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Abstract

Combining	with	advanced	technologies	(e.g.,	cloud	computing,	Internet	of	Things,	and	service-oriented	technology),	cloud	manufacturing	was	proposed	and	gained	wide	attention.	By	managing	a	huge

amount	of	distributed	and	 idle	manufacturing	 resources	 to	meet	various	manufacturing	 requirements,	 cloud	manufacturing	provides	 sustainable	means	 for	promoting	cleaner	production.	Manufacturing

service	configuration	plays	an	important	role	in	implementing	cloud	manufacturing.	Most	research	adopted	central	optimization	methods	to	get	optimal	service	configuration	results.	However,	these	all-in-one

methods	with	an	 individual	decision	model	can	hardly	maintain	 the	autonomous	decision	rights	of	different	service	providers.	Consequently,	 service	providers	may	 lose	 their	 flexibility	 to	achieve	private

decision	objectives,	which	is	unfavorable	for	keeping	the	sustainable	competitive	advantages	of	enterprises.	In	this	paper,	a	decentralized	decision	mechanism	named	analytical	target	cascading	is	introduced

to	solve	the	manufacturing	service	configuration	problem.	An	analytical	target	cascading	model	for	the	manufacturing	service	configuration	problem	is	proposed	based	on	the	hierarchical	structure	of	cloud

manufacturing	system.	Elements	in	the	proposed	model	are	formulated	and	solved	in	a	loose	coupling	and	distributed	manner.	The	situation	when	alternative	service	providers	owned	autonomous	decision

rights	to	configure	their	respective	upstream	manufacturing	stages	is	also	considered.	A	case	study	is	employed	to	verify	the	effectiveness	of	analytical	target	cascading	in	solving	the	manufacturing	service

configuration	problem.	It	shows	that	analytical	target	cascading	can	not	only	obtain	the	same	manufacturing	service	configuration	results	as	central	optimization	method	but	also	maintain	the	autonomous

decision	rights	of	different	service	providers.
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Modern	manufacturing	modes	change 	significantly	due	to	the	growth	of	global	market	competition	(Rauch	et	al.,	2016),	economic	globalization	and	customer	demand	diversification	(Zhang	et	al.,

2016a).	Cloud	manufacturing	(CMfg)	as	a	new	sustainable	manufacturing	mode	has	been	developed	from	existing	advanced	manufacturing	modes	(e.g.,	networked	manufacturing	(Li	et	al.,	2015),	manufacturing	grid

(Elkhorchani	and	Grayaa,	2016))	and	enterprise	 information	 technologies	under	 the	support	of	cloud 	computing	(Tao	et	al.,	2014a),	 Internet	of	Things	 (IoT)	 (Shrouf	and	Miragliotta,	2015),	 virtualization	 and

service-oriented	technologies.

In	CMfg,	distributed	and	 idle	manufacturing	resources	are	encapsulated	 into	manufacturing	services	 (Xu,	2012).	Manufacturing	service	configuration	 (MSC)	can	be	defined	as	a	process	of	manufacturing

service	composition	and	optimal	selection.	As	a	core	part	of	implementing	CMfg,	MSC	aims	to	optimize	the	allocation	of	manufacturing	services	for	manufacturing	tasks.	Effective	and	efficient	MSC	can	not	only	avoid

both	over-provisioning	and	idle	resources	but	also	help	industries	to	perform	cleaner	productions	(Sun	et	al.,	2016).	MSC	has	the	characteristics	of	large	scale,	high	heterogeneity,	dynamic	interconnection	and	group

collaboration	(Laili	et	al.,	2012).	Besides,	real-time	information	of	manufacturing	services	is	acquired	and	provided	for	the	service	configuration	by	a	deeper	integration	of	IoT	and	CMfg	(Qu	et	al.,	2016),	which	results

in	the	real-time	on-demand	MSC.

Most	research	adopted	central	optimization	methods	or	all-in-one	(AIO)	methods	(e.g.,	particle	swarm	optimization,	artificial	bee	colony	algorithm)	to	solve	MSC	problems.	However,	some	specific	challenges

still	 hinder	 the	 implementing	 of	 sustainable	CMfg.	 Firstly,	manufacturing	 services	 from	different	 providers	 probably	 have	 different	 capabilities	 and	 provision	modes.	 The	 service	 providers	may	 utilize	 their	 own

decision	rights	during	the	service	configuration	processes.	The	AIO	method	with	only	one	decision	model	can	hardly	allow	service	providers	to	maintain	their	decision	rights.	Secondly,	a	huge	amount	of	manufacturing

services	from	distributed	providers	are	registered	in	the	CMfg	platform.	Manufacturing	tasks	are	diverse	because	of	various	customer	demands.	If	manufacturing	tasks	with	multiple	stages	are	submitted	to	the	CMfg

platform,	the	computation	cost	would	be	extremely	high.	Thirdly,	the	capabilities	of	manufacturing	services	are	changing	over	time	along	with	real-time	captured	functional	status	by	IoT	technologies.	It	is	hard	to	use

AIO	methods	to	include	all	the	service	parameters	into	an	individual	optimization	model.

Analytical	target	cascading	(ATC)	is	a	model-based,	multilevel,	hierarchical	optimization	method	for	system	design	(Kim	et	al.,	2003a).	In	the	ATC	mechanism,	a	whole	system	is	converted	into	a	hierarchical

model	with	a	series	of	individual	elements.	Each	element	has	its	own	decision	model,	and	all	elements	can	be	analyzed	by	a	parallel	distributed	way	which	greatly	reduces	the	overall	computation	cost.	Due	to	the

promising	features	of	ATC	in	solving	various	engineering	problems	(e.g.	automotive	vehicle	design	(Kim	et	al.,	2003b),	supply	chain	configuration	(Huang	and	Qu,	2008)),	it	is	extended	for	solving	MSC	problem	in	this

paper.

The	primary	aim	of	this	research	is	to	investigate	how	the	ATC	method	can	be	extended	to	deal	with	MSC	problem	while	retaining	most	of	its	characteristics	of	loosely	coupled	decision	making	and	distributed

computing.	More	specifically,	several	research	questions	are	focused	in	this	paper:

(1) How	to	convert	the	whole	manufacturing	service	configuration	problem	into	a	hierarchical	ATC	model?

(2) How	to	maintain	the	autonomous	decision	rights	of	service	providers	when	ATC	method	is	applied	to	solve	the	MSC	problem?

(3) How	to	formulate	and	solve	the	constructed	hierarchical	ATC	model	according	to	the	ATC	application	procedure?

The	rest	of	this	paper	is	organized	as	follows.	Section	2	reviews	the	related	literature.	Section	3	briefly	introduces	manufacturing	services	in	CMfg	platform.	An	ATC	model	and	key	links	of	MSC	problem	are

described	in	section	4.	Individual	elements	in	the	proposed	ATC	model	are	formulated	in	section	5.	Section	6	explains	ATC	solutions	for	the	MSC	problem.	A	case	study	is	given	in	section	7.	Conclusions	and	future

works	are	drawn	in	section	8.

2	Literature	review
Two	streams	of	literature	are	relevant	to	this	research.	They	are	respectively	MSC	methods	in	CMfg	and	applications	of	ATC	in	engineering	fields.

