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A B S T R A C T	   A R T I C L E   I N F O	

Reconfigurable	 Manufacturing	 Systems	 (RMSs)	 are	 widely	 used	 to	 produce	
small	batches	of	customized	products	 in	the	current	manufacturing	environ‐
ment.	We	 comprehensively	 optimized	 the	 assembly	 transport	 strategy,	 pro‐
duction	process,	and	production	configuration	of	a	reconfigurable	 flow	shop	
(RFS).	 Firstly,	 three	 assembly	 transfer	 strategies,	 one‐to‐one,	 one‐to‐many,	
and	many‐to‐many,	are	proposed	for	an	RFS,	given	the	specific	process	limita‐
tions.	In	addition,	a	production	simulation	model	of	the	RFS	is	established	by	
the	 Plant	 Simulation	 software	 to	 verify	 and	 compare	 those	 three	 strategies	
with	 realistic	 production	 constraints	 considered.	 Moreover,	 the	 production	
processes	 are	 optimized,	 and	 the	 optimal	 buffer	 configuration	 and	 vehicle	
configuration	are	optimized	by	the	design	of	experiment	(DOE)	method.	After	
the	optimization	processes,	the	throughput	and	facility	utilization	under	each	
strategy	increases	significantly.	Additionally,	the	optimal	buffer	size	and	vehi‐
cle	quantity	under	each	strategy	are	determined	and	compared.	The	one‐to‐
one	 strategy	 can	maximize	 the	 production	 output,	 but	 it	 requires	 the	most	
production	 resources.	 In	 addition,	 the	 many‐to‐many	 strategy	 is	 more	 effi‐
cient	than	the	one‐to‐many	strategy.	Our	study	provides	a	variety	of	assembly	
transport	strategies	for	an	RFS	and	offers	an	efficient	optimization	method	for	
production	performance	and	production	configuration.		
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1. Introduction 

The	 current	manufacturing	 environment	 aims	 at	 getting	 an	 increasing	 variety	 of	 customized,	
high‐quality	products	in	flexible	batches	[1].	Reconfigurable	Manufacturing	Systems	(RMSs)	can	
rapidly	change	its	structure,	hardware,	and	software	configuration	to	adapt	to	a	dynamic	market	
demand	[2,	3].	With	flexibility,	the	RMSs	have	been	studied	extensively	[4‐6].	

For	an	RMSs,	due	to	 its	 frequent	changes,	 the	production	performance	and	production	con‐
figuration	need	to	be	optimized	frequently	and	efficiently.	Various	methods	have	been	proposed	
to	 optimize	 the	 RMSs.	 Amiri	 and	Mohtashami	 optimized	 the	 buffer	 allocation	 using	 a	 genetic	
algorithm	 and	 line	 search	 method.	 They	 presented	 a	 multi‐objective	 formulation	 and	 deter‐
mined	the	optimal	buffer	size	[7].	Many	algorithms,	such	as	the	Simulated	Annealing	(SA)	[8]	and	
Genetic	Algorithm	(GA)	[9,	10],	are	also	used	to	optimize	production	performance.	However,	it	is	
hard	for	algorithms	to	solve	the	problems	that	are	closer	to	reality,	and	the	convergence	speed	
and	efficiency	of	algorithms	are	usually	slow	for	complex	optimization	problems	[11].		
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Discrete	event	simulation	(DES)	is	one	of	the	most	commonly	used	techniques	for	optimizing	
and	analyzing	manufacturing	systems.	It	can	be	used	to	evaluate	and	optimize	different	alterna‐
tives	of	production	configurations	and	operating	strategies	 [12].	Because	of	 its	high	 flexibility,	
DES	 has	 been	 widely	 used	 in	 the	 design	 and	 operations	 of	 manufacturing	 systems	 [13‐17].	
Gyulai	et	al.	evaluated	different	modular	cell	configurations	using	the	DES	[18].	Gironimo	et	al.	
optimized	 the	scheduling	problems	of	a	high‐speed	 train	using	 the	DES	 [19].	Leitão2012	et	al.	
used	the	Delmia	software	and	Petri	net	based	service‐oriented	 frameworks	to	design,	analyze,	
simulate,	and	control	manufacturing	systems	 in	a	virtual	environment	 [20].	Rifai	et	al.	 studied	
the	 scheduling	problem	of	 a	 flexible	manufacturing	 system	 (FMS)	 and	 evaluated	 the	 part	 dis‐
patching	 sequence	and	 the	 routing	options	using	 the	FlexSim	 [21].	 Subulan	 and	Cakmakci	de‐
termined	the	major	influential	parameters	that	affect	the	performance	criteria	of	a	storage	sys‐
tem,	using	the	ARENA	3.0	program	and	MINITAB15	[22].	Renna	and	Ambrico	developed	three	
simulation	models	 for	 the	 design,	 reconfiguration,	 and	 scheduling	 of	 a	manufacturing	 system	
using	the	LINGO	package	[23].	

