ← sb + (h− 1) · τ,FPT(s′)← FPT(s′)− k
20: ifHPT

b (h) > 0 or FPT(s) = 0, ∀h ∈ H, s ∈ S then
21: AttachHCP

b to C,HNZ
b toM, k to K along with

column direction;
22: end
23: end

Algorithm 2 describes the implementation of the component 335

assignment. Each round determines the type of component 336

assigned to heads with unpicked placement points and the 337

related cycle groups. A “cycle group” is a set of consecutive 338

PAP cycles with the same component assignments. It should 339

be mentioned that the scanning-based pickup procedure tries 340

to maximize the number of simultaneous pickups while min- 341

imizing the expense of nozzle changes. The component as- 342

signment heuristic is forward looking, which means that the 343

single-head component assignment prejudges its impact on 344

subsequent assignments. This is principally reflected in the 345

following two aspects: the first is to assign just those compo- 346

nents that improve the overall objective, and the second is the 347

long short-term objectives. As for long short-term objectives 348

implemented in Algorithm 3, the long-term objective is to 349

simultaneously pick up components from all the aligned slots 350

until one is empty, while the short-term goal is to pick up all 351

the components from the aligned slots greedily. The current 352

component assignment result is the short-term objective, and its 353

effect on pickup efficiency as a whole is the long-term objective. 354

The long short-term objective is the weighted sum of these 355

two. 356
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Algorithm 3: Long Short-Term Objective Calculation.

Input: Head component assignmentHPT

Output: short-term objective Vs and long-term objective Vl
1: Initialize short-term objective Vs ← 0 and long-term

objective Vl ← −e2 · σ;
2: Vs ← e1 · ω ·minh′∈H{HPT(h′) > 0} − e2 · σ where
ω = |H| − |{h′

∣∣HPT(h′) > 0, h′ ∈ H}| − 1 and
σ =

∑
h′∈H |N (h′)−

∑
j∈J j · ξHCP(h′)·j |;

3: whileHPT(h) > 0, ∃h ∈ H do
4: Vl ← Vl + e1 · ω ·minh′∈H{HPT(h′) > 0} where

ω ← |H| − |{h′
∣∣HPT(h′) > 0, h′ ∈ H}| − 1;

5: HPT ← HPT −minh′∈H{HPT(h′) > 0};
6: foreach h′ ∈ H doHNZ(h′)←

∑
j∈J j · ξHCP(h′)·j

7: end

D. PAP Sequence Heuristic Algorithm357

The pick and placement route schedules make up the PAP358

route schedule problem. In case the feeder allocation and the359

component assignment are determined, the pickup procedure360

calls for picking up components from each preset slot in a361

single direction on the feeder base. Algorithm 4 shows the362

process of beam search, which is utilized to solve the placement363

route schedule problem by retaining multiple potentially optimal364

solutions based on greedy search. The placement process can be365

thought of as a constrained vehicle route schedule problem with366

capacity constraints and candidate placement point constraints367

imposed by the component assignment. The dynamic program-368

ming is employed to determine the placement sequence in each369

cycle, which is efficient with a limited number of placement370

points.371

E. Extension of the Proposed Algorithm372

The proposed algorithms show significant applicability ex-373

pansion. First, the algorithm may balance the nozzle change374

and pickup operation cost by modifying the parameter weights.375

Second, regardless of the number of linear-aligned heads, the376

technique may be utilized to achieve simultaneous pickup. Even377

though the adjacent interval distance ratio between heads and378

slots is not always an integer, the approximate value also im-379

proves productivity by shortening the pickup distance of the380

gantry. Finally, since the algorithm implementation is essentially381

a simulation of the picking process, it can be fine-tuned to offer a382

tailored solution, including but not limited to preassign feeders,383

assigning nozzle to head, and prohibiting feeder slots.384

IV. EXPERIMENTAL RESULT ANALYSIS385

The algorithms proposed in this article are implemented in386

Python 3.8 by a desktop computer with Intel Core i7 1.8-GHz387

CPU and compared with aggregation mixed-integer program-388

ming (AMIP) [6], hybrid genetic algorithm (HGA) [9], cell di-389

vision genetic algorithm (CDGA) [18], and optimizer integrated390

with an industrial software (ISO). Both HGA and CDGA are rep-391

resentatives of evolutionary algorithms for assembly optimiza-392

tion. AMIP, a mathematical programming technique combined393

with an aggregation technique, could optimize medium-sized394

Algorithm 4: PAP Sequence Heuristic.

Input: PCB data with coordinate (Xp, Yp) of point p,
component assignment C and K

Output: PAP sequence P
1: Initialize B = {1, 2, . . . , β} as beam set where β is the

beam width;
2: Initialize P,Pb as empty matrix and Tb as 1× |H|

matrix, ∀b ∈ B;
3: forHCP ∈ C, k ∈ K do
4: while k �= 0 do
5: Initialize β × 2 matrixW as the coordinates of the β

leftmost unplaced points;
6: for h ∈ H do
7: Select β points which nearest toW(b), ∀b ∈ B

with component typeHCP(h);
8: Select β points among β2 candidates with minimal

Chebyshev distance as p1,· · ·, pb;
9: end

10: k ← k − 1,Wb← [Xpb
, Ypb
−(h−1)·ρ],

Tb(h)← pb, ∀b ∈ B;
11: PAP sequence schedule for Tb using dynamic

programming and attach Tb to Pb with column
direction, ∀b ∈ B;

12: end
13: end
14: P ← Pb with minimal Chebyshev distance ∀b ∈ B;