2.1	MSC	methods	in	CMfg
MSC	embodies	the	choice	of	manufacturing	services,	their	assignments	and	timing	to	perform	operations	while	satisfying	the	manufacturing	requirements	from	customers,	processing,	and	capability	constraints.	It	 is	a	key

issue	for	practical	implementation	of	CMfg.	Two	research	concentrations	have	been	placed	upon.	The	first	is	about	different	objectives	and	constraints	for	MSC,	such	as	TQCS	(time,	quality,	cost,	and	service)-based	service	selection

and	scheduling	(Cao	et	al.,	2016),	energy-aware	resource	service	scheduling	based	on	utility	evaluation	(Cheng	et	al.,	2013),	multi-task	oriented	service	composition	and	optimization	(Liu	et	al.,	2013),	game	theory	based	real-time

mode	changed
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scheduling	for	CMfg	(Zhang	et	al.,	2017b),	correlation	aware	service	aggregation	optimization	(Xu	et	al.,	2016).	The	second	is	about	the	algorithms	for	MSC.	For	instance,	particle	swarm	optimization	for	design	preference-based	and

QoS	(quality	of	service)-aware	resource	service	selection	(Zheng	et	al.,	2016),	chaos	control	optimal	algorithm	for	QoS	based	service	composition	selection	(Huang	et	al.,	2014),	Pareto	group	leader	algorithm	for	energy	and	QoS	aware

service	composition	and	optimal	selection	(Xiang	et	al.,	2014),	an	improved	artificial	bee	colony	optimization	for	QoS	and	geo-perspective	based	service	composition	(Lartigau	et	al.,	2015),	case-library	method	for	service	composition

and	optimal	selection	(Xiang	et	al.,	2016).	Although	significant	progresses	were	made,	several	research	topics	are	still	needed	to	be	investigated.

■ Existing	research	mainly	used	AIO	methods	(such	as	particle	swarm	optimization)	to	consider	MSC,	whereas	the	autonomous	decision	rights	of	service	providers	are	ignored.	However,	it	is	a	core	element	to	achieve	sustainable	competitive

advantages	(Liu,	2013)	through	proactive	operations	(Liu	and	Liang,	2015).	In	practice,	for	example,	many	related	manufacturing	service	providers	often	cooperate	with	each	other	to	complete	some	complex	manufacturing	tasks.	They	are

working	in	a	form	of	alliance.	If	service	providers	often	cooperate	together,	credibility	and	reliability	of	them	are	higher	(Xu	et	al.,	2016).	To	keep	their	sustainable	competitiveness,	service	providers	prefer	to	maintain	their	own	decision	rights

and	cooperate	with	other	service	providers	in	the	same	alliance.	A	service	provider	in	CMfg	platform	can	be	considered	as	a	seller	in	an	E-commerce	platform	such	as	eBay.	Sellers	have	rights	to	decide	how	to	sell	their	products.	Similarly,

service	providers	should	have	rights	to	decide	how	to	supply	their	services.

■ The	complexity	of	MSC	problem	is	increased	with	more	and	more	manufacturing	tasks	and	services	involved.	As	the	increasing	of	MSC	problem,	computation	cost	will	be	extremely	high	since	it	is	prone	to	solve	a	NP-hard	(non-deterministic

polynomial-time	hard)	problem.

2.2	Applications	of	ATC	method
Analytical	 target	 cascading	 (ATC)	 is	 a	method	developed	 for	 translating	 system-level	 design	 targets	 to	 design	 specifications,	which	 are	 useful	 as	 a	 coordination	method	 for	 distributed	design	 optimization	 of	 hierarchical,

multilevel	systems	(Tosserams	et	al.,	2008).	Based	on	the	illustration	in	related	literature	(Qu	et	al.,	2010a),	the	working	logic	of	ATC	is	shown	in	Fig.	1.	In	ATC,	a	system	is	hierarchically	partitioned	into	several	individual	elements	as

the	whole	complex	design	problem	is	converted	into	a	set	of	sub-problems.	Each	element	represents	a	sub-problem.	Sub-problems	are	analyzed	and	solved	starting	with	the	elements	in	the	upper	level.	After	analyzing	and	solving	the

elements	 in	the	upper	 level,	design	targets	are	cascaded	to	the	elements	 in	the	 lower	 level.	 If	 the	 lower-level	elements	cannot	achieve	the	cascaded	targets,	 the	upper-level	elements	are	required	to	adjust	 the	targets;	otherwise,

cascade	the	targets	until	the	bottom	level	elements.	When	the	consistency	among	all	elements	is	reached,	solutions	for	sub-problems	can	be	obtained	and	then	the	final	solution	for	the	initial	design	problem	can	be	found.

ATC	method	has	been	widely	used	in	two	aspects.	One	is	ATC	improvements,	such	as	weighting	update	method	to	achieve	acceptable	consistency	deviation	in	ATC	(Michalek	and	Papalambros,	2005),	generalized	probabilistic

ATC	formulation	(Liu	et	al.,	2006),	extending	ATC	method	to	obtain	Pareto	solutions	(Kang	et	al.,	2014b),	quadratic	exterior	penalty	function	based	ATC	approach	(Jiang	et	al.,	2015).	The	other	is	ATC	applications	on	solving	various

engineering	problems,	for	instance,	automotive	chassis	design	(Kim	et	al.,	2003b),	exploring	the	interrelationships	between	consumer	preference	and	engineering	capabilities	(Michalek	et	al.,	2005),	formulating	and	solving	the	product

and	process	tolerance	allocation	in	multistation	compliant	assembly	(Li	et	al.,	2008),	developing	system	to	realize	decentralized	supply	chain	configuration	over	supply	chain	grid	(Qu	et	al.,	2010b),	optimal	design	of	commercial	vehicle

system	(Kang	et	al.,	2014a).	Some	observations	can	be	drawn	as	follows:

Fig.	1	The	working	logic	of	ATC	method.
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■ In	ATC	method,	individual	elements	can	have	their	own	decision	models.	Therefore,	their	autonomous	decision	rights	can	be	maintained	during	the	whole	optimization	process.

■ ATC	method	adopts	a	distributed	optimization	and	parallel	 computing	way	 to	achieve	optimal	 solutions,	which	can	 improve	overall	 optimization	efficiency.	Therefore,	 the	computing	cost	won't	be	greatly	 increased	when	 the	complexity	of

problems	becomes	higher	and	higher.

To	tackle	the	challenges	in	MSC	by	integrating	ATC	method,	this	paper	takes	the	example	of	manufacturing	services	in	CMfg	to	examine	the	effectiveness	and	efficiency	from	a	real-life	case.

3	Manufacturing	services	in	CMfg
As	shown	 in	Fig.	2,	 there	are	 three	kinds	of	users	 in	a	CMfg	platform.	They	are	cloud	operator,	 cloud	service	provider,	and	cloud	customer	 (Buckholtz	et	al.,	2015).	Cloud	operator	 is	 the	owner	of	CMfg

platform.	It	is	responsible	for	setting	up	operation	mechanisms	and	rules	(e.g.,	technical	process	and	business	strategy)	and	ensuring	the	communication	between	service	provider	and	cloud	customer.	Cloud	operator

benefits	from	creating	value	for	cloud	customer	and	service	provider.	Service	provider	offers	manufacturing	service	for	specific	manufacturing	demands.	Cloud	customer	is	the	receipt	of	manufacturing	services.	To

achieve	 the	 optimal	 configuration	 of	 cloud	manufacturing	 service,	 necessary	 information	 is	 shared	 among	 them.	 The	 necessary	 information	 can	 be	 divided	 into	 two	 parts,	 namely	 requirement	 information	 and

capability	information.	Requirement	information	is	about	manufacturing	requirements	for	a	demanded	product,	such	as	product	features,	due	time,	maximum	cost,	etc.	It	 is	submitted	to	the	CMfg	platform	by	the

cloud	customer.	Capability	 information	indicates	manufacturing	capabilities	of	service,	such	as	processing	method,	processing	precision,	service	cost,	service	time,	etc.	It	 is	submitted	to	the	CMfg	platform	by	the

service	provider.	After	receiving	requirement	information	from	cloud	customer,	the	CMfg	platform	will	search	candidate	services	to	meet	the	manufacturing	requirements	based	on	submitted	capability	information.