In	 addition	 to	 those	DES	 studies,	 the	 Plant	 Simulation	 software	 is	widely	 used	 to	 optimize	
production	performance	and	production	configuration	due	 to	 its	powerful	 logistics	 simulation	
functionality.	Andrade‐Gutierrez	et	al.	optimized	a	flexible	die‐casting	plant	using	the	Plant	Sim‐
ulation	software.	They	evaluated	several	numerical	models,	 identified	the	bottlenecks,	and	ad‐
justed	the	production	line	components	[24].	Ištoković	et	al.	determined	the	size	and	entry	order	
of	the	product	batches,	using	the	GA	model	implemented	in	the	Plant	Simulation	software	[25].	
Yang	et	al.	optimized	the	production	process	and	main	production	configurations,	including	the	
equipment	allocation,	worker	allocation,	buffer	allocation,	and	logistics	vehicle	allocation	of	an	
assembly	shop	[26].	Supsomboon	and	Varodhomwathana	used	the	Plant	Simulation	software	for	
production	planning	design	for	an	automotive	part	production	process	to	fulfill	the	desired	ca‐
pacity	and	customer	needs	with	 the	minimum	number	of	workers	 [27].	García‐Montalvo	et	al.	
evaluated	two	different	scenarios	of	the	sand	recovery	in	a	pilot	plant	using	the	Plant	Simulation	
software	[28].	Malega	et	al.	improved	the	production	efficiency	of	a	tapered	roller	bearing	using	
the	Plant	Simulation	[29].	Fedorko	et	al.	 identified	critical	points	of	failure	within	a	specific	de‐
livery	process	for	a	Milk	Run	system	with	the	help	of	Plant	Simulation	[30].	

From	the	above	literature	review,	we	can	know	that	production	performance	and	production	
configuration	have	been	studied	extensively	 for	 the	RMSs	and	other	 types	of	workshops	using	
the	DES.	However,	as	one	of	the	widely	used	RMSs,	the	reconfigurable	flow	shop	(RFS)	has	not	
received	much	attention.	Little	literature	has	been	published	on	it.	Besides,	for	an	RFS,	due	to	its	
variability,	an	efficient	and	adaptable	assembly	transport	strategy	is	also	crucial.	Nevertheless,	
to	 the	 best	 of	 our	 knowledge,	 no	 research	 efforts	 have	 been	 studied	 the	 assembly	 transport	
strategy	for	an	RFS.	

This	 study	 comprehensively	 optimized	 the	 assembly	 transport	 strategy,	 production	perfor‐
mance,	and	production	configuration	of	an	RFS	using	the	DES.	Considering	the	specific	charac‐
teristics	 of	 an	RFS,	we	 proposed	 three	 assembly	 transport	 strategies,	which	were	 one‐to‐one,	
one‐to‐many,	and	many‐to‐many.	For	each	strategy,	we	 illustrated	the	scheduling	strategy,	op‐
timized	 the	 production	 performance,	 and	 determined	 the	 optimal	 vehicle	 configuration.	 The	
results	show	that	 the	one‐to‐one	strategy	produced	the	most	output,	but	 its	vehicle	utilization	
was	the	lowest.	In	addition,	the	many‐to‐many	strategy	produces	a	relatively	large	output	with	a	
moderate	number	of	vehicles.	Our	study	provides	and	compares	a	variety	of	assembly	transport	
strategies	 for	 the	RFS	and	offers	an	efficient	optimization	method	 for	production	performance	
and	production	configuration.	

The	paper	is	organized	as	follows.	Section	2	presents	the	workshop	layout	and	process	flow	
of	an	RFS.	Section	3	illustrates	the	three	proposed	assembly	transport	strategies.	Section	4	es‐
tablishes	the	simulation	model	of	the	RFS,	optimizes	the	production	processes	and	vehicle	con‐
figuration.	Sections	5	compares	the	three	assembly	transport	strategies.	Finally,	Section	6	sum‐
marizes	conclusions	and	provides	suggestions	for	future	work.	
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2. Workshop layout and process flow 