TABLE II
COMPARISON OF THE PROPOSED ALGORITHMS AND THE MIP MODEL

data in an acceptable amount of time. All the mathematical 395

models mentioned in this article are solved using the optimizer 396

Gurobi [24]. 397

First, we compare the proposed algorithm to the optimal 398

solution of the mixed-integer model, as shown in Table II. Based 399

on the production result, the coefficients tc, tn, tp, and tm of the 400

MIP model are set to 2, 6, 1, and 0.1, respectively. As the size 401

of the problem increases, the model becomes less capable of 402

solving the small-scale data in Table II. However, the solving 403

efficiency of the proposed heuristic algorithms is substantially 404

better than mathematical planning methods with an optimality 405

gap of 9.93% average. 406

Second, we use several industrial PCB data, including a 407

randomly generated complex one as representatives, to compare 408

the result of different methods. The latter can be equated to a 409

multibatch PCB assembly scenario without feeder setup change. 410
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TABLE III
PCB DATA PARAMETERS

TABLE IV
SUBOBJECTIVE COMPARISON

Fig. 4. Experimental platform of the placement machine.

The comparative PCB data parameters are shown in Table III.411

According to the machine parameters, we set e = 0.5, e1 = 4,412

and e2 = 0.6 in the implementation of the heuristic algorithms.413

We set the size of the beam in the beam search to half the num-414

ber of placement heads. This research investigates the effects415

of the optimization technique without feeder prearrangement416

since AMIP, HGA, and CDGA cannot deal with prearrange-417

ment conditions, and AMIP and HGA can only optimize single418

feeder type. The experiment findings indicate the suggested ap-419

proach, ISO, AMIP, HGA, and CDGA, respectively, as Ei(i =420

1, 2, 3, 4, 5). The performance improvement of the suggested421

approach over other methods is represented by ΔEi, which is422

computed as ΔEi = (E1 − Ei)/E1 × 100%, i = 2, 3, 4, 5.423

This article compares the main subobjective values of opti-424

mization method results with each other, as shown in Table IV.425

The number of PAP cycles is one of the overall performance426

subobjectives since, in some cases, it may affect the distance of427

the moving route. The method proposed in this article exhibits428

more effective search capabilities when dealing with complex429

data.430

Algorithm verification is done on our placement machine431

platform, which is shown in Fig. 4. We convert the assembly432

TABLE V
CPH FOR DIFFERENT METHODS

Fig. 5. Mounting time (CPH) distribution.

TABLE VI
TIME CONSUMING OF DIFFERENT METHODS

time into the standard time chip per hour (CPH) to provide 433

a straightforward comparison independent of the number of 434

placement points. A batch of PCBs is subjected to each pro- 435

cedure three times, and Table V shows the average assembly 436

time. Even though the proposed algorithm does not significantly 437

outperform the industrial customize optimizer results for small- 438

and medium-sized data, its advantages become more evident 439

as the size of the problem increases. The assembly efficiency 440

distribution shown in Fig. 5 shows that the proposed algorithm 441

is more stable than others. 442

The search efficiency is compared with other methods in 443

Table V except for the built-in industrial customize optimizer. 444

It can be seen that evolutionary-based algorithms take a longer 445

time to find a solution, and the results are usually unstable due 446

to their random exploration. AMIP is still intractable for large- 447

scale PCB data, despite the efficient aggregate-based technique 448

incorporated. 449

Lu
高亮
Table VI
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TABLE VII
CPH FOR DIFFERENT METHODS WITH MULTIWIDTH FEEDERS

The feeder allocation has a pivotal impact on the overall450

assembly efficiency, but only some researchers elaborate on the451

solution to the feeder types with different widths. We conduct452

comparative tests with PCB data using different width feeders to453

compare the suggested approach with the ISO method. Accord-
Q5

454

ing to Table VII, the proposed method provides a 7.60% overall455

efficiency gain over the industrial customize optimizer.456

V. CONCLUSION457

The scan-based hierarchical heuristic algorithm demonstrated458

excellent performance and efficient search in solving the com-459

plex surface mount optimization problem. We proposed a mixed460

integer mathematical model and elaborately designed heuris-461

tic algorithms. The component pickup procedure inspired the462

techniques of feeder allocation and component assignment with463

linear-aligned heads. While the component assignment heuristic464

algorithm concentrated on multihead pickup, the heuristic feeder465

allocation approach emphasized feeder allocation, increasing466

simultaneous pickup numbers. The ultimate goals of both the467

algorithms were to improve pickup efficiency and decrease noz-468

zle change. In this article, beam search was used to improve the469

search quality of the PAP route schedule. In terms of extension,470

the algorithm analyzed the requirements in various application471

scenarios and gave supporting solutions to be indeed applied to472

industrial production environments. The experiments compared473

several previous research and an industrial optimizer, and the474

findings demonstrated that the suggested technique considerably475

increased the efficiency of placement machine assembly.476
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Abstract—Surface mount technology is essential to the

Q1
Q2

6
development of the electronic manufacturing industry. This7
article studies optimizing the surface mount process for the8
beam-head placement machine. A mixed-integer program-9
ming (MIP) model is proposed for this problem, which is10
decomposed into three interconnected hierarchical parts:11
feeder allocation; component assignment; and pick-and-12
place (PAP) sequence problems. This article proposes an13
efficient hierarchical framework with three elaborately de-14
signed heuristics to solve the above problem. The design15
of the scan-based algorithms optimizes the subobjectives16
of feeder allocation and component assignment. First, the17
allocation heuristic arranges the feeders into slots as a18
prerequisite for other problems. Then, the component as-19
signment heuristic determines the component type for each20
head with a variety of criteria and long short-term objec-21
tives. Finally, the PAP sequence problem is solved using a22
modified beam search algorithm. The proposed algorithm23
offers advantages in terms of effectiveness, efficiency, and24
extension, which can satisfy various customization de-25
mands. Experiments are conducted on our self-designed26
placement machine using industrial and randomly gener-27
ated data. Computational experiments show that the scan-28
based heuristic algorithm obtains near-optimal solutions29
with a gap of 9.93% averagely compared with the proposed30
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MIP model and provides efficiency improvement over the 31
mainstream studies. 32