Manufacturing	services	in	CMfg	are	the	results	of	virtualization	and	encapsulation	of	various	manufacturing	resources	with	related	manufacturing	capabilities.	Manufacturing	resources	primarily	refer	to	the

resources	involved	in	each	production	action	during	the	entire	life	cycle	of	a	product	(Tao	et	al.,	2014b).	The	manufacturing	resources	in	this	paper	mainly	refer	to	the	resources	on	shop-floors,	such	as	manufacturing

systems,	manufacturing	cells	and	machines	whose	detailed	information	is	given	in	section	4.	Manufacturing	capabilities	refer	to	the	typical	abilities	of	production	resources.

Fig.	3	shows	a	working	logic	of	cloud	manufacturing	service.	It	contains	three	parts.	The	first	part	is	about	the	encapsulation	of	manufacturing	resources	and	capabilities.	Manufacturing	resources	with	related

capabilities	are	perceived	through	advanced	technologies,	such	as	IoT	(Zhang	et	al.,	2016b),	network	technology	and	sensors	(Zhang	et	al.,	2017a).	Then	the	perceived	manufacturing	resources	and	capabilities	are

encapsulated	into	manufacturing	services	under	the	support	of	service-oriented	technology.	The	second	part	is	publishing	of	manufacturing	services.	Manufacturing	services	are	published	to	CMfg	platform	so	that

they	can	be	allocated	to	manufacturing	tasks.	Technologies	such	as	semantic	web	service	and	UDDI	(Universal	Description,	Discovery,	and	Integration)	can	make	manufacturing	services	access	to	CMfg	platform.

Fig.	2	Users	in	Cloud	manufacturing	(Adopted	from	(Ren	et	al.,	2013)).

alt-text:	Fig.	2



These	two	parts	are	explained	in	detailed	in	the	previous	research	work	(Zhang	et	al.,	2015).	The	third	part	is	about	manufacturing	services	matching	with	manufacturing	task.	The	published	manufacturing	services

are	managed	in	a	pool.	After	MSC,	an	enterprise	can	obtain	a	manufacturing	task	from	the	common	CMfg	platform.	Then	the	enterprise	allocates	right	services	(e.g.	machines,	manufacturing	cells)	to	accomplish	the

manufacturing	task.

4	ATC	model	and	key	links	of	MSC	problem
Five	steps	are	involved	in	the	application	of	ATC.	The	first	step	is	to	partition	a	system	into	a	hierarchical	model.	The	second	step	is	to	identify	the	key	links	between	individual	elements	in	the	hierarchical

model.	The	third	step	is	to	formulate	local	problems	for	each	element.	ATC	solutions	and	results	analysis	are	respectively	the	fourth	step	and	fifth	step.	These	five	steps	are	generally	followed	in	applying	ATC	to	solve

MSC	problem.	The	first	two	steps	are	described	in	this	section	and	the	rest	in	the	following	sections.

4.1	ATC	model	of	MSC	problem
The	 first	step	 is	 to	create	a	hierarchical	ATC	model	of	MSC	problem.	Before	creating	 the	ATC	model,	 two	related	points	should	be	mentioned	here.	Firstly,	a	manufacturing	 task	submitted	 to	 the	CMfg	platform	generally

contains	many	different	manufacturing	stages.	Each	manufacturing	stage	may	be	composed	of	some	sub-stages	which	follow	a	hierarchical	structure.	Secondly,	manufacturing	services	registered	in	the	CMfg	platform	are	organized	in

a	way	of	management	pyramid	which	also	follows	a	hierarchical	structure.	In	CMfg,	ATC	model	of	MSC	problem	is	created	based	on	the	hierarchical	structures	of	manufacturing	tasks	and	services.

The	upper	part	of	Fig.	4	shows	the	hierarchical	structure	of	CMfg	system.	It	consists	of	manufacturing	tasks	and	services	in	a	form	of	hierarchy.	The	hierarchical	structure	of	a	manufacturing	task	is	presented	as	one	network	of

manufacturing	nodes	which	can	represent	different	manufacturing	stages.	The	network	is	composed	of	three	different	levels,	namely	product	level,	component	level	and	process	level.	Each	level	has	some	nodes	to	represent	different

manufacturing	demands.	 The	nodes	 in	 product	 level	 show	 the	 product	 requests	 from	clients.	 The	nodes	 in	 component	 level	 indicate	 necessary	 components	 to	 form	 the	 required	product.	 The	nodes	 in	 process	 level	 are	 series	 of

processes.	Manufacturing	resources	are	encapsulated	into	services	to	meet	the	demands	of	manufacturing	nodes.	There	are	three	kinds	of	manufacturing	resources	included	in	the	hierarchical	structure,	namely	manufacturing	system,

manufacturing	cell	and	machine.	Generally,	a	manufacturing	system	has	many	manufacturing	cells	each	of	which	is	logically	and	physically	made	up	of	several	machines.	The	manufacturing	system	is	responsible	for	the	demands	of

product	node.	Manufacturing	cells	are	employed	to	manage	the	component	nodes.	Machines	are	used	to	deal	with	the	process	nodes.

Fig.	3	Working	logic	of	cloud	manufacturing	service.
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The	lower	part	of	Fig.	4	shows	the	ATC	model	of	MSC	problem.	The	manufacturing	service	network	for	a	manufacturing	task	is	partitioned	into	a	three-level	hierarchy	composed	of	ATC	elements,	which	are	system	level,	cell

level	and	machine	level.	Each	element	in	the	ATC	model	denotes	a	manufacturing	node	in	the	hierarchical	structure	of	manufacturing	task	aiming	to	find	suitable	manufacturing	service	for	the	corresponding	manufacturing	node.	An

assumption	 that	 the	 same	manufacturing	 service	 could	 not	 be	 provided	 for	 different	manufacturing	 nodes	 is	made	 in	 this	 ATC	model.	 In	 other	words,	 there	 is	 no	 common	manufacturing	 node	 in	 the	 ATC	model.	 Therefore,	 the

partitioned	model	has	a	strictly	hierarchical	structure.	The	system	level	element,	1-1,	has	many	child	elements	(e.g.	2-1	and	2-2)	in	the	cell	level.	Elements	in	cell	level	also	have	many	child	elements	in	the	machine	level.	Element	2-2,

for	instance,	has	the	child	elements	3-1,	3-2,	etc.	Cascading	information	and	backtracking	information	are	shared	between	parent	and	child	elements.

For	simplicity	of	understanding	but	without	losing	generality	of	principle,	some	assumptions	are	made:	1)	Candidate	services	for	each	manufacturing	stage	are	selected	based	on	their	manufacturing	capabilities.	2)	All	selected

candidate	services	can	meet	both	qualitative	and	legal	requirements	for	their	corresponding	manufacturing	stages.	That	means	service	providers	can	qualify	from	qualitative	aspects	and	legal	requirements	for	specific	parts	in	the

model.	3)	Candidate	services	have	the	same	value	of	logistics	properties	such	as	logistics	distance	between	related	services,	transport	cost,	transport	efficiency,	etc.	Therefore,	the	influence	of	logistics	on	MSC	is	not	considered	in	this

paper.