An	RFS	 is	 used	 as	 an	 optimization	 case	 study.	 The	workshop	 layout	 in	 Fig.	 1	 shows	 that	 this	
workshop	consists	of	an	automated	storage	and	retrieval	system	(ASRS),	denoted	as	AS00,	and	
13	assembly	or	detection	workstations,	denoted	as	AS01‐AS13.	All	workstations	are	moveable	
so	 that	 the	assembly	 line	 can	be	 reconstructed	 in	 future	production	 adjustments.	Besides,	 the	
Automated	Guided	Vehicle	(AGV)	is	used	to	transport	products	between	workstations.	Consider‐
ing	 the	workshop	 layout	 and	 process	 flow,	we	 divide	 the	workshop	 into	 two	workshops,	 i.e.,	
front	workshop	(from	AS00	to	AS10)	and	rear	workshop	(from	AS11	to	AS13).	Two	types	of	AGV	
vehicles,	AGV1,	and	AGV2,	are	used	 for	 the	 two	workshops,	 respectively.	And	 the	speed	of	 the	
AGV	vehicle	is	0.34	m/s.	

 
Fig.	1	Workshop	layout	of	the	reconfigurable	flow	shop	

The	workshop	assembles	 a	 certain	 type	of	product.	This	product	 is	mainly	 assembled	by	 a	
main	 part	 and	 three	 sections	 (S1,	 S2,	 and	 S3).	 The	main	 part	 and	 the	 three	 sections	 are	 first	
matched	 in	 the	ASRS,	 i.e.,	 AS00,	 and	 then	 transported	by	 the	 same	 vehicle	 to	workstations	 to	
ensure	 the	corresponding	relationship	between	 the	 four	parts.	The	 three	sections	(S1,	S2,	and	
S3)	 are	 assembled	 to	 the	main	 part	 in	workstation	 AS01,	 AS02,	 and	AS05,	 respectively.	 After	
AS05,	all	these	three	sections	are	assembled	into	the	main	part.	Thus	the	product	can	be	trans‐
ported	by	other	vehicles.	Then	some	other	assembly	and	detection	operations	are	carried	out	in	
the	 following	workstations	 (AS06‐AS13).	 The	 operation	 time	of	 each	workstation	 is	 shown	 in	
Table	1.	Moreover,	some	realistic	constraints	are	considered.	In	the	workstation	AS00,	the	vehi‐
cle	waits	for	426	s	to	load	all	the	three	sections.	In	the	workstation	AS12,	the	vehicle	maintains	
occupied	before	the	operation	finished.	

Table	1	The	operation	time	of	each	workstation	

Workstation	 AS00	 AS01 AS02	 AS03	 AS04 AS05 AS06 AS07 AS08 AS09 AS10	 AS11	 AS12	 AS13	

Time/s	 426	 420	 365	 305	 307	 418	 363	 357	 309	 305	 311	 366	 421	 358	

3. Proposed assembly transport strategies 

As	mentioned	above,	this	workshop	is	divided	into	two	workshops.	 In	the	front	workshop,	the	
three	sections	of	the	product	are	transported	by	the	same	AGV	before	those	sections	are	assem‐
bled	 into	 the	 main	 part.	 According	 to	 the	 corresponding	 relationship	 between	 vehicles	 and	
workstations,	three	assembly	transport	strategies,	one‐to‐one,	one‐to‐many,	and	many‐to‐many,	
are	proposed	for	the	front	workshop.	

3.1 One‐to‐one 

To	ensure	the	corresponding	relationship	between	the	main	part	and	three	sections,	we	restrict	
it	 in	 the	 first	 assembly	 transport	 strategy	 that	 a	 vehicle	 can	only	 transport	 the	product	 away,	
which	 is	 processing	 on	 the	 current	 workstation.	 Therefore,	 one	 vehicle	 corresponds	 to	 one	
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workstation,	 denoted	 as	 one‐to‐one.	 Every	 vehicle,	 AGV1,	 transports	 the	main	 part	 and	 three	
sections	 of	 a	 product	 from	 the	 ASRS	 and	 transports	 them	 to	 the	 following	workstations	 until	
AS10.	After	AS10,	 the	product	 is	 transport	by	AGV2	 to	 the	rear	workshop,	and	 the	AGV1	goes	
back	to	ASRS	to	transport	parts	of	another	product.		