Index Terms—Hierarchical decomposition, mixed-integer 33
linear model, printed circuit board (PCB) assembly opti- 34
mization, scan-based heuristic. 35

I. INTRODUCTION 36

NOWADAYS, the widespread use of electronic products in 37

modern life has raised attention to the price and quality 38

of printed circuit boards (PCBs). A complicated collection of 39

production procedures makes up for manufacturing electronic 40

products. PCB assembly is one of the necessary but time- 41

consuming processes among them. The placement machine is 42

a sophisticated computer-controlled apparatus that integrates 43

mechanical, electrical, and optical techniques [1]. The factory 44

uses automatic manufacturing lines to produce high-quality 45

PCB, and the maximum production capacity of the placement 46

machine is the efficiency bottleneck of the whole production line. 47

The application benefit of an effective assembly optimization 48

technique is enormous. 49

This article focuses on the beam-head placement machine, 50

which has a stationary PCB platform, two stationary feeder 51

bases, and a moving gantry with beam heads, as shown in 52

Fig. 1. The feeders loading with components are installed on 53

the feeder base. There are three basic types of feeders for 54

assembling various package component parts: tape, stick, and 55

tray. The gantry moves between the PCB and the feeder base 56

to pick and place the components with vacuum valves. The 57

fly camera is equipped in the heads for chip detection; for 58

some large chips, the gantry moves to the fixed camera for 59

inspection. An auto nozzle changer (ANC) is kept with multiple 60

nozzle types to fulfill the assembly needs for various compo- 61

nent shapes. The primary distinction between the beam-head 62

placement machine and other types is its mechanical design, 63

which enables multiheads to pick up components from feeders 64

simultaneously. 65

As shown in Fig. 2, the surface mount process consists of six 66

different types of operations, and the dashed line framed part 67

includes a pick-and-place (PAP) cycle, which is the fundamental 68

unit. The nozzle change, component pickup, and component 69

placement operations in a PAP cycle take substantial time, and 70

1551-3203 © 2023 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. Layout of the beam-head placement machine.

Fig. 2. Workflow chart of the surface mount process.

the algorithm can optimize the first two operations. More specifi-71

cally, by combining multiple head motions, the pickup operation72

could be more effective, and the nozzle changes are connected73

to the sequence of component pickup. The component dumping74

operations caused by image processing errors are exceptions and75

are not considered in this article.76

The surface mount optimization problem has multiple vari-77

ables with significant coupling and is an NP-hard problem [2].78

A general technique for this complex optimization problem is79

the hierarchical decomposition method [3], [4]. This challenging80

combinatorial optimization problem is made up of the location 81

problem, the assignment problem, and the route schedule prob- 82

lem. In the locating problem, the depots are feeders assigned 83

for the assembling process [5]. The assignment problems are 84

concerned with determining the type of component picked up 85

by the placement head, which must take into account the tool 86

compatibility of the nozzle component [6], [7] and its influence 87

on simultaneous pickup [8], [9], both of which are essential 88

factors influencing assembly efficiency. The PAP route sched- 89

ule is covered in studies [10] and [11] utilizing heuristic and 90

mathematical programming, respectively. 91

Surface mount optimization has been solved by a variety of 92

algorithms, such as mathematical programming, evolutionary 93

algorithms, tailored constructive heuristics, etc. The mathemat- 94

ical programming method is limited by the complexity of the 95

problem, and the subproblem is the subject of multiple stud- 96

ies [12], [13], [14]. Medium-size problems can be solved using 97

mathematical programming combined with the aggregation [6] 98

approach and the augmented technique for multiobjective [15]. 99

Evolutionary algorithms have been widely used in surface mount 100

optimization problems [16], [17], [18], [19], [20], such as the 101

genetic algorithm, particle swarm algorithm, shuffle leapfrog 102

method, etc. Complex optimization problems may have multiple 103

subobjectives, and research has been done to combine multi- 104

objective optimization with evolutionary algorithms to find the 105

Pareto fronts of the problems [21], [22]. Some studies provide 106

constructive heuristics, which solve the problem based on the 107

structure of the problem and significantly improve the quality of 108

solutions [23]. 109

To summarize, there is still a long way to industrial de- 110

ployments. Current research is flawed by irrational assump- 111

tions or inadequate examination of the factors influencing as- 112

sembly efficiency. The algorithm needs to be constructed to 113

work in various application scenarios. In this article, we pro- 114

pose a mathematical model and a novel hierarchical scan- 115

based heuristic framework for the surface mount optimization 116

problem. The contributions of this article are summarized as 117

follows. 118

1) A mixed-integer model for the PCB assembly process 119

is proposed. The model fully incorporates the factors 120

affecting assembly efficiency and decomposes the assem- 121

bly process into pickup and placement parts. The pickup 122

model takes into account the impact of simultaneous 123

pickup on efficiency for the first time, and the placement 124

model is modeled as a variant of the multiple traveling 125

salesman problem (MTSP). 126

2) The hierarchical decomposition approach reduces the 127

complexity of the problem. Based on the problem charac- 128

teristics for each subproblem, three elaborately designed 129

heuristics combined with the scanning concept are pro- 130

posed, which can obtain a nearly optimal solution and 131

perform better on the search efficiency compared to other 132

approaches. 133

3) The proposed algorithms demonstrate substantial exten- 134

sions, which are adaptable enough to satisfy the operators’ 135

various customized requirements. The algorithm opti- 136

mization process simulates the pickup process, which can 137
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be adapted to the actual situation of the feeder allocation138