4.2	Key	links	between	individual	ATC	elements
The	second	step	is	to	identify	the	key	links	of	individual	elements	in	the	ATC	model.	For	simplicity	of	understanding	but	without	losing	generality	of	principle,	a	case	ATC	model	of	MSC	problem	is	presented	in	Fig.	5.

Fig.	4	ATC	model	of	manufacturing	service	configuration.

alt-text:	Fig.	4



Notations	used	in	this	paper	are	introduced	as	follows.

:	jth	manufacturing	service	for	ATC	element	i	or	manufacturing	node	(stage)	i;

:	Candidate	services	set	for	element	i,	 ;

:	Child	element	set	of	element	i;

:	Total	manufacturing	time	for	completing	element	i;

:	Total	manufacturing	cost	for	completing	element	i;

:	Total	energy	consumption	for	completing	element	i;

:	Local	manufacturing	time	for	completing	element	i;

:	Local	manufacturing	cost	for	completing	element	i;

:	Local	energy	consumption	for	completing	element	i;

:	Manufacturing	time	of	service	option	j	completing	element	i;

Fig.	5	A	case	of	ATC	model.
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:	Manufacturing	cost	of	service	option	j	completing	element	i	in	system	level	or	machine	level;	maintenance	cost	per	unit	time	of	service	option	j	completing	element	i	in	cell	level;

:	Energy	consumption	per	unit	time	of	service	option	j	completing	element	i	in	system	level	or	machine	level;	energy	consumption	per	unit	time	of	service	option	j	completing	element	i	in	cell	level;

:	Selecting	parameter.	When	service	 is	selected	to	complete	element	i,	 ;	otherwise,	 .

As	shown	in	Fig.	5,	service	options	are	given	in	the	bracket	near	the	corresponding	elements.	Services	with	grey	circles	like	 ,	 ,	 and	 utilize	independent	decision	rights	to	configure	their	respective	upstream

elements	which	are	in	same	dotted	blocks.	According	to	different	manufacturing	scopes,	elements	in	the	presented	ATC	model	are	categorized	into	four	sets.	The	first	set	(system	level)	includes	the	most	downstream	element	1,	which

represents	the	product	demand	and	assembly	stage.	The	second	set	(cell	 level)	 includes	elements	2,	3	and	4	which	perform	the	production	of	required	components.	The	third	set	(machine	level	set)	 includes	all	the	most	upstream

elements	which	represent	the	necessary	processes	of	each	component. 	Elements	5,	6,	7,	8,	9,	10,	11,	12,	13,	and	14	belong	to	 this	set.	Especially,	 two	alternative	manufacturing	cells,	 and	 are	 available	 in	 element	 3	 for

selection.	 They	 compete	 against	 each	 other	 and	 only	 one	 of	 them	 can	 be	 selected.	 For	 this	 circumstance,	 an	 “OR”	 element	 is	 introduced	 to	 formally	 represent	 the	 alternative	 elements.	 It	was	 successfully	 used	 for	 the	 optimal

configuration	of	supply	chain	with	alternative	autonomous	suppliers	(Huang	and	Qu,	2008) .	 In	this	paper,	 the	“OR”	element	 is	used	to	accomplish	the	selection	among	alternative	options	 and	 .	 It	 is

considered	as	the	fourth	set.	The	working	logic	of	“OR”	element	is	explained	in	section	5.

In	this	paper,	the	objective	is	to	minimize	the	sum	of	weighted	total	manufacturing	time,	total	manufacturing	cost	and	total	energy	consumption.	The	mathematical	model	of	this	problem	can	be	stated	as	follows:

Three	parts	are	included	in	the	objective	function.	They	are	the	total	manufacturing	time,	manufacturing	cost	and	energy	consumption	respectively.	Energy	consumption	can	be	a	subset	of	manufacturing	cost	to	some	extent.

For	 example,	 the	 electric	 energy	 consumption	 during	 production	 process	 can	 be	 evaluated.	 Reducing	 energy	 consumption	 plays	 a	 vital	 role	 in	 achieving	 sustainable	 and	 cleaner	 CMfg.	 Due	 to	 the	 increasing	 price	 of	 energy	 in

manufacturing,	energy	consumption	is	set	as	an	individual	cost	in	this	paper.	Equations	(2)–(4)	are	used	to	get	the	total	manufacturing	time,	manufacturing	cost	and	energy	consumption	for	completing	each	element	(or	manufacturing

stage).	Equations	(5)–(7)	are	employed	to	calculate	local	manufacturing	time,	manufacturing	cost	and	energy	consumption	for	completing	each	element.	Equation	(8)	ensures	that	only	one	manufacturing	service	is	selected	to	complete

element	i.

Key	links	are	the	variables	shared	by	elements	in	the	ATC	model.	It	includes	two	kinds	of	variables,	responses	shared	by	parent	and	child	elements,	and	linking	variables	shared	by	child	elements	from	a	same	parent	element.	In

this	case,	key	links	mainly	refer	to	response	variables.	The	identification	of	responses	starts	from	the	most	downstream	element	1.	Considering	the	manufacturing	requirements,	the	total	manufacturing	cost	 ,	manufacturing	time	

and	energy	consumption	 should	be	minimized.	Nine	variables	are	used	in	calculating	 ,	 and	 .	They	are	responses	from	elements	2,	4,	and	“OR”.	The	nine	variables	are	respectively	 ,	 ,	 ,	 ,	

,	 ,	 ,	 ,	and	 .	They	are	the	so-called	key	links	which	are	shared	between	element	1	and	its	child	elements	(e.g.	 ,	 and	 are	the	key	links	shared	between	element	1	and	2).	Similarly,	the	analysis

models	for	the	nine	variables	also	require	responses	from	upstream	elements.	This	process	will	be	propagated	until	responses	of	the	most	upstream	elements	are	identified.

		 	

		 	

		 	 		 	 		 	 		 	

		 	 		 	 		 	 		 	

, 		 	 		 	

by	Huang	et	al.	(2008) 		 	 		 	

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

		 	

	 		 	 		 	 		 	 		 	 		 	 		 	 		 	 	 	

	 		 	 		 	 		 	 		 	 		 	 		 	 		 	



5	ATC	formulations	for	individual	elements
The	third	step	is	to	formulate	individual	elements	in	the	model.	Three	major	parts	are	included	in	an	ATC	formulation.	They	are	objective	functions,	analysis	models,	and	constraints.	The	objective	function	aims

to	minimize	the	deviations	of	responses	and	linking	variables	between	related	ATC	elements.	The	analysis	models	are	used	to	generate	the	responses	of	concerned	elements.	The	constraints	are	employed	to	keep	the

consistency	between	related	elements.	Since	the	similarity	of	formulations	for	elements	in	the	same	set,	only	one	element	in	each	set	is	chosen	to	illustrate.	In	this	paper,	objective	functions	are	shown	by	“Minimize”

items,	analysis	models	are	shown	by	“Where”	items	and	constraints	are	shown	by	“Subject	to”	items.