Two	 sensors	 for	 loading	 and	unloading	 are	 set	 on	 the	AGV	 route	beside	 each	workstation.	
When	an	AGV	goes	through	the	sensor,	the	operation	for	loading	or	unloading	is	triggered.	Every	
running	AGV	has	 its	destination	 information,	which	 is	Target	Track	and	Target	Workstation.	 If	
the	current	workstation	is	the	target	one,	and	the	AGV	is	occupied,	the	product	will	be	unloaded	
from	the	AGV	to	the	Target	Workstation.	Then	the	AGV	waits	until	a	new	transportation	request	
is	assigned	 to	 it	and	moves	 to	 the	new	destination.	A	new	transportation	request	will	be	pro‐
duced	by	a	workstation	when	its	operation	is	finished,	and	its	next	workstation	is	idle.	For	the	
one‐to‐one	 strategy,	 a	 vehicle	 can	 only	 fulfill	 the	 transportation	 request	 of	 the	 current	work‐
station.	The	pseudocode	of	Unload	is	given	in	Fig.	2.	

 
Fig.	2	The	procedure	of	Unload	

If	the	current	workstation	is	the	Target	Workstation	and	the	AGV	is	empty,	an	operation	for	
loading	 is	 performed.	 The	 product	 is	 loaded	 from	 the	 Target	Workstation	 to	 the	 AGV.	 Every	
product	has	its	process	 information,	 including	the	Target	Track	and	Target	Workstation	for	all	
processes.	 The	AGV	will	 get	 the	 Target	 Track	 and	 Target	Workstation	 for	 the	 next	 operation.	
Then,	the	AGV	moves	to	the	Target	Track	using	the	shortest	path	principle,	which	automatically	
plan	the	shortest	route	from	the	current	location	to	the	destination.	The	procedure	is	shown	in	
Fig.	3.		

 
Fig.	3	The	procedure	for	loading	

3.2 One‐to‐many 

The	first	transport	strategy	is	simple,	but	it	requires	too	many	AGV	vehicles.	Hence	we	adopt	the	
strategy	 to	 that	one	vehicle	 corresponds	 to	many	workstations,	denoted	as	one‐to‐many.	This	
means	that	a	vehicle	can	fulfill	the	transport	request	of	many	workstations	within	a	certain	area.	
Under	this	strategy,	six	skip	cars	are	introduced	for	AS00‐AS05.	A	skip	car	carries	the	three	sec‐
tions	(A1‐A3)	and	the	main	part	of	a	product	at	the	same	time,	and	the	skip	car	is	transported	by	
an	 AGV	 to	 workstations.	 Therefore,	 the	 AGV	 can	 fulfill	 the	 transport	 request	 of	 other	 work‐
stations	without	breaking	the	corresponding	relationship	between	the	four	parts	of	a	product.	If	
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one	AGV	is	responsible	for	5,	4,	3,	and	2	workstations,	the	number	of	vehicles	required	for	the	11	
workstations	in	the	front	workshop	is	2,	3,	4,	and	5,	respectively.	The	scope	of	workstations	for	
each	AGV	under	different	number	of	AGVs	is	shown	in	Fig.	4.	One	vehicle	 is	responsible	for	all	
the	transportation	tasks	of	all	workstations	within	its	scope.	For	example,	if	the	number	of	vehi‐
cles	is	3,	the	first	AGV1	is	responsible	for	workstations	AS00‐AS03.	The	second	AGV1	is	respon‐
sible	for	workstations	AS04‐AS06,	and	the	last	AGV1	is	responsible	for	workstations	AS07‐AS10.	

The	procedure	for	loading	and	unloading	is	similar	to	those	in	the	one‐to‐one	strategy.	How‐
ever,	 for	 the	 one‐to‐many	 strategy,	 a	 vehicle	 can	 fulfill	 the	 transportation	 request	 of	 all	 the	
workstations	within	its	scope.	

 
Fig.	4	Scopes	of	workstations	for	each	AGV	under	different	number	of	AGVs	

3.3 Many‐to‐many 

The	last	strategy	is	that	many	vehicles	fulfill	the	transport	request	of	many	workstations	within	
an	area,	and	is	denoted	as	many‐to‐many.	Under	this	strategy,	the	front	workshop	is	divided	into	
two	areas.	The	first	area	contains	the	workstations	from	AS00	to	AS05,	and	the	second	one	con‐
tains	the	workstations	from	AS06	to	AS10.	The	first	and	second	area	is	equipped	with	AGV1	and	
AGV3,	respectively.	And	products	in	the	rear	workshop	is	still	transported	by	the	AGV2.	For	the	
first	area,	similar	to	the	one‐to‐many	strategy,	six	skip	cars	are	used	to	carry	the	four	parts	of	a	
product,	and	the	skip	cars	are	transported	by	an	AGV.	For	the	two	areas	of	the	front	factory,	the	
many‐to‐many	strategy	is	used.	Under	this	strategy,	a	certain	area,	which	contains	many	work‐
stations,	is	equipped	with	many	AGV	vehicles.	When	a	vehicle	finished	its	current	transportation,	
it	becomes	available	and	can	be	used	by	all	other	workstations	within	this	area.		