and component pickup operation tasks.139

The rest of this article is organized as follows. Section II140

presents a mixed-integer mathematical model, and Section III141

proposes a scan-based hierarchical heuristic algorithm to pro-142

vide a satisfying PCB assembly solution. In Section IV, the143

experiment results are introduced and compared with the main-144

streaming study. Finally, Section V concludes this article.145

II. MATHEMATICAL MODEL146

A. Problem Description147

The surface mount optimization is to solve the scheduling148

problem of the PCB assembly process and get an efficient149

solution with complicated constraints and multiple decision150

variables. The typical subproblems of the assembly process151

are the feeder allocation problem and the head task assignment152

problem. The former solves the problem of the arranged slots153

of feeders, while the latter determines the assembly sequence.154

The component assignment problem and the PAP route schedule155

problem are further decompositions in this article for the head156

task assignment. There is a progressive relationship between157

the two subproblems, and the complexity of the problem can158

be reduced by determining the component type and then the159

placement point of each head.160

The underlying subproblems are tightly coupled. The feeder161

allocation affects component assignment for maximizing the162

number of simultaneous pickups, i.e., combining more pickup163

operations. The pickup slots of the assembly process and the164

assembly sequence determine the overall movement distance165

of the gantry. There may be redundant movements for pickup166

operations and nozzle changes for the consistency of the nozzle167

type, component type, and feeder slot.168

This article makes the following assumptions about the op-169

timization problem with litter impact on the optimality of the170

solution.171

1) The X- and Y -axis motor movement is simplified to an172

independently controlled trapezoidal profile.173

2) The interval distance between adjacent heads is integer174

times the interval distance between two adjacent feeder175

slots.176

3) Only an appropriate type of nozzle can pick up the com-177

ponent.178

4) The ANC configuration is predetermined, and the move-179

ment at different holes is ignored.180

5) Tray and stick feeders have predetermined arrangements181

and are not incorporated into the optimization process.182

B. Optimization Objective and Constraints183

The surface mount process is accomplished by a complex184

series of motions that work together. The target of minimiz-185

ing the assembly time depends on the distance of the gantry186

traveling, the number of pickup operations, and the number187

of nozzle change operations, which are the subobjectives. The188

coupling of subobjectives is reflected in combining the pickups189

of multiple heads, which may bring additional nozzle change,190

and the distance of the gantry traveling relies on the pickup and 191

nozzle change operations. 192

The constraints for surface mount optimization problems can 193

be divided into four categories: job completion constraint, me- 194

chanical restriction, tool requirement, and artificial constraints. 195

Job completion is essential for surface mount tasks, and each 196

component must be assembled accurately on the corresponding 197

PCB pads. The mechanical restriction concerns the structural 198

characteristics of the placement machine, such as each head 199

having unreachable pickup slots. Another type of mechanical 200

constraint is positional interference caused by feeders occupying 201

multiple slots. The restricted number of nozzles and feeders 202

available will also impede optimizing assembly efficiency. Tool 203

consistency is a critical assurance for the assembly process. 204

In terms of artificial limits, operators may want to prearrange 205

feeders, prohibit some feeder slots, and set prohibited heads. 206

C. Mixed-Integer Programming (MIP) Model 207

Mathematical programming methods to solve the surface 208

placement task must deal with the problems of numerous de- 209

cision variables and intricate constraints. The route scheduling 210

of the gantry is constrained by the type of component, nozzle, 211

and slot that corresponds to each head, which greatly increases 212

the complexity of the model. This article proposes a hierarchical 213

MIP model to solve the problem effectively by decomposing 214

the surface mount process into two parts: the pickup model 215

and the placement model. The pickup model is a prerequisite 216

for the solution of the placement model, which determines 217

the movement time parameters and the placement head task 218

in the placement model. The notations of the proposed model 219

are shown in Table I. The table describes the type of decision 220

variables, all of which are nonnegative. 221

1) Pickup Model:

min tc ·
∑
k∈K

gk + tn ·
∑
h∈H

dh + tp ·
∑
s∈S′

∑
k∈K

esk + tm ·
∑
k∈K

uk

(1)

gk ≥ gk+1 ∀k ∈ K\{|K|} (2)∑
i∈I

∑
s∈S

xiskh ≤ gk ∀k ∈ K,h ∈ H (3)

∑
j∈J

∑
i∈I

∑
s∈S

μij · xiskh ≤ 1 ∀k ∈ K,h ∈ H (4)

∑
s∈S

∑
h∈H

∑
k∈K

xiskh = ψi ∀i ∈ I (5)

dh =
1
2

∑
k∈K\{|K|}

(∑
j∈J

∣∣∣∑
i∈I

∑
s∈S

μij · xiskh −
∑
i∈I

∑
s∈S

μij · xis(k+1)h

∣∣∣− 1

)
∀h ∈ H (6)

esk ≤
∑
i∈I

∑
h∈Hs

xi[s+(h−1)·τ ]kh ≤M · esk ∀s ∈ S ′, k ∈ K

(7)
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TABLE I
SUMMARY OF NOTATIONS

uk ≥ s · esk − r · erk ∀k ∈ K, s, r ∈ S ′ (8)

fsi ≤
∑
h∈H

∑
k∈K

xiskh ≤M · fsi ∀s ∈ S, i ∈ I (9)