5.1	ATC	formulations	for	system	level	set
Only	element	1	is	included	in	the	system	level	set.	The	optimization	of	system	level	set	aims	to	minimize	the	deviation	between	element	responses	and	manufacturing	targets,	which	subjects	to	the	manufacturing	constraints

and	tolerance	constraints.	The	formulation	for	element	1	is	presented	as	follows,

● Objective	function:	 ,	 ,	 are	manufacturing	targets	for	total	time,	total	cost,	and	total	energy	consumption,	which	are	normally	set	to	zero	to	get	the	minimal	manufacturing	time,	cost,	and	energy	consumption.	 ,	 and	 are

responses	from	the	analysis	models	of	element	1.	 ,	 and	 are	weighting	coefficients	for	the	deviation	terms,	which	indicate	the	preferences	of	customers.	 is	the	tolerance	variable	for	the	response	from	upstream	elements.	It 	is

used	to	keep	consistency	between	related	elements.	The	square	of	 -norm,	 ,	is	used	to	measure	the	deviations	between	targets	and	responses.

● Analysis	model:	 is	the	summation	of	 (manufacturing	time	of	element	1)	and	 (maximum	manufacturing	time	of	its	upstream	elements).	Similarly,	 is	 the	summation	of	manufacturing	cost	of	element	1	and	 its	upstream

elements.	 is	the	summation	of	energy	consumption	of	element	1	and	its	upstream	elements.	 is	equal	to	 (manufacturing	time	of	 ).	 is	equal	to	 (manufacturing	cost	of	 ).	 is	equal	to	the	product	of	 and	

(energy	consumption	per	unit	manufacturing	time	of	 ).

● Constraints:	“ ”	(i.e.	 )	represents	the	target	(or	response)	of	element	 which	is	cascaded	(or	backtracked)	from	element	 .	For	example,	 means	the	backtracked	total	manufacturing	time	of	element	2.	Constraints

(15)–(17)	are	used	to	limit	the	variations	of	responses	from	upstream	elements	within	corresponding	tolerance	variables,	e.g.	constraint	(15)	indicates	that	the	variations	between	 and	its	response	from	upstream	elements	should	be

limited	within	the	tolerance	variable	 .	The	last	constraint	requires	that	all	the	responses	about	manufacturing	cost,	time	and	energy	consumption	cascaded	to	upstream	elements,	should	be	positive	values.

5.2	ATC	formulations	for	cell	level	set
There	 are	 three	 elements	 included	 in	 the	 cell	 level	 set,	 namely	 element	 2,	 element	 3	 and	 element	 4.	 The	 optimization	 of	 cell	 level	 set	 aims	 to	minimize	 the	 deviations	 between	 element	 responses	 and	 their	 targets	 from

downstream	elements,	which	subject	to	the	manufacturing	constraints	and	the	tolerance	constraints	that	coordinate	upstream	elements.	Take	element	2	as	an	illustration,	its	formulation	is	presented	as	follows:
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● Objective	function:	Three	deviation	terms	and	nine	tolerance	variables	are	included	in	the	objective	function	of	element	2.	 ,	 and	 are	the	responses	of	element	2.	 ,	 and	 from	the	optimization	results	of	element	1

are	the	targets	for	 ,	 and	 .	 ,	 and	 are	weighting	coefficients	for	the	deviation	terms.	Nine	tolerance	variables	are	used	to	coordinate	responses	from	the	upstream	elements	(5,	6,	and	7).

● Analysis	model:	To	get	the	responses,	necessary	analysis	models	are	presented	in	the	formulation.	 is	denoted	by	the	summation	of	manufacturing	time	of	element	2	and	its	upstream	elements.	Similarly,	 is	denoted	by	the	summation	of

manufacturing	cost	of	element	2	and	its	upstream	elements.	 is	denoted	by	the	summation	of	energy	consumption	of	element	1	and	its	upstream	elements.	 is	equal	to	 (manufacturing	time	of	 ).	The	manufacturing	cost	of	element

2	refers	to	the	maintenance	cost.	 is	equal	to	the	product	of	 and	 (maintenance	cost	per	unit	time	of	 ).	 is	equal	to	the	product	of	 and	 (energy	consumption	per	unit	time	of	 ).

● Constraints:	 As	 explained	 in	 5.1,	 the	 constraints	 here	 are	 also	 used	 to	 limit	 the	 variations	 of	 responses	 from	 upstream	 elements	within	 corresponding	 tolerance	 variables.	 In	 addition,	 the	 last	 constraint	 aims	 to	meet	 the	manufacturing

requirement	that	the	responses	about	manufacturing	cost,	time	and	energy	consumption	of	upstream	elements	should	be	positive.

5.3	ATC	formulation	for	machine	level	set
As	discussed	in	section	4,	there	are	ten	elements	in	the	machine	level	set.	They	are	the	most	upstream	elements	in	this	ATC	model.	The	local	optimization	of	machine	level	set	aims	to	minimize	the	deviations	between	element

responses	and	the	targets	from	the	cell	level	set.	Take	element	5	as	an	illustration,	its	formulation	is	presented	as	follows:

● Objective	function:	Element	5	has	no	upstream	elements,	thus	there	are	no	tolerance	variables	included	in	the	objective	function.	 ,	 and	 are	the	responses	of	element	5.	 ,	 and	 are	the	targets	for	responses,	which

come	from	element	2.	 ,	 and	 are	weighting	coefficients	for	the	deviation	terms.
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● Analysis	model:	Because	element	5	has	no	upstream	elements,	so	the	response	 only	contains	the	local	manufacturing	time.	 only	contains	the	local	manufacturing	cost	and	 only	contains	the	local	energy	consumption.

● Constraints:	Equations	(32)–(34)	are	used	to	get	the	local	manufacturing	time,	manufacturing	cost	and	energy	consumption	for	completing	element	5.	Constraint	(35)	is	used	to	make	sure	that	only	one	alternative	service	will	be	selected	to

accomplish	the	process	which	element	5	indicates.

5.4	ATC	formulations	for	OR	element
As	mentioned	previously,	OR	element	is	a	special	existence	in	the	ATC	model.	It	is	used	to	select	the	best	alternative	for	element	3	during	maintaining	the	decision	right	of	manufacturing	cells,	i.e.	 and	 .	It	also	has	a

unique	working	logic	of	its	own.	After	receiving	cascaded	targets	from	element	1,	OR	element	cascades	the	targets	to	the	alternative	elements	 and	 .	Then,	the	alternative	elements	execute	their	local	optimization	respectively

and	return	responses	to	OR	element.	After	all	the	responses	are	returned,	an	evaluation	function	is	used	to	calculate	the	deviations	between	the	responses	and	targets.	The	alternative	with	smallest	deviations	is	regarded	as	the	best

service	for	element	3	in	this	cycle.	The	responses	of	the	best	alternative	are	backtracked	to	element	1.	In	brief,	the	optimization	of	OR	element	aims	to	find	the	alternative	which	has	the	minimal	deviations	between	its	responses	and

the	cascaded	targets.	The	formulation	for	OR	element	is	presented	as	follows:

● Objective	function:	Three	deviation	terms	are	included	in	the	objective	function.	 ,	 and	 are	responses	from	the	analysis	models	of	OR	element.	 is	defined	as	the	total	manufacturing	time	of	OR	element.	 denotes

the	total	manufacturing	cost	of	OR	element.	 represents	 the	 total	energy	consumption	of	OR	element.	 ,	 and	 are	respectively	 the	 targets	 for	 ,	 and	 .	 ,	 and	 are	weighting

coefficients	for	the	deviation	terms.	The	object	function	of	OR	element	can	also	be	considered	as	the	evaluation	function	to	choose	the	best	alternative	from	 and	 .