When	a	workstation	a	finishes	its	operation,	and	its	next	workstation	is	idle,	the	workstation	
a	generates	a	transport	request	and	writes	the	request	to	the	Distribution	Table.	Then,	a	method	
is	accessed	every	5	s	to	allocate	the	requests	of	the	Distribution	Table	to	a	vehicle	selected	from	
the	Available	Vehicles.	The	Available	Vehicles	 is	 the	vehicle	 set	of	 available	vehicles	within	an	
area.	 If	 both	 the	 number	 of	 requests	 and	 the	 Available	 Vehicles	 are	 greater	 than	 0,	 the	 first	
transport	request	 is	removed	from	the	Distribution	Table	and	assigned	to	an	available	vehicle.	
The	vehicle	is	selected	by	the	shortest	distance	principle,	which	first	selects	the	vehicle	closest	to	
the	workstation.	Then	the	vehicle	moves	to	its	destination	for	loading	or	unloading.	The	pseudo‐
code	for	allocating	is	shown	in	Fig.	5.		

 
Fig.	5	The	procedure	for	allocating	
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A	sensor	for	loading	and	unloading	is	set	beside	every	workstation.	When	a	vehicle	passed	by	
the	sensor,	the	sensor	is	triggered.	If	the	current	workstation	is	the	Target	Workstation,	the	ve‐
hicle	stops.	Furthermore,	if	the	vehicle	is	occupied,	the	vehicle	unloads	its	product	to	the	Target	
Workstation.	Then,	 the	vehicle	becomes	available	and	waits	 for	a	new	transport	request.	 If	 an	
empty	 vehicle	 reaches	 to	 its	 Target	Workstation,	 the	 vehicle	 first	 loads	 the	 product	 from	 the	
Target	Workstation	and	then	moves	to	its	destination	by	the	shortest	path	principle.	The	pseu‐
docode	for	loading	and	unloading	is	shown	in	Fig.	6.	

In	 summary,	 three	 assembly	 transport	 strategies,	 which	 are	 one‐to‐one,	 one‐to‐many,	 and	
many‐to‐many,	are	proposed	for	the	front	workshop.	Moreover,	for	the	rear	workshop,	only	the	
many‐to‐many	strategy	is	used.		

	

 
Fig.	6	The	procedure	for	loading	and	unloading	

4. Modelling and optimization of the proposed transport strategies 

This	 section	 establishes	 a	 production	 simulation	 model	 for	 the	 RFS.	 The	 three	 assembly	
transport	strategies	are	implemented	and	verified	in	the	model.	Besides,	production	process	and	
vehicle	configuration	of	each	strategy	are	optimized.	

4.1 Establishment of the simulation model 

The	Plant	Simulation	software	is	used	to	establish	the	simulation	model	of	the	RFS.	The	simula‐
tion	model	mainly	contains	the	ASRS,	workstations,	vehicles,	scheduling	strategies,	experiment	
module,	and	statistical	analysis.	For	more	modelling	 information	about	 the	workshop	 logistics	
processes,	please	refer	to	[26].	Finally,	the	simulation	model	of	the	RFS	is	shown	in	Fig.	7.	

The	production	is	operated	7	hours	a	day	and	lasts	for	10	days.	The	throughput,	facility	utili‐
zation,	and	vehicle	quantity	of	those	three	transport	strategies	are	evaluated	and	optimized.	

 
Fig.	7	Simulation	model	of	the	reconfigurable	flow	shop	
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4.2 Optimization of the one‐to‐one strategy 

Recall	that	the	front	workshop	contains	10	workshops	and	an	ASRS,	and	the	rear	workshop	con‐
tains	 four	workstations.	Firstly,	sufficient	vehicles	(11	AGV1	and	5	AGV2)	are	provided	for	the	
two	workshops	to	evaluate	production	performance.	After	10	days	of	production,	the	through‐
put	is	390,	and	the	facility	utilization	is	shown	in	Fig.	8A.	Fig.	8A	shows	that	the	overall	facility	
utilization	is	relatively	low,	and	many	workstations	are	blocked.	The	blockage	appeared	in	AS10	
and	 its	 front	workstations.	 This	 is	 because	 the	 finished	 product	 in	 AS10	 is	 to	 be	 transported	
away	by	the	vehicles	of	the	rear	workshop.	The	rear	workshop	uses	the	many‐to‐many	transport	
strategy,	which	may	wait	for	a	long	time	before	a	vehicle	is	available.	Moreover,	there	is	a	long	
distance	between	the	AS10	and	the	AS11.	Thus,	the	finished	product	in	the	AS10	may	wait	for	a	
long	time	before	transported	away,	which	results	in	a	blockage	in	AS10.	When	AS10	is	blocked,	
the	workstations	in	front	of	it	will	also	be	blocked.	To	lessen	the	blockage,	we	set	buffers	after	
AS10	and	before	AS11,	namely	BF10	and	BF11,	respectively.		