∑
i∈I

fsi ≤ 1 ∀s ∈ S (10)

∑
h∈H

∑
i∈I

∑
s∈S

μij · xiskh ≤ ζj ∀k ∈ K, j ∈ J (11)

∑
s∈S

fsi ≤ φi ∀i ∈ I. (12)

The objective of the pickup model (1) consists of four terms: 222

the number of cycles; nozzle change operations; pickup oper- 223

ations; and pickup moving distance; where the pickup moving 224

distance is represented by the number of slots the gantry crosses 225

over. Constraint (2) ensures that the first few cycles of the surface 226

mount process are given top priory for completion. The heads 227

and work cycle are consistent with Constraint (3). Constraint (4) 228

ensures that each head is equipped with at most one nozzle 229

type. The completion of the surface mount process for each 230

component type is guaranteed by constraint (5). Constraint (6) 231

calculates the number of nozzle changes of each head, and con- 232

straint (7) converts the pickup slot of each head to the leftmost 233

head to calculate the number of the pickup operations in each 234

cycle. Constraint (8) calculates the number of slots crossed over 235

by the gantry for the pickup process in each cycle. Constraint (9) 236

ensures the consistency of head pickup operations and feeder 237

allocation. Constraint (10) ensures that each slot is assigned at 238

most one feeder. Constraints (11) and (12) indicate the limited 239

number of available nozzles and feeder base, respectively. 240

2) Placement Model:

min
∑
k∈K ′

⎧⎨
⎩
∑
p∈P

∑
h∈H

λFW
pkh · ypkh +

∑
p∈P

∑
q∈P

∑
a∈A

λPL
pqa·

wpqka +
∑
p∈P

∑
h∈H

λBW
pkh · zpkh

⎫⎬
⎭ (13)

∑
q∈P

∑
a∈Ah

wpqka =
∑
i∈I

∑
s∈S

ηip · xiskh

∀p ∈ P, k ∈ K ′, h ∈ H (14)∑
p∈P

∑
q∈P

∑
a∈Ah

wpqka ≤ 2 ∀k ∈ K ′, h ∈ H (15)

∑
p∈P

(ypkh + zpkh) ≤ 1 ∀k ∈ K ′, h ∈ H (16)

∑
q∈P

∑
a∈At

h

wqpka + ypkh =
∑
q∈P

∑
a∈Af

h

wpqka + zpkh

∀k ∈ K ′, h ∈ H, p ∈ P (17)

ypkh ≤
∑
q∈P

∑
a∈Af

h

wpqka ∀k ∈ K ′, h ∈ H, p ∈ P (18)

zpkh ≤
∑
q∈P

∑
a∈At

h

wqpka ∀k ∈ K ′, h ∈ H, p ∈ P (19)

∑
p∈P

∑
h∈H

ypkh = 1 ∀k ∈ K ′ (20)

∑
p∈P

∑
h∈H

zpkh = 1 ∀k ∈ K ′ (21)

∑
k∈K ′

⎛
⎝∑

h∈H
ypkh +

∑
q∈P

∑
a∈A

wpqka

⎞
⎠ = 1 ∀p ∈ P (22)
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∑
k∈K ′

⎛
⎝∑

h∈H
zpkh +

∑
q∈P

∑
a∈A

wqpka

⎞
⎠ = 1 ∀p ∈ P (23)

mp +
∑
q∈P

vpq − np −
∑
q∈P

vqp = 1 ∀p ∈ P (24)

vpq ≤
∑
k∈K ′

∑
a∈A

(|P | − |K ′|+ 1) · wpqka ∀p, q ∈ P (25)

np ≤
∑
k∈K ′

∑
h∈H

(|P | − |K ′|+ 1) · ypkh ∀p ∈ P (26)

mp ≤
∑
k∈K ′

∑
h∈H

(|P | − |K ′|+ 1) · zpkh ∀p ∈ P. (27)

The objective of placement model (13) is the total of the241

moving times except for the pickup movement, which has been242

solved in the pickup model. The parameters of moving time λ243

in the objective are obtained based on the solution of the pickup244

model. Constraint (14) ensures that the solutions of the pickup245

model and the placement model are consistent. Constraints (15)246

and (16) ensure that each head is placed at most one placement247

point. Constraints (17)–(19) ensure the continuity of the place-248

ment task, i.e., the placement head is unique for each point.249

Constraints (20) and (21) mean that the path of the placement250

head from the feeder base to the PCB and from the PCB back251

to the feeder base is unique for each cycle. Constraints (22)252

and (23) ensure that the entry edge and the leave edge of each253

point are unique, respectively. Constraints (24)–(27) are utilized254

to eliminate the subtour for each cycle.255

The pickup model (1)–(12) and placement model (13)–(27)256

involve an assignment problem and a restricted MTSP problem,257

which are two well-known NP-hard problems. Therefore, the258

proposed model above can be solved only for small-scale data259

in a reasonable amount of time. In Section III, we will further260

decompose the problem following the optimization objective,261

and an efficient hierarchical framework will be proposed to solve262

this problem.263

III. HIERARCHICAL HEURISTIC OPTIMIZATION264

A. Scan-Based Heuristic Hierarchical Framework265

Hierarchical decomposition is a common method for solving266

complicated optimization problems. A direct solution to the267

whole problem may bring on a dimensionality disaster because268

of the numerous constraints and decision variables. It makes269

sense to design the algorithm by the relevance of the subobjec-270

tive. The constructive scan heuristic algorithm [5] is the basis of271

the proposed method in this article, which overcomes the short-272

comings of the lengthy solving time and greedily maximizes the273

pickup efficiency.274

This article decomposes the surface mount optimization prob-275

lem into the feeder allocation problem, component assignment276

problem, and PAP sequence problem. We prioritize feeders since277

ignoring them will significantly increase pickup operations and278

longer moving routes. Furthermore, if the feeder arrangement279

must be changed each time the PCB changes, the labor cost280

Algorithm 1: Feeder Allocation Heuristic.
Input: PCB data, component data, feeder data, and nozzle
pattern N