● Analysis	model:	The	local	optimization	process	of	OR	element	is	a	case	of	integer	programming.	Therefore,	a	standard	method	can	be	used	to	present	the	responses	of	OR	element.	 denotes	the	jth	( and	 )	alternative.	 ,

and	 are	the	responses	backtracked	from	the	jth	alternative.	 is	a	variable	to	decide	whether	the	jth	alternative	is	selected.	The	summations	of	 ( )	from	all	alternatives	are	responses	of	OR

element.

● Constraints:	The	constraints	are	used	to	make	sure	that	only	one	alternative	will	be	selected	in	the	optimization	process.	When	the	 jth	alternative	 is	selected,	 ;	otherwise,	 .	Because	only	one	alternative	will	be	selected,	

should	be	1.

6	ATC	solutions	for	MSC	problem
The	fourth	step	is	to	solve	the	formulated	ATC	problems	by	adopting	right	solutions.	The	ATC	solutions	can	be	summarized	as	two	aspects.	The	first	is	about	the	convergence	strategy	for	the	whole	hierarchical

ATC	model	and	the	second	is	about	optimization	method	for	each	individual	element.

6.1	Convergence	strategy
The	 convergence	 strategy	 for	 the	whole	ATC	model	mainly	 refers	 to	 the	 convergence	 sequence	 and	 converging	 criterion.	 Fig.	 6	 shows	 the	 convergence	 sequence,	 namely	 “lower	 levels	 converge	 first”	 that	 is	 adopted	 to

implement	 the	ATC	model	 in	 this	paper.	Firstly,	manufacturing	 targets	are	cascaded	 from	the	upper	 levels	elements	 to	 the	bottom	 level	elements.	Then,	 the	elements	 in	 the	 two	 lowest	 levels	are	solved	and	coordinated	until	 the

convergence	criterion	is	reached.	This	 loop	is	expanded	to	 include	more	and	more	upper	 levels	until	 the	top	level.	A	balanced	state	 is	required	when	the	coordination	or	consistency	is	achieved	between	one	element	and	its	child
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elements.	Convergence	criterion	is	used	to	judge	whether	the	balance	state	has	been	reached.	It	can	be	presented	as	follows:

is	the	objective	function	of	element	I.	 and	 denote	the	 and	 iterations	between	element	I	and	its	child	elements.	 represents	the	vector	of	 local	variables	of	element	I.	 represents	 the	vector	of	 the	key

links	which	are	backtracked	from	the	child	elements.	 is	the	tolerance	for	 .	It	can	be	either	a	small	absolute	value	or	a	small	percentage	of	 .	When	Equation	(41)	is	satisfied,	the	balance	state	is

reached	between	element	I	and	its	child	elements.

6.2	Particle	swarm	optimization	for	each	individual	element
In	the	ATC	mechanism,	there	is	no	restriction	to	the	optimization	method	for	each	individual	element.	Whether	an	optimization	method	is	suitable	for	the	individual	element	mainly	depends	on	the	application	specifics.	MSC	is

one	kind	of	the	resource	allocation	problem.	By	offering	advantages	of	high	efficiency,	fast	convergence	and	simple	implementation,	particle	swarm	optimization	(PSO)	was	successfully	applied	to	the	resource	allocation	problems	(Gong

et	al.,	2012).	Thus,	in	this	paper,	the	PSO	method	is	used	to	solve	the	optimization	problems	of	these	individual	elements.

PSO	is	a	swarm	intelligence	based	metaheuristic	algorithm	proposed	by	Kennedy	and	Eberhart	(1995)	taking	the	inspiration	from	cooperation	and	communication	of	bird	flocking	or	fish	schooling	(Alam	et	al.,	2014).	In	PSO,

each	possible	solution	is	represented	as	an	individual	particle,	each	of	which	is	associated	with	two	vectors,	namely	the	velocity	vector	 and	position	 ,	where	 stands	for	the	iteration	times	in	the	evolutionary	process.	The

velocity	and	position	of	each	particle	are	initialized	by	random	vectors	within	corresponding	ranges.	During	the	evolutionary	process,	the	velocity	and	position	of	particle	 are	updated	as	follows:

where	 denotes	the	inertia	weight,	 and	 are	the	acceleration	coefficients,	 and	 are	two	random	numbers	with	uniform	distribution	 in	the	range	of	 .	 is	 the	position	with	 the	best	 fitness	 value	 found

so	far	for	the	 particle	(or	the	best	history	position	for	the	 particle),	and	 is	the	best	position	in	the	global	swarm.	The	following	procedure	can	be	used	for	implementing	the	PSO	to	the	individual	elements	in	the	ATC	model	by

taking	element 	2	for	illustration.

Step	1:	Initialize	the	random	swarm	by	assigning	a	position	to	each	particle.	The	assigned	positions	contain	decision	variables	to	be	optimized,	i.e.	assign	 to	the	 particle	and	 is	presented	as	follows:

Step	2:	Evaluate	the	fitness	function	for	each	particle.	The	fitness	function	of	element	2	can 	be	presented	as	follows:

(41)

		 	 		 	 		 	 		 	 		 	 		 	 		 	

		 	 		 	 		 	

Fig.	6	The	strategy	of	“lower	levels	converge	first”.
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The	 fitness	 function	 is	composed	of	 the	objective	 function	and	penalty	 function.	As	mentioned	earlier ,	 is	 the	objective	 function	of	 element	2.	 is	 the	 penalty	 function	 to	 deal	with	 the	 constraints	 in	 the

formulation	of	element	2.	 is	presented	as	follows,	where	 is	the	penalty	coefficient.

Step	3:	For	the	individual	particle	 ,	comparisons	of	the	particle's	fitness	with	its	 are	conducted.	If	the	value	of	 is	better	than	the	value	of	 ,	then	set	the	position	of	 as	 .

Step	4:	Identify	the	particle	whose	best	history	position	has	the	best	fitness	value	among	all	the	particles	and	set	the	best	history	position	of	this	particle	as	 .

Step	5:	Update	the	velocities	and	positions	of	all	the	particles	according	to	Equations	(42)	and	(43).

Step	6:	Repeat	steps	2–5	until	a	stopping	criterion	is	met	(e.g.	maximum	iteration	times	or	sufficient	good	fitness	value).

7	Case	study	and	results	analysis
The	fifth	step	is	to	analyze	the	optimization	results.	In	this	section,	the	optimization	results	are	discussed	from	a	case	study.

As	shown	in	Fig.	7,	a	typical	engine	case	 is	presented.	Generally,	an	engine	 is	composed	of	several	parts.	For	simplicity	of	understanding,	 three	key	parts	 (i.e.	crankcase,	EGR	(Exhaust	Gas	Recirculation)

passage	and	valve)	are	considered	 in	 this	model.	When	the	manufacturing	 task	 is	submitted	 to	 the	CMfg	platform,	all	 the	manufacturing	stages	are	represented	as	different	manufacturing	nodes	 in	a	 three-level

structure.	Through	analyzing	the	real-time	manufacturing	capabilities	of	manufacturing	services	in	the	service	pool,	the	CMfg	platform	acquires	all	the	available	services	for	each	manufacturing	node.	Crankcase,	EGR

passage	and	valve	are	respectively	represented	as	element	2,	3	and	4.	Meanwhile,	elements	5-7	represent	necessary	manufacturing	processes	to	produce	crankcase,	elements	8-11	represent	necessary	processes	to

produce	EGR	passage,	elements	12-14	represent	necessary	processes	to	produce	valve.	Table	1	lists	information	of	candidate	services	which	comes	from	Guangdong	Zhaoqing	Automotive	parts	Association.	About	31

candidate	manufacturing	services	from	five	different	service	providers	are	considered	in	the	case	study.	The	information	includes	service	style,	manufacturing	cost	( ),	time	( )	and	energy	consumption	( ).	Note

that	the	data	shown	in	Table	1	for	each	service	is	representative	to	keep	the	confidentiality	of	their	key	business.	The	values	marked	with	“*”	in	the	“ ”	column	respectively	represent	different	maintenance	cost	per

unit	time	of	manufacturing	cells	(i.e.,	 ,	 ,	 and	 ).	The	combination	of	weighted	manufacturing	time,	cost	and	energy	consumption	is	taken	as	the	optimization	objective	during	the	whole	configuration

process.	Input	parameters	 in	this	MSC	problem	mainly	 include	the	weighting	coefficients	( ,	 ,	 )	and	manufacturing	targets	( ,	 ,	 )	 for	 total	 time,	 total	 cost	 and	 total	 energy	 consumption.	The

weighting	coefficients	are	respectively	set	as	0.25,	0.25,	and	0.5.	The	manufacturing	targets	are	respectively	set	as	zero.
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Fig.	7	Practical	relevance	of	case	model.
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Table	1	Information	of	all	service	options	for	each	element.