Buffer	sizes	are	optimized	by	the	design	of	experiment	(DOE)	method.	The	buffer	size	of	BF10	
and	BF11	are	increased	from	0	to	3	and	from	0	to	5,	respectively.	A	total	of	24	experiments	are	
carried	 out,	 and	 the	 output	 is	 shown	 in	 Fig.	 9A.	 Fig.	 9A	 shows	 that	when	 buffers	 are	 set,	 the	
throughput	increases	significantly.	The	maximum	output	is	566,	which	is	45.1	%	higher	than	the	
output	before	the	buffer	optimization.	

Among	 the	experiments	 reaching	 the	maximum	output,	 the	10th	experiment	uses	 the	 least	
buffer	 size.	 In	 this	experiment,	 the	buffer	 size	 for	BF10	and	BF11	are	1	and	3,	 and	 this	buffer	
configuration	is	chosen	as	the	best	one.	The	facility	utilization	under	this	buffer	configuration	is	
shown	 in	 Fig.	 8B.	 It	 shows	 that	 after	 the	 buffer	 optimization,	 facility	 utilization	 of	 all	 work‐
stations	 increases	 obviously,	 and	 blockages	 reduce	 significantly.	 However,	workstations	 AS04	
and	AS11	still	have	some	blockages.	This	is	because	the	next	workstation	of	AS04	and	AS11	have	
more	operation	time,	and	no	extra	space	exists	besides	the	two	workstations.	
	

 
Fig.	8	Comparison	of	the	facility	utilization	before	and	after	the	buffer	optimization:	(A)	Before	the	
buffer	optimization,	(B)	After	the	buffer	optimization	
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Under	the	optimal	buffer	configuration,	vehicle	quantity	is	optimized	by	the	DOE	method.	The	
number	of	AGV1	and	AGV2	are	increased	from	5	to	11	and	from	1	to	5,	respectively.	Thus,	a	total	
of	35	experiments	are	carried	out,	and	the	output	of	those	experiments	are	shown	in	Fig.	9B.	Fig.	
9B	shows	 that	when	 the	vehicle	 configuration	changes,	 the	output	varies	greatly,	 from	304	 to	
566.	 In	 the	23rd	experiment,	 the	maximum	output	 is	reached	 for	the	 first	 time.	 In	 this	experi‐
ment,	the	number	of	AGV1	and	AGV2	are	9	and	3,	respectively.		

Further	analysis	 is	carried	out	 to	 find	the	relationship	between	the	number	of	vehicles	and	
the	maximum	output	and	vehicle	utilization.	The	maximum	output	for	a	certain	configuration	of	
a	type	of	AGV	is	the	maximum	output	obtained	when	other	types	of	AGV	are	equipped	with	the	
maximum	number.	Fig.	9C	shows	that	with	the	increases	in	the	number	of	AGV1,	the	maximum	
output	increases.	When	the	number	of	AGV1	increases	to	9,	the	maximum	output	is	reached	for	
the	first	time.	Before	the	maximum	output,	with	the	increase	of	AGV1,	the	output	increases	ac‐
cordingly,	and	there	are	no	significant	changes	for	vehicle	utilization.	After	the	maximum	output	
is	reached,	with	 the	 increase	of	AGV1,	 the	output	does	not	 increase,	but	vehicle	utilization	de‐
creases	significantly.	Fig.	9D	also	shows	a	similar	 trend	 for	 the	AGV2.	The	maximum	output	 is	
reached	for	the	first	time	when	the	AGV2	increased	to	3.	Besides,	the	utilization	of	the	AGV2	is	
obviously	higher	than	that	of	AGV1.	Finally,	considering	the	output	and	vehicle	utilization,	we	set	
the	number	of	AGV1	and	AGV2	to	9	and	3,	respectively.	