Output: feeder assignment FCP and FPT

1: Initialize FCP as the component type prearranged on the
feeder base (−1 for empty), FPT as the number of the
placement points, and S as an empty stack;

2: while
∑

i∈I ψi �= 0 do
3: Initialize Vb ← 0 as the best allocation value;
4: for s← 1 to |S| − (|H| − 1) · τ do
5: foreach s′ = s+ (h− 1) · τ, h ∈ H do
HCP(h)← FCP(s′),HPT(h)← FPT(s′)
I ′ ← I;

6: for j ← N (h), h ∈ {h′
∣∣HCP(h′) > 0} do

7: if ψi = 0, ∀i ∈ {i′
∣∣ξi′j �= 0, i′ ∈ I ′} then

8: push i← argmaxi′∈I ′ {ψi′ } into S;
9: else

10: i← argmaxi′∈I ′ {ψi′
∣∣j · ξi′j > 0}

HCP(h)← i,HPT(h)← ψi;
11: end
12: I ′ ← I ′\{i};
13: end
14: Pop components from S and assign them to the

heads h ∈ {h′
∣∣HPT(h′) = 0};

15: if
∑

h∈H HPT(h) > Vb then
16: Vb ←

∑
h∈H HPT,HPT

b ← HPT,HCP
b ← HCP,

sb ← s
17: end
18: end
19: δ = min{HPT

b (h)
∣∣HPT

b (h) �= 0, h ∈ H};
20: for s′ ← sb + (h− 1) · τ , h ∈ H do
21: if FPT(s′) = −1 then
22: FCP(s′)← HCP

b (h);
23: end
24: FPT(s′)← FPT

b (s′)− δ;
25: N (h)← j, ψi ← ψi − δ where i = HCP

b (h),
j =

∑
j′∈J j

′ · ξij′ ;
26: end
27: end

associated with reoptimizing the algorithm could increase. The 281

PAP route schedule is the final subproblem to be solved since 282

the moving distance of the placement heads has less impact on 283

assembly efficiency than other factors. 284

The relationship among subproblems, subobjectives, and con- 285

straints is shown in Fig. 3. The feeder allocation and component 286

assignment problems impact the nozzle changes and simulta- 287

neous pickups, while the route schedule problem is relatively 288

independent. It can be expected that there are certain similarities 289

in the algorithm design of feeder allocation and component 290

assignment. The superscripts NZ, CP, and PT of the notations 291

in the algorithm description are the abbreviation of nozzle type, 292

component type, and the number of placement points, respec- 293

tively. 294
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Fig. 3. Relationship of surface mount process optimization subobjec-
tives, subproblems, and constraints.

B. Feeder Allocation Heuristic Algorithm295

Feeder allocation is a prerequisite for other subproblems, and296

an appropriate arrangement will significantly enhance pickup297

efficiency, which determines the component pickup slot. The298

basic idea of feeder allocation heuristic described in Algorithm 1299

is assigning the feeders while scanning the feeder base under the300

constraint of the nozzle pattern, which can maximize the number301

of pickup points allocated in a round and avoid nozzle change.302

The algorithm assigns feeders to the empty slots in the different303

rounds, reserving the component types already arranged in the304

head-aligned slots. The component types that can be allocated305

in the head-aligned slots are determined by the nozzle pattern.306

The nozzle pattern helps to reduce the number of nozzle changes307

for subsequent pickup operations. The type of component with308

more placement points that do not meet the nozzle pattern re-309

striction is stored in component stacks to guarantee a comparably310

concentrated position of the feeder allocation. At the end of the311

assignment, the algorithm assigns components in the stack to312

slots.313

C. Component Assignment Heuristic Algorithm314

The algorithmic framework for feeder allocation and com-315

ponent assignment is similar, and both are based on heuristic316

scanning. The feeder allocation solves the problem of compo-317

nent pickup position, and the component assignment solves the318

problem of pickup sequence. The scanning heuristic efficiently319

optimizes the simultaneous pickups, which significantly reduces320

the overall pickup operations by integrating the pickup opera-321

tions of multiheads. Similar to feeder allocation produces, each322

head aligns to a slot starting from different pickup slots, the323

component assigned to the head should satisfy the following324

criteria.325

1) Pickup feasibility: The head-aligned slot contains un-326

picked placement points.327

2) Pickup constraint: The head-equipped number of nozzles328

does not exceed the number available.329

3) Pickup prejudgment: The component being picked up330

does not lessen the number of subsequent simultaneous331

pickups of the prejudgment.332

4) Pickup objective: The efficiency gain from pickup out-333

weighs the efficiency loss from nozzle change.334

Algorithm 2: Component Assignment Heuristic.