alt-text:	Table	1

Element Service	information

Number Belongs	to Option	( ) Service	style

1 System	level	set System 10 5 2

2 Cell	level	set Manufacturing	cell 0.6* 0 1.2

3 Cell	level	set Manufacturing	cell 0.5* 0 1.0

Manufacturing	cell 0.7* 0 1.5

4 Cell	level	set Manufacturing	cell 0.5* 0 0.8

5 Machine	level	set Machine 5 10 2.5

Machine 6 5 2.0

6 Machine	level	set Machine 3 6 1.0

Machine 2 10 0.8

7 Machine	level	set Machine 4 4 1.5

Machine 5 3 1.6

8 Machine	level	set Machine 2 20 2.0

Machine 4 15 2.5

Machine 5 10 3.0

Machine 7 5 3.5

9 Machine	level	set Machine 6 16 1.5

Machine 8 9 2.0

Machine 10 4 2.5

10 Machine	level	set Machine 8 10 2.8

Machine 4 18 2.0

Machine 6 12 2.5

Machine 10 6 3.0

		 	 		 		 		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		

		



11 Machine	level	set Machine 6 7 2.5

Machine 3 14 1.5

Machine 5 10 2.0

12 Machine	level	set Machine 9 11 1.0

Machine 10 6 2.0

13 Machine	level	set Machine 5 8 1.2

Machine 6 4 1.8

14 Machine	level	set Machine 7 6 1.5

Machine 5 10 2.5

7.1	The	effectiveness	of	ATC	method	in	solving	MSC	problem
To	 verify	 the	 effectiveness	 of	ATC	method	 in	 solving	MSC	problem,	 a	PSO-based	 centralized	 optimization	method	was	 also	 tested	 in	 the	 same	 computing	 environment.	 The	 software	MATLAB	R2012b	 running	 on	 a	PC	at

2.80	GHz	with	6.00	GB	RAM	was	adopted	to	obtain	the	optimization	results.	Table	2	contrasts	the	optimal	manufacturing	service	configuration	results	obtained	by	ATC	method	and	PSO-based	centralized	optimization	method.	The

“value	 of	 objective	 function”	 listed	 in	 Table	 2	 refers	 to	 the	 value	 of	 ( ).	 As	 it	 can	 be	 seen,	 the	 ATC	method	 achieves	 the	 same	 configuration	 results	 (i.e.	 service	 options,	 total	manufacturing	 time,

manufacturing	cost,	and	energy	consumption)	as	the	PSO-based	centralized	optimization	method.

Table	2	Optimization	results	of	ATC	method	and	PSO-based	centralized	optimization	method.

alt-text:	Table	2

Element Centralized	optimization	method ATC	method

Number Belongs	to Service	Option Service	Option

1 System	level	set

2 Cell	level	set

3 Cell	level	set

4 Cell	level	set

5 Machine	level	set

6 Machine	level	set

7 Machine	level	set

8 Machine	level	set

		

		

		

		

		

		

		

		

		

		 	

		 		

		 		

		 		

		 		

		 		

		 		

		 		

		 		



9 Machine	level	set

10 Machine	level	set

11 Machine	level	set

12 Machine	level	set

13 Machine	level	set

14 Machine	level	set

Total	manufacturing	time 30 30

Total	manufacturing	cost 112.9 112.9

Total	energy	consumption 191.6 191.6

Value	of	Object	Function 131.525 131.525

Computation	time 10.066s 29.381s	(8.159s)

The	computation	time	of	two	methods	is	compared	in	two	different	strategies.	In	the	first	strategy,	ATC	method	is	implemented	on	a	single	PC	without	a	parallel	and	distributed	computing	environment.	Despite	getting	the

same	configuration	results,	ATC	method	spends	much	longer	optimization	time	than	the	PSO-based	centralized	optimization	method	to	obtain	the	optimal	results.	As	shown	in	the	last	line	of	Table	2,	ATC	method	takes	29.381	s	 to

complete	the	whole	optimization	process	and	the	PSO-based	centralized	optimization	method	uses	10.066	s.	There	are	two	reasons.	Firstly,	the	complex	key	links	are	emerged	among	individual	elements	after	the	MSC	problem	being

partitioned	 into	a	hierarchical	ATC	model.	For	example,	 there	are	nine	 lower	 level	responses	and	nine	corresponding	tolerance	variables	 in	 the	decision	model	of	element	2.	The	 formulations	of	ATC	elements	become	much	more

complex.	That	imposes	a	huge	challenge	on	the	computing	efficiency	of	getting	optimization	results.	Secondly,	the	ATC	method	requires	a	parallel	and	distributed	computing	environment.	However,	in	this	paper	the	whole	optimization

process	of	ATC	method	is	finished	in	a	single	PC.	In	the	second	strategy,	a	parallel	and	distributed	computing	environment	is	constructed.	According	to	the	proposed	hierarchical	model,	the	entire	problem	solving	process	with	ATC

method	is	separated	into	5	pieces.	The	first	piece	 is	to	solve	element	1.	Other	pieces	(i.e.	 ,	 ,	 ,	and	 )	are	to	solve	the	elements	with	autonomous	decision	rights	and	their	corresponding	upstream	elements.	 ,	 ,	

,	and	 are	parallel	pieces.	Let	 represent	computation	time	of	each	piece,	the	whole	computation	time	can	be	calculated	as	 .	After	getting	the	optimal	results,	computation	time	for	each	piece	is

respectively	1.887s,	5.663s,	6.272s,	4.401s,	and	5.227s.	The	whole	computation	time	is	calculated	as	8.159s.	In	this	case,	ATC	method	shows	a	better	performance	in	a	parallel	and	distributed	computing	environment	compared	to

centralized	method.	The	computing	efficiency	can	be	greatly	improved	when	the	ATC	optimization	process	is	executed	by	parallel	and	distributed	computing.

7.2	Maintaining	the	autonomous	decision	right	of	manufacturing	service
As	a	decentralized	optimization	mechanism,	 the	ATC	method	allows	service	providers	 to	exercise	autonomous	decision	rights	during	 the	whole	optimization	process.	 In	 this	section,	a	hypothetical	scenario	 is	made	 to	 test

whether	the	autonomous	decision	right	of	manufacturing	service	can 	be	maintained	by	ATC	method.	Assume	that	the	manufacturing	cell	service	( )	 for	element	2	plays	a	critical	role	 in	saving	the	manufacturing	cost,	and

service	provider	of	 has	the	decision	right	to	set	its	own	manufacturing	target.	Total	manufacturing	cost	 will	be	minimized.	Therefore,	a	local	target	term	 will	be	added	into	the	objective	function	of	element	2.