 
Fig.	9	The	output	and	vehicle	utilization	of	 the	optimization	experiments	 for	all	 three	strategies:	 (A)	The	output	of	
experiments	in	buffer	optimization,	(B)	The	output	of	experiments	in	vehicle	configuration	optimization	for	the	one‐
to‐one,	(C‐D)	The	output	and	vehicle	utilization	for	the	AGV1	and	AGV2	under	the	one‐to‐one	strategy,	(E‐F)	The	out‐
put	and	vehicle	utilization	for	the	AGV1	and	AGV2	under	the	one‐to‐many	strategy,	(G‐I)	The	output	and	vehicle	utili‐
zation	for	the	AGV1	and	AGV2	under	the	many‐to‐many	strategy	
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4.3 Optimization of the one‐to‐many strategy 

As	mentioned	above,	six	skip	cars	are	introduced	in	the	front	workshop.	Firstly,	to	determine	the	
best	 number	 of	AGV1,	 the	 front	workshop	 is	 considered	 separately,	 i.e.,	 the	 production	 is	 fin‐
ished	after	AS10.	The	number	of	AGV1	increased	from	2	to	5.	The	maximum	output	and	the	vehi‐
cle	utilization	of	all	 the	 four	configurations	are	shown	 in	Fig.	9E.	Fig.	9E	 shows	 that	when	 the	
number	of	AGV1	 increased	 to	3,	 the	maximum	output	 (422)	 is	 reached	 for	 the	 first	 time.	And	
vehicle	utilization	is	relatively	high.	Therefore,	the	number	of	AGV1	is	set	to	3.	

Under	 the	optimal	number	of	 the	AGV1	and	sufficient	number	of	AGV2	(AGV2=5),	we	opti‐
mized	the	buffer	size	of	BF10	and	BF11	using	the	same	procedure	for	buffer	optimization	illus‐
trated	in	the	one‐to‐one	strategy.	After	the	optimization	process,	the	optimal	buffer	size	of	BF10	
and	BF11	are	set	to	1	and	0,	respectively.		

Finally,	the	number	of	AGV2	is	optimized	under	the	optimal	configuration	of	AGV1	and	buff‐
ers.	When	the	quantity	of	AGV2	increases	from	1	to	5,	the	maximum	output	and	the	vehicle	utili‐
zation	of	AGV1	and	AGV2	are	shown	in	Fig.	9F.	As	shown	in	Fig.	9F,	the	output	is	very	low	when	
there	is	only	one	AGV2.	And	when	the	number	of	AGV2	increases	from	1	to	2,	the	output	surges.	
However,	when	the	quality	 increases	 from	2	to	5,	 the	output	 increases	slowly	and	reaches	the	
maximum	output	(408)	at	5.		

The	vehicle	utilization	for	both	AGV1	and	AGV2	is	very	low	when	the	number	of	AGV2	is	set	
to	1	because	of	the	low	output.	When	the	number	of	AGV2	increases	from	2	to	5,	the	vehicle	uti‐
lization	of	AGV1	increases	slightly;	however,	the	utilization	of	AGV2	decreased	significantly.	This	
is	because	the	number	of	AGV1	is	fixed	at	3;	its	utilization	increases	slowly	with	a	small	increase	
in	output.	 For	AGV2,	with	 the	 increase	of	 vehicles,	 the	output	does	not	 increase	 considerably;	
thus,	the	vehicle	utilization	decreases	significantly.	When	the	number	of	AGV2	is	3,	the	output	is	
396,	which	is	close	to	the	maximum	output	408.	Moreover,	the	utilization	rate	of	AGV2	is	rela‐
tively	high,	which	is	21.1	%.	Therefore,	the	number	of	AGV2	is	set	to	3.	

4.4 Optimization of the many‐to‐many strategy 

Six	skip	cars	are	used	for	the	workstations	from	AS00	to	AS05.	Moreover,	for	the	workstations	
from	AS06	to	AS10,	AGV3	is	introduced	for	transportation.	We	carry	out	a	similar	optimization	
procedure,	 as	 illustrated	 in	 the	 buffer	 size	 optimization	 for	 the	 one‐to‐one	 strategy.	 After	 the	
optimization,	the	optimal	buffer	size	for	BF10	and	BF11	are	1	and	2,	respectively.	

The	 quantity	 of	 the	 three	 types	 of	 AGV	 is	 optimized	 by	 the	 DOE	method.	 And	 the	 specific	
number	of	those	AGVs	is	as	follows:	AGV1:	2‐6,	AGV2:	1‐5,	and	AGV3:	1‐4.	Thus,	a	total	of	100	
experiments	are	performed.	As	shown	in	Fig.	9G,	with	the	number	of	AGV1	increases,	the	output	
shows	a	slight	increase.	When	the	number	of	AGV1	is	3,	the	output	is	close	to	the	maximum	out‐
put,	and	vehicle	utilization	is	the	highest,	which	is	18.4	%.	Fig.	9H	shows	that	the	maximum	out‐
put	can	be	achieved	when	the	number	of	AGV2	is	2,	and	the	vehicle	utilization	decreases	mark‐
edly	with	the	increase	of	vehicle	quantity.	Fig.	9I	shows	that	for	the	AGV3,	one	vehicle	can	meet	
the	production	requirement.	Finally,	the	number	of	three	types	AGV	is	set	to	3,	2,	and	1.	