Input: PCB data, feeder allocation FCP and FPT

Output: component assignment C and cycle group K
1: Initialize a 1× |H| matrixM of None as the initial

nozzle assignment;
2: while

∑
s∈S FPT(s) �= 0 do

3: Initialize Vb ← 0 as the best assignment value;
4: for N ∈M, s← 1 to |S| − (|H| − 1)τ do
5: for h ∈ H do
6: s′ ← s+ (h− 1)τ , i← FCP(s′);
7: Calculate v ← e1 · v1 − e2 · v2 where

v1 = minh′∈H{HPT(h′) > 0} ∪ {FPT(s′)},
v2 =

∑
h′∈H |N (h′)−

∑
j ξHPT(h′)·j |;

8: if FPT(s′) > 0 and v > 0 then
9: HCP(h)← FCP(s′),HPT(h)← FPT(s′);

10: end
11: end
12: Calculate short-term objective Vs and long-term

objective Vl with Algorithm 3;
13: if e · Vl + (1− e) · Vs > Vb then
14: Vb ← e · Vl + (1− e) · Vs, sb ← s;
15: (HPT

b ,HCP
b ,HNZ

b )← (HPT,HCP,HNZ)
16: end
17: end
18: k ← minh∈H{HPT

b (h) > 0};
19: foreach h ∈ H do

s′ ← sb + (h− 1) · τ,FPT(s′)← FPT(s′)− k
20: ifHPT

b (h) > 0 or FPT(s) = 0, ∀h ∈ H, s ∈ S then
21: AttachHCP

b to C,HNZ
b toM, k to K along with

column direction;
22: end
23: end

Algorithm 2 describes the implementation of the component 335

assignment. Each round determines the type of component 336

assigned to heads with unpicked placement points and the 337

related cycle groups. A “cycle group” is a set of consecutive 338

PAP cycles with the same component assignments. It should 339

be mentioned that the scanning-based pickup procedure tries 340

to maximize the number of simultaneous pickups while min- 341

imizing the expense of nozzle changes. The component as- 342

signment heuristic is forward looking, which means that the 343

single-head component assignment prejudges its impact on 344

subsequent assignments. This is principally reflected in the 345

following two aspects: the first is to assign just those compo- 346

nents that improve the overall objective, and the second is the 347

long short-term objectives. As for long short-term objectives 348

implemented in Algorithm 3, the long-term objective is to 349

simultaneously pick up components from all the aligned slots 350

until one is empty, while the short-term goal is to pick up all 351

the components from the aligned slots greedily. The current 352

component assignment result is the short-term objective, and its 353

effect on pickup efficiency as a whole is the long-term objective. 354

The long short-term objective is the weighted sum of these 355

two. 356
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Algorithm 3: Long Short-Term Objective Calculation.

Input: Head component assignmentHPT

Output: short-term objective Vs and long-term objective Vl
1: Initialize short-term objective Vs ← 0 and long-term

objective Vl ← −e2 · σ;
2: Vs ← e1 · ω ·minh′∈H{HPT(h′) > 0} − e2 · σ where
ω = |H| − |{h′

∣∣HPT(h′) > 0, h′ ∈ H}| − 1 and
σ =

∑
h′∈H |N (h′)−

∑
j∈J j · ξHCP(h′)·j |;

3: whileHPT(h) > 0, ∃h ∈ H do
4: Vl ← Vl + e1 · ω ·minh′∈H{HPT(h′) > 0} where

ω ← |H| − |{h′
∣∣HPT(h′) > 0, h′ ∈ H}| − 1;

5: HPT ← HPT −minh′∈H{HPT(h′) > 0};
6: foreach h′ ∈ H doHNZ(h′)←

∑
j∈J j · ξHCP(h′)·j

7: end

D. PAP Sequence Heuristic Algorithm357

The pick and placement route schedules make up the PAP358

route schedule problem. In case the feeder allocation and the359

component assignment are determined, the pickup procedure360

calls for picking up components from each preset slot in a361

single direction on the feeder base. Algorithm 4 shows the362

process of beam search, which is utilized to solve the placement363

route schedule problem by retaining multiple potentially optimal364

solutions based on greedy search. The placement process can be365

thought of as a constrained vehicle route schedule problem with366

capacity constraints and candidate placement point constraints367

imposed by the component assignment. The dynamic program-368

ming is employed to determine the placement sequence in each369

cycle, which is efficient with a limited number of placement370

points.371

E. Extension of the Proposed Algorithm372

The proposed algorithms show significant applicability ex-373

pansion. First, the algorithm may balance the nozzle change374

and pickup operation cost by modifying the parameter weights.375

Second, regardless of the number of linear-aligned heads, the376

technique may be utilized to achieve simultaneous pickup. Even377

though the adjacent interval distance ratio between heads and378

slots is not always an integer, the approximate value also im-379

proves productivity by shortening the pickup distance of the380

gantry. Finally, since the algorithm implementation is essentially381

a simulation of the picking process, it can be fine-tuned to offer a382

tailored solution, including but not limited to preassign feeders,383

assigning nozzle to head, and prohibiting feeder slots.384

IV. EXPERIMENTAL RESULT ANALYSIS385

The algorithms proposed in this article are implemented in386

Python 3.8 by a desktop computer with Intel Core i7 1.8-GHz387

CPU and compared with aggregation mixed-integer program-388

ming (AMIP) [6], hybrid genetic algorithm (HGA) [9], cell di-389

vision genetic algorithm (CDGA) [18], and optimizer integrated390

with an industrial software (ISO). Both HGA and CDGA are rep-391

resentatives of evolutionary algorithms for assembly optimiza-392

tion. AMIP, a mathematical programming technique combined393

with an aggregation technique, could optimize medium-sized394

Algorithm 4: PAP Sequence Heuristic.