Table	3	shows	the	optimization	results	with	and	without	the	local	target	 .	Bold	in	Table	3	indicate	the	differences	between	the	optimization	results.	As	it	can	be	seen,	 is	reduced	from	22.4	to	22	after	the	local

target	being	set.	It	means	that	the	autonomous	decision	right	of	service	provider	can	be	achieved	when	the	ATC	method	is	adopted	to	solve	the	MSC	problem.	However,	the	total	manufacturing	time	 and	energy	consumption	

are	increased	with	different	values	(i.e.	 is	increased	from	14	to	15,	 has	been	increased	from	37.6	to	40).	It	is	because	the	decreased	total	manufacturing	cost	of	element	2	brings	extra	manufacturing	time	to	its	upstream

element	(i.e.	 is	increased	from	3	to	4).	Meanwhile,	 positively	correlates	with	 and	 ,	which	are	shown	by	the	analysis	model	of	element	2.	Thus	the	total	manufacturing	time	and	energy	consumption	of	element	2	are

respectively	increased	when	the	manufacturing	time	of	element	7	is	increased.

Table	3	Optimization	results	of	with	and	without	local	target.
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alt-text:	Table	3

Element Without	local	target With	local	target:	

Option Option

1 30 112.9 191.6 30 112.5 194

2 14 22.4 37.6 15 22 40

3 30 49.5 103 30 49.5 103

4 16 31 41 16 31 41

5 5 6 10 5 6 10

6 6 3 6 6 3 6

7 3 5 4.8 4 4 6

8 5 7 17.5 5 7 17.5

9 4 10 10 4 10 10

10 6 10 18 6 10 18

11 10 5 20 10 5 20

12 6 10 12 6 10 12

13 4 6 7.2 4 6 7.2

14 6 7 9 6 7 9

8	Conclusions
Cloud	manufacturing	(CMfg)	 is	a	service-oriented,	high	efficiency	and	 low	energy	consumption	manufacturing	mode ,	and	 its	key	 technologies	are	widely	paid	attention	by 	 academia	 and	 industry

.	Among	these	technologies,	MSC	plays	an	important	role	in	facilitating	the	management	and	development	of	CMfg.	This	paper	is	considered	as	an	attempt	in	introducing	ATC	methodology	to	deal	with	the

MSC	problem	when	a	single	manufacturing	task	is	submitted	to	the	CMfg	platform.

This	research	brings	four	contributions.	First	is	the	introduction	of	a	decentralized	mechanism	to	cloud	manufacturing	management.	For	implementing	cloud	manufacturing,	a	decentralized	strategy	is	more

practical	than	traditional	AIO	(all-in-one)	method.	By	using	ATC	in	practice,	users	or	administrators	only	need	to	adjust	the	number	of	subtasks	or	processes	after	manufacturing	task	submission.	It	 is	much	more

intelligent	for	decision	making	in	cloud	manufacturing	without	designing	optimization	parameters.	Second	is	the	identified	five	steps	of	applying	ATC	method	to	solve	MSC	problem	in	CMfg.	(1)	ATC	modeling	of	MSC

problem.	Through	the	ATC	modeling,	MSC	is	converted	into	a	hierarchical	structure	with	three	levels	(i.e.	system	level,	cell	level,	and	machine	level).	Manufacturing	stages,	named	ATC	elements,	can	easily	configure

their	own	stages	in	a	parallel	way.	(2)	Identification	of	key	links	between	related	ATC	elements,	which	provides	the	basis	for	the	ATC	optimization	process.	(3)	Formulation	of	each	individual	ATC	elements.	This	step

embodies	the	decision	models	of	individual	elements	with	three	major	modules	named	objective	function,	analysis	model	and	constraints.	(4)	ATC	solutions	for	MSC	problem.	The	overall	convergence	strategy	and

local	optimization	method	are	identified	in	this	step.	(5)	Analysis	of	the	optimization	results.	Third	is	the	utilization	of	“OR”	element	to	solve	the	MSC	problem	in	which	service	providers	own	autonomous	decision
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rights	 to	 configure	 their	 upstream	manufacturing	 stages.	During	 the	whole	ATC	optimization	process,	OR	element	 is	 employed	 to	 accomplish	 the	 selection	 of	 alternative	manufacturing	 services	 according	 to	 its

working	logic	and	related	evaluation	criteria.	The	application	of	OR	element	enables	the	service	providers	to	obtain	autonomous	decision	rights	during	MSC	process.	Service	providers	are	also	encouraged	to	improve

their	performance	to	fulfill	the	cascaded	manufacturing	targets	and	increase	the	probability	of	obtaining	manufacturing	task.	Fourth	is	the	verified	effectiveness	of	ATC	method	in	solving	the	MSC	problem.	A	case

study	was	implemented	by	ATC	method	and	centralized	optimization	method.	ATC	method	can	not	only	achieve	the	same	optimization	results	as	the	centralized	optimization	method	but	also	demonstrate	promising

features	that	centralized	optimization	method	cannot	offer.	Because	of	 its	decentralized	decision-making	mechanism,	ATC	method	allows	 individual	manufacturing	service	providers	to	maintain	their	own	decision

models	and	choose	their	own	local	solution	methods.	Meanwhile,	service	providers	are	enabled	to	set	their	local	targets	to	keep	their	flexibility	and	achieve	sustainable	competitive	advantages	in	production	process.

The	 future	research	may	 follow	several	aspects.	Firstly,	how	to	 tackle	 the	MSC	problem	when	 the	same	manufacturing	services	are	shared	by	 two	or	more	downstream	manufacturing	stages?	 It	 is	worth

making	some	investigations	to	test	whether	this	type	of	MSC	problem	can	be	converted	into	a	traditional	ATC	model	by	some	ancillary	methods.	Secondly,	how	to	deal	with	the	MSC	problem	when	a	large	batch	of

manufacturing	tasks	are	submitted	to	the	CMfg	platform?	It	is	much	more	complex	than	the	investigated	problem	in	this	paper.	Thirdly,	how	to	develop	new	strategies	to	decompose	and	represent	the	MSC	problem

into	an	ATC	model?	The	number	of	manufacturing	nodes	and	key	links	in	the	ATC	model	can	affect	the	complexity	and	computational	efficiency.	Future	studies	should	be	conducted	to	find	the	right	decomposing

strategy	to	minimize	the	complexity	and	computational	efficiency	for	the	MSC	problem.	Fourthly,	how	to	encapsulate	the	ATC	method	into	a	service	and	publish	it	on	the	CMfg	platform?	It	will	unfold	more	potential	of

ATC	method	in	solving	MSC	problem.	Finally,	analysis	of	legal	aspects,	quality	management,	and	logistics	will	be	important	in	implementing	sustainable	cloud	manufacturing	system.	For	example,	as	one	part	of	legal

aspects,	 legal	compliance	can	ensure	the	compliance	through	all	phases	of	manufacturing	system	development	(Wadhwa,	2015).	Quality	management	aims	to	manage	manufacturing	businesses	to	meet	or	exceed

customers'	expectations.	It	is	considered	to	be	suitable	as	a	support	for	the	integration	of	sustainability	considerations	in	areas	such	as	manufacturing	system	management	(Siva	et	al.,	2016).	In	addition,	sensitivity

and	robustness	analysis	of	solutions	should	be	another	future	work.
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