5. Comparison of the results and discussion 

Three	assembly	transfer	strategies	are	proposed	for	an	RFS.	For	each	strategy,	the	optimal	vehi‐
cle	configuration,	buffer	configuration,	and	vehicle	utilization	are	shown	in	Table	2.	As	shown	in	
Table	2,	 the	output	of	 the	one‐to‐one	strategy	 is	significantly	 larger	 than	the	other	 two	strate‐
gies.	However,	the	vehicle	utilization	of	AGV1	in	the	one‐to‐one	is	very	low,	which	is	5.5	%,	and	
the	buffer	size	is	large.	This	indicates	that	the	one‐to‐one	strategy	can	maximize	the	production	
output,	but	it	requires	more	investment	costs.	Additionally,	the	one‐to‐many	strategy	generates	
the	least	output	and	requires	the	least	buffer	size.	Moreover,	the	total	number	of	AGVs	used	in	
the	many‐to‐many	strategy	is	equal	to	those	of	the	one‐to‐many,	but	the	many‐to‐many	strategy	
produces	12.4	%	more	output	than	those	of	the	one‐to‐many	strategy.	And	the	average	vehicle	
utilization	in	the	many‐to‐many	strategy	is	also	higher.	It	shows	that	the	many‐to‐many	strategy	
is	more	efficient	than	the	one‐to‐many	strategy.	
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Table	2	The	optimal	production	configuration	and	its	maximum	output	of	the	three	strategies	

Max	output	
Number	of	vehicles	 Vehicle	utilization	 Buffer	size	

AGV1	 AGV2	 AGV3	 AGV1	 AGV2	 AGV3	 BF10	 BF11	

one‐to‐one	 566	 9	 3	 ‐	 5.50	%	 30.50	%	 ‐	 1	 3	

one‐to‐many	 396	 3	 3	 ‐	 26.30	%	 21.10	%	 ‐	 1	 0	

many‐to‐many	 445	 3	 2	 1	 18.40	%	 32.20	%	 53.30	%	 1	 2	

Fig.	10	The	facility	utilization	of	the	three	strategies	under	their	optimal	production	configuration:	(A)	one‐to‐one,	
(B)	one‐to‐many,	(C)	many‐to‐many		

The	facility	utilization	of	those	three	strategies	under	their	optimal	vehicle	configuration	and	
buffer	configuration	is	shown	in	Fig.	10.	As	shown	in	Fig.	10,	the	facility	utilization	in	the	one‐to‐
one	strategy	is	the	highest,	which	is	basically	over	70	%,	and	the	highest	is	96.2	%.	And	there	is	
no	significant	difference	between	the	other	two	strategies.	Considering	the	output,	facility	utili‐
zation,	 and	 production	 configuration	 provided,	 decision‐makers	 can	 select	 a	 transfer	 strategy	
according	to	the	market	demand	and	investment	cost.	
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6. Conclusion 
We proposed three assembly transport strategies for a reconfigurable flow shop (RFS). We com-
pared the three strategies using the DES, optimized the production performance, and deter-
mined the optimal buffer configuration and vehicle configuration of each strategy. Buffers are 
set at critical workstations to improve production performance. After the buffer optimization, 
the output and facility utilization increased significantly. The optimal vehicle quantity for each 
strategy is determined by the DOE method. Moreover, production performance and production 
configuration of those three strategies are compared. The results show that the one-to-one 
strategy obtains the maximum output and facility utilization, but it requires the largest number 
of vehicles. The many-to-many strategy generates relatively large output with a moderate num-
ber of vehicles. This study provides three assembly transport strategies for an RFS and shows 
that we can verify and optimize various scenarios using the DES. Our work has important impli-
cations for the reconfigurable workshop, which requires considerable simulation, verification, 
and optimization. However, the assembly transport strategy was designed for a flow shop. If the 
strategy was to be used for other types of workshops, vehicle scheduling must be adjusted ac-
cordingly. 

Future research could be conducted to apply this assembly transport strategy to other types 
of reconfigurable workshops. Moreover, more production configurations, such as worker con-
figuration and machine configuration, should be considered. 
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