Input: PCB data with coordinate (Xp, Yp) of point p,
component assignment C and K

Output: PAP sequence P
1: Initialize B = {1, 2, . . . , β} as beam set where β is the

beam width;
2: Initialize P,Pb as empty matrix and Tb as 1× |H|

matrix, ∀b ∈ B;
3: forHCP ∈ C, k ∈ K do
4: while k �= 0 do
5: Initialize β × 2 matrixW as the coordinates of the β

leftmost unplaced points;
6: for h ∈ H do
7: Select β points which nearest toW(b), ∀b ∈ B

with component typeHCP(h);
8: Select β points among β2 candidates with minimal

Chebyshev distance as p1,· · ·, pb;
9: end

10: k ← k − 1,Wb← [Xpb
, Ypb
−(h−1)·ρ],

Tb(h)← pb, ∀b ∈ B;
11: PAP sequence schedule for Tb using dynamic

programming and attach Tb to Pb with column
direction, ∀b ∈ B;

12: end
13: end
14: P ← Pb with minimal Chebyshev distance ∀b ∈ B;

TABLE II
COMPARISON OF THE PROPOSED ALGORITHMS AND THE MIP MODEL

data in an acceptable amount of time. All the mathematical 395

models mentioned in this article are solved using the optimizer 396

Gurobi [24]. 397

First, we compare the proposed algorithm to the optimal 398

solution of the mixed-integer model, as shown in Table II. Based 399

on the production result, the coefficients tc, tn, tp, and tm of the 400

MIP model are set to 2, 6, 1, and 0.1, respectively. As the size 401

of the problem increases, the model becomes less capable of 402

solving the small-scale data in Table II. However, the solving 403

efficiency of the proposed heuristic algorithms is substantially 404

better than mathematical planning methods with an optimality 405

gap of 9.93% average. 406

Second, we use several industrial PCB data, including a 407

randomly generated complex one as representatives, to compare 408

the result of different methods. The latter can be equated to a 409

multibatch PCB assembly scenario without feeder setup change. 410
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TABLE III
PCB DATA PARAMETERS

TABLE IV
SUBOBJECTIVE COMPARISON

Fig. 4. Experimental platform of the placement machine.

The comparative PCB data parameters are shown in Table III.411

According to the machine parameters, we set e = 0.5, e1 = 4,412

and e2 = 0.6 in the implementation of the heuristic algorithms.413

We set the size of the beam in the beam search to half the num-414

ber of placement heads. This research investigates the effects415

of the optimization technique without feeder prearrangement416

since AMIP, HGA, and CDGA cannot deal with prearrange-417

ment conditions, and AMIP and HGA can only optimize single418

feeder type. The experiment findings indicate the suggested ap-419

proach, ISO, AMIP, HGA, and CDGA, respectively, as Ei(i =420

1, 2, 3, 4, 5). The performance improvement of the suggested421

approach over other methods is represented by ΔEi, which is422

computed as ΔEi = (E1 − Ei)/E1 × 100%, i = 2, 3, 4, 5.423

This article compares the main subobjective values of opti-424

mization method results with each other, as shown in Table IV.425

The number of PAP cycles is one of the overall performance426

subobjectives since, in some cases, it may affect the distance of427

the moving route. The method proposed in this article exhibits428

more effective search capabilities when dealing with complex429

data.430

Algorithm verification is done on our placement machine431

platform, which is shown in Fig. 4. We convert the assembly432

TABLE V
CPH FOR DIFFERENT METHODS

Fig. 5. Mounting time (CPH) distribution.

TABLE VI
TIME CONSUMING OF DIFFERENT METHODS

time into the standard time chip per hour (CPH) to provide 433

a straightforward comparison independent of the number of 434

placement points. A batch of PCBs is subjected to each pro- 435

cedure three times, and Table V shows the average assembly 436

time. Even though the proposed algorithm does not significantly 437

outperform the industrial customize optimizer results for small- 438

and medium-sized data, its advantages become more evident 439

as the size of the problem increases. The assembly efficiency 440

distribution shown in Fig. 5 shows that the proposed algorithm 441

is more stable than others. 442

The search efficiency is compared with other methods in 443

Table V except for the built-in industrial customize optimizer. 444

It can be seen that evolutionary-based algorithms take a longer 445

time to find a solution, and the results are usually unstable due 446

to their random exploration. AMIP is still intractable for large- 447

scale PCB data, despite the efficient aggregate-based technique 448

incorporated. 449
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TABLE VII
CPH FOR DIFFERENT METHODS WITH MULTIWIDTH FEEDERS

The feeder allocation has a pivotal impact on the overall450

assembly efficiency, but only some researchers elaborate on the451

solution to the feeder types with different widths. We conduct452

comparative tests with PCB data using different width feeders to453

compare the suggested approach with the ISO method. Accord-
Q5

454

ing to Table VII, the proposed method provides a 7.60% overall455

efficiency gain over the industrial customize optimizer.456

V. CONCLUSION457

The scan-based hierarchical heuristic algorithm demonstrated458

excellent performance and efficient search in solving the com-459

plex surface mount optimization problem. We proposed a mixed460

integer mathematical model and elaborately designed heuris-461

tic algorithms. The component pickup procedure inspired the462

techniques of feeder allocation and component assignment with463

linear-aligned heads. While the component assignment heuristic464

algorithm concentrated on multihead pickup, the heuristic feeder465

allocation approach emphasized feeder allocation, increasing466

simultaneous pickup numbers. The ultimate goals of both the467

algorithms were to improve pickup efficiency and decrease noz-468

zle change. In this article, beam search was used to improve the469

search quality of the PAP route schedule. In terms of extension,470

the algorithm analyzed the requirements in various application471

scenarios and gave supporting solutions to be indeed applied to472

industrial production environments. The experiments compared473

several previous research and an industrial optimizer, and the474

findings demonstrated that the suggested technique considerably475

increased the efficiency of placement machine assembly.476